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SUMMARY

Future concepts for Air Traffic Management (ATM) foresee—and even mandate—
an increase in the distance from the destination airport at which the ATM system
should start planning the arrival sequence and arrival time of inbound flights.
By increasing the horizon beyond one hour before arrival, it becomes possible
to timely adjust the flight path of the inbound aircraft to meet the planned time.
These timely adjustments tend to result in a more efficient flight profile, reducing
fuel burn and emissions.

However, the current prediction capabilities—be it on the ground or aboard
the aircraft—do not yet provide the accuracy that would be required in arrival man-
agement. Even onboard Flight Management Systems can only achieve sufficient
accuracy at about 30 minutes before arrival. Beyond that horizon, the uncertainty
of the predicted Estimated Time of Arrival (ETA) prevents a decision on the landing
sequence or the arrival times with a sufficiently low risk of revision. Such a revision
of an arrival plan requires new adjustments to the flight’s trajectory, which may void
any efficiency benefit of an early decision or even lead to a net loss of efficiency.

Improved algorithms, better information sharing, and more computing power
may reduce prediction uncertainty. But, beyond the prediction horizon of one hour,
more and more processes may disturb the predicted trajectory. This is especially
true in Europe, where many larger airports are inside this prediction horizon. It
is unlikely that the processes on the ground can be predicted up to the accuracy
required for arrival management.

Therefore, if the arrival management horizon is to be increased, support has
to be developed for human operators or automated systems to perform arrival
management in the presence of prediction uncertainty. This dissertation aims
to develop means to work with the uncertainty by predicting it and developing a
technique to visualise it to support a human operator as a sequence manager or
the manager of an automated arrival management system.

By analysing historic prediction errors, predicting the uncertainty of a predicted
arrival time is possible. Such a forecast allows online determination of the uncer-
tainty per flight. The empirical method applies to predictions irrespective of the
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vi SUMMARY

origin of the prediction. Therefore, it works in a scenario where another Air Navi-
gation Service Provider or the aircraft provides the prediction. By clustering the
predictions on the properties of the flight, the uncertainty of an ETA is described
using the Johnson distribution. Since the distribution parameters are tabulated
per class of prediction, the method is not computation-intensive and would work
in an online environment. Furthermore, the method is independent of the method
used to predict the trajectory and can be adjusted as and when better prediction
information is available.

Extending the ubiquitous time line diagram for arrival management allows
visualising the mathematical construct of uncertainty of the predicted arrival time.
The diagram is extended by visually showing the relation between ETA, predicted
demand on a runway, and the capacity of that runway. A further extension toward
multiple runways allows showing the trade-off between demand (the number of
inbound flights) and capacity (the number of runways made available for arriving
aircraft).

Neither two human-in-the-loop experiments with a single time line nor an ex-
periment with the second concept showed an advantage of visualising uncertainty.
Participants indicated difficulty in understanding the concept of uncertainty as
presented on the display. A fundamental problem here is the complexity of the
work domain itself when uncertainty is introduced. In systems without uncertainty,
the operator has to develop a mental model of the system to forecast how it will
evolve given its current state. When uncertainty is introduced, the operator has to
develop a different type of mental model: How it could evolve and how likely that
is.

The experiments used a theoretical uncertainty. A synthesis of the display
concept with the historic prediction uncertainty—from 2014—showed that the
display would provide little useful information beyond a 30-minute horizon due to
the large uncertainty in the predictions. With that dataset, the display would not
be able to support arrival management over a longer horizon. Using more recent
data or other data sources would improve the accuracy and therefore increase the
useful horizon.

The synthesis of the display and the data does prompt a novel information item
and a way to calculate that item: The stable sequence horizon. This parameter
is the horizon within which it is unlikely that flights will change position in the
sequence. This is an indicator of the risk that decisions on the sequence and on
arrival times need revision. Such an indicator could support dynamic adjustment
of the arrival management horizon, allowing timely decisions when warranted by
the prediction uncertainty at that moment.
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CHAPTER

INTRODUCTION

With a global profit margin 0f6.9% in 2019 [1, p. 15], and the cost of fuel representing
24% [1, p. 32] of operating costs, airlines are continuously searching to optimise
their flight profile. At the same time, high traffic volumes often require Air Traffic
Control (ATC) to plan when flights can use the limited capacity at airports and in
airspaces.

When flights are inbound to an airport, a conflict of interest exists between the
goals of the single Airspace User (AU) and the goals of ATM: The objective of the
aircraft operator is to fly a trajectory which most closely resembles the AU’s business
objective. This objective is a balance between arriving on time, fuel cost, and
departure flexibility. The objective of the Air Navigation Service Provider (ANSP) at
the arrival airport is to facilitate that AU’s trajectory as much as possible but also
facilitate the trajectories of the other AUs. The latter requires optimal use of the
available capacity for departing and arriving aircraft. The task of optimising the
arrival trajectories of all AUs within the limits of the arrival airport is called arrival
management.

The capacity constraints at an airport may require adjustments to the trajecto-
ries of inbound flights. To fly the optimal trajectory from an AU’s perspective, such
deviations from these optimal trajectories should be minimal. Furthermore, by
the trajectory earlier, the flight efficiency is increased. For example, a more minor
speed increase over a longer flight time is often more fuel-efficient than a more
considerable speed increase over a shorter time. Yet both speed increases achieve
the same result [2].

By planning aircraft arrival times, ANSPs all around the world aim to balance
1



2 CHAPTER 1. INTRODUCTION

the demand with the available landing capacity [3]. Through timely planning, AUs
can fly a trajectory close to the optimal one, given the available capacity. Such
timely planning and adjustment of trajectories requires accurate prediction of
the ETAs of the flights at the airport and the ability for the ANSPs to adjust the
trajectories at those horizons.

Developments in communication technology and specific developments for
ATM enable—or are foreseen to enable—influencing aircraft trajectories at much
longer time horizons [4]-[6]. This increase in horizon can further increase the
potential gains in efficiency from arrival management. The expected arrival time
can be predicted by sharing information on flight progress through, for example,
Airport Collaborative Decision Making (A-CDM) and System Wide Information
Management (SWIM). At the same time, a concept such as SWIM, initiatives such
as Single European Sky ATM Research (SESAR), Next Generation Air Traffic Man-
agement System (NextGen), and the concepts proposed in the ICAO Global Air
Navigation Plan, will allow Air Traffic Controllers (ATCOs) at the destination airport
to request trajectory changes of aircraft still under control by upstream ANSPs
[6]-[8]. These earlier actions would further reduce the cost of deviating from the
planned arrival time by, for example, an even smaller speed change or a decision
to delay departure [2].

1.1 Arrival management

Nowadays, many ANSPs use Arrival Managers (AMANSs) to support the responsible
air traffic controllers—sequence managers (Europe) or traffic management coordi-
nators (US)—in deciding how to best either modify the 4D trajectory of inbound
aircraft or adjust landing capacity [9]. These information and decision support sys-
tems provide the sequence manager' with predicted arrival times of the inbound
aircraft and sometimes support the operator further by automatically planning the
optimal arrival times. Figure 1.1 provides an example of the graphical interface of
a typical AMAN system.

The accuracy of an ETA depends on three factors in its calculation: The accuracy
of the prediction algorithm, the accuracy of the flight model, and the accuracy of
the inputs needed to perform the calculation [10]-[12]. Common to all trajectory
predictors is that, as the prediction horizon increases, prediction errors accumulate
[13]-[17]. Furthermore, a longer prediction horizon may introduce new sources
of errors. For example, the exact take-off time becomes a factor in the prediction
when the departure at the origin airport comes within the planning horizon.

'Depending on the ANSP, the task of sequence manager may be combined with another such as
approach controller or flow controller and be designated as such. For clarity, this dissertation will use
sequence manager for the specific task of planning arrivals.
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Figure 1.1: Example of an AMAN Human-Machine Interface. This particular display is
operational at Air Traffic Control the Netherlands since 2018 (Source: LVNL).

As the uncertainty of the prediction increases, any decisions based on erroneous
ETAs carry an increased risk of being incorrect. Such an incorrect decision will
require revision of the trajectory later, negating any benefits of early decisions.
A planning based on more uncertain information has a higher chance of being
non-optimal for the situation at hand. ATC may need to revise the plan to safeguard
the balance of demand and capacity, which may lead to further deviations from
the planned trajectory. These revisions will further reduce the benefit of arrival
management and may even be detrimental to overall flight efficiency. At the same
time, the workload for the sequence manager will increase as they have to re-plan
the arrival times more often.

At the moment, the standard deviations of prediction error vary strongly and
depend strongly on the phase of flight and the source of the prediction. For exam-
ple, typical predictions by the Flight Management System (FMS) have a standard
deviation of 30 seconds at 20 minutes before an arrival point when airborne [18].
On the other hand, the standard deviation can increase to 15 minutes when the
aircraft is still on the ground (e.g., the departure accuracies of several airports in
the US found by Mueller and Chatterji [19]).
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If the planned sequence of aircraft is to remain fixed, the uncertainty of a
predicted arrival time has to be well below the landing interval between two aircraft.
Typically, a single runway handles between 40 and 50 aircraft per hour [20]. These
rates imply that a typical landing slot is slightly longer than one minute. The current
highest prediction accuracy of 30 seconds (downlinked from an FMS as introduced
above) would limit the horizon to the 20 minutes at which this accuracy is achieved.
Those airports at which planning is performed at a longer horizon subsequently
control the aircraft to meet that time, mitigating planning problems at the risk of
non-optimal trajectories.

AMAN decision horizons in Europe are currently limited to typically 30 to 40
minutes before landing to avoid such non-optimal decisions [3]. At these horizons,
the uncertainty in arrival time is small enough to make the likelihood and impact
of incorrect decisions acceptably low. This horizon is closely related to the fact
that the flight times between many of Europe’s larger airports lie just beyond that
horizon (see Figure 1.2). Extending the prediction such that flights between those
airports would fall entirely within the prediction horizon would drastically increase
uncertainty as aircraft ‘pop up’ in the planning when they have just departed. This
indicates that the current uncertainty on the ETAs is too large to support useful
arrival management at further horizons. Enabling the improvements in the AMAN
process by increasing the horizon, therefore, first of all, requires addressing the
problem of prediction uncertainty.

Figure 1.2: Proximity of origin airports in Europe: The map shows the 20 busiest connections
into Amsterdam Airport Schiphol in 2013 according to [21]. The range rings indicate 400
and 800 nautical miles or one and two hours flight time, respectively.



1.2. ADDRESSING PREDICTION UNCERTAINTY PROBLEMS

1.2 Addressing prediction uncertainty problems

The problem of prediction uncertainty in AMAN has been recognised as one of
the limitations to AMAN development for several years [3], [11]. Several projects
are therefore looking at solving the problem of arrival time prediction uncertainty
and may, therefore, enable a longer prediction horizon [12], [17], [22], [23]. The
different solutions to the problem can be divided into two distinct directions:
Either increasing the accuracy of the predicted arrival times and therefore reducing
uncertainty or, enabling the arrival management process to better cope with the
inevitable uncertainty.

1.2.1 Reducing uncertainty

Developments in communication and algorithms will provide more accurate input
data to more accurate predictors. The SWIM concept, combined with sharing
4-Dimensional Trajectories (4DTs) of aircraft is expected to significantly reduce the
uncertainty on inputs [4], [6], [24]. When this information is furthermore used in
new prediction algorithms or predictors that use more accurate models of the flight
path, a more accurate ETA can indeed be predicted [11], [25]. Finally, concepts
such as Trajectory Based Operation (TBO) and Required Time of Arrival (RTA) make
the arrival time a target parameter for the AU. This last step closes the loop: The AU
will then try to correct the error in the predicted arrival time, and the uncertainty
on the arrival time is only limited by the ability of the AU to meet that time [4], [26],
[27].

However, these developments are likely to be limited in their efficacy in the
short term for two reasons: First, sharing of more accurate input information
depends on whether that information exists or not. Secondly, the implementation
of new technology in aviation takes time.

As the prediction horizon grows, more processes will need to be included in
the prediction, which introduces more and more potential for errors. An example
of such introduced errors are flights that have not yet completed the boarding
process. Anyone who has been at a major international airport such as Amsterdam
Airport Schiphol will recall the remarkable number of calls for delayed passengers
as they are “delaying the flight”. When that happens, the punctuality of the aircraft
in leaving the gate depends on the punctuality of the passengers. If a passenger
arrives late, the AU must decide to either wait for the passenger or spend time
finding and unloading the passenger’s checked luggage. Both choices cause delay.

More strict adherence to the planned trajectory could solve problems such as
the one above at the cost of flexibility (e.g., the scheduled boarding time). However,
while this would improve accuracy, it would also put further requirements on the
operation. In the example of the late passenger, this would mean that the airline
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would have to spend—and pay for—more time at the gate to allow the passengers
to board in time and for the passenger to be at the airport earlier and therefore
increase total travel time. At some point, the reduction of flexibility might increase
the operating cost or reduce service to the end customer.

The slow adoption of any new technology in aviation follows from both a cau-
tious approach (as any change may impact safety) and the long lifespan of aircraft.
The high cost of refitting aircraft with new systems often implies that systems will
only change with the replacement of the aircraft. This inertia will both limit the
rate at which improvements can be implemented and cause a variety in achievable
prediction accuracy during phases of mixed equipage. For example, newer aircraft
may be able to share the FMS-predicted trajectory, which has a lower uncertainty.
Older aircraft—which will still be flying together with the newer aircraft—cannot
provide this trajectory and need to be planned using a less accurate prediction.
Since both aircraft are flying simultaneously, the working horizon will be governed
by the less accurate prediction.

1.2.2 Coping with uncertainty

Instead of reducing flexibility, the second direction considers the design of an
AMAN process that can better cope with uncertainty. This approach intrinsically
allows for more time flexibility while still supporting necessary planning. In such a
concept, the uncertainty is taken as a given, and techniques aim to allow arrival
management while knowing that prediction errors may exist. The goal of this ap-
proach is to either plan arrival times so that possible errors can be accommodated
easily or use knowledge on uncertainty to decide when a decision is likely to be
effective.

In such an approach, the benefits of a longer planning horizon can be achieved
by planning whenever uncertainty is low. Conversely, when uncertainty is high,
the planning decision may be delayed to avoid having to re-plan at a later stage.
Moreover, this method can support the gradual implementation of more accurate
prediction capabilities by taking into account the improvement in accuracy when
it becomes available.

1.3 Supporting the human operator

Fully automated AMAN concepts are theoretically feasible, and various algorithms
have been proposed. However, a literature review of about 20 such algorithms
concluded that most have never been implemented in operation [28]. Often, the
algorithms were too theoretical and required significant simplification of the op-
erational problem up to a point where implementation would not be useful. Al-
gorithms that would provide sufficient detailed modelling of the operation would
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subsequently require too much calculation effort to be able to provide real-time
information.

At the same time—especially during high-capacity operations—many AMAN
decisions are not very complicated. For example, planning aircraft in the predicted
arrival sequence often leads to an acceptable solution. Modifications to this so-
lution are only required when sufficient spacing between each landing cannot
be guaranteed [28]. In these situations, the necessary planning actions are often
routine work. Such routine work can be done by automation.

The above indicates that automated planning algorithms can certainly provide
benefits to an AMAN system. However, as the horizon becomes longer, it becomes
more and more likely that certain constraints cannot be modelled and introduced in
an algorithm. The increase of the prediction horizon and the addition of uncertainty
information will make the problem even more complicated. Modelling some
factors may never be practically feasible [3]. Think, for example of ad-hoc incidents
such as a technical problem with an aircraft departing in front of the flight of
interest that delays the departure of that flight of interest.

For these reasons, SESAR foresees a central position for the human ATCO in a
future—possibly highly automated—ATM system [4]. These sequence managers
will have to make sure that the automation performs as designed and further
manipulate the planning using their expertise and knowledge: The operator will
not be tasked only to monitor the system, but, more importantly, to manage it [4,
pp. 45].

This role will require the operator to understand the rationale and decisions
made by automation and be able to influence these. If they are only provided with
the outcome of an automated calculation, the sequence manager may not be able
to verify whether the calculation is correct and cannot be considered responsible
or accountable for the provided solution. Furthermore, if the operator makes a
manual change, the automation may generate further unexpected changes as it is
not working along the same strategy as the operator.

If uncertainty is to be included in the decision-making process, a Human-
Machine Interface (HMI) will be needed that provides the uncertainty as informa-
tion to the sequence manager. Secondly, if the human operator is to be responsible,
the automation should be a tool for their task. This role requires the automation to
communicate its rationale and decisions clearly and understandably.

1.4 Research aim and approach

To enable the benefits provided by increasing the working horizon of AMAN, a
means has to be found to work in the presence of prediction uncertainty. The
concept should not lead to excessive restrictions on flight operations. Furthermore,
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the technique should allow a human operator to monitor and control the process.
Therefore, the aim of this thesis is:

To develop (semi-automated) decision support tools (interface and automa-
tion) for air traffic controllers in planning arriving aircraft when the predicted
arrival times of those aircraft are still uncertain.

To achieve this aim, this thesis has two objectives:
* Develop a method to determine the uncertainty associated with an ETA.

* Design an HMI that allows controllers to perform arrival management in the
presence of uncertainty in the ETAs.

These objectives are elaborated in the following approach.

1.4.1 Predicting uncertainty

Prior research on prediction of uncertainty in the ATM domain typically focuses on
short horizons (in the order of 20 minutes) for tactical tools or very long horizons
for flow management purposes (in the order of several hours) [14], [16], [29]. For
AMAN a continuous prediction will be required to estimate the uncertainty from
the horizon of two hours until shortly before landing. Because the uncertainty is
highly dependent on the horizon, a method is required that takes this variation
into account.

Currently, no suitable methods exist to provide an online prediction of ETA
uncertainty. To predict the uncertainty for a particular flight, the iFACTS [29] and
CARE [16] projects employed methods based on a calculation using knowledge of
the uncertainty of the input components. This approach is, however, impracticable
in the AMAN context because the large prediction horizon introduces many new
sources of uncertainty. Modelling uncertainty requires detailed modelling—and
therefore knowledge—of each contributing factor. A method based on empirical
data such as proposed by Wanke et al. [30] overcomes this problem but the subse-
quent Monte-Carlo simulation to calculate uncertainty will require considerable
computing time, making the methods less suitable for the real-time function of
AMAN.

To predict the uncertainty while avoiding the problems with current uncertainty
models requires a model that directly forecasts the prediction uncertainty of a
flight based on available information on that flight. Based on estimates currently
provided to ANSPs, this thesis proposes an empirical model and validates that
model against similar data. This data-driven approach allows for rapid prediction
of uncertainty per flight while using a relatively simple algorithm. At the same time,
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by using currently available information, the technique would be readily applicable
in present-day operations and would support a gradually reducing uncertainty as
more accurate predictions become available.

1.4.2 Visualizing uncertainty

In a parallel project, interface and automation tools are developed that provide
the uncertainty information and enable operators to work with that information.
At the moment, some concepts for the visualisation of uncertainty exist [31], but
none of these would be suitable for working with an AMAN system.

In the last two decades, and with the help of more advanced computing and
visualisation technology, the first operational systems for ATC have been devel-
oped that present uncertainty [14], [32]-[34]. These are directed towards tactical
separation in particular, working on time horizons that are much smaller than
even the present AMAN horizon. Also, these systems focus on position uncertainty
to support separation rather than time uncertainty to support planning.

This research applies techniques based on the Ecological Interface Design (EID)
framework developed by Vicente and Rasmussen [35] to visualise the effects of
uncertainty on the objectives of arrival management. This information is pre-
sented as an addition to the most common form of present-day AMAN displays.
Subsequently, the interface and automation are tested in human-in-the-loop ex-
periments.

1.5 Thesis scope

The concept of predicting and working with uncertainty in arrival management
is relatively new. The research has therefore been limited to the following initial
scope:

e The concept focuses on the intermediate future, i.e., 10-15 years, in which
full deployment of concepts such as envisioned in SESAR has not yet been
achieved. Uncertainty will be modelled to represent present-day levels of
uncertainty.

e The modelling of uncertainty is developed and validated on data from 2013-
2014. However, the method is independent of the dataset used and would
also support other or more recent datasets.

* The planning problem in this research was initially limited to a single runway
or airspace entry point. During the research initial steps have been made
to address the problem in case of multiple runways; these will be further
addressed in Chapter 5.
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* The research will initially focus on the AMAN process as applicable to Am-
sterdam Airport Schiphol. The complexity of the airspace combined with
the nearby location of departure airports makes uncertainty a considerable
issue at this airport, as shown in Figure 1.2.

* The proposed HMI is validated in experiments with novice users that are
not air traffic controllers as their availability for such experiments is highly
limited. Moreover, the operational concept of arrival management at such
a large horizon does not exist at the moment and would, therefore, also be
unfamiliar to experienced operational staff.

* Since the visualisation is developed in a parallel project to the uncertainty
determination, the experiments use a simplified model of the progress of
a flight and the associated prediction uncertainty. The relation to actual
operation will be discussed in the synthesis in Chapter 6.

1.6 Thesis outline

Figure 1.3 provides a visual outline of the thesis structure. This thesis consists
of seven chapters that can be divided into four sections. This and the following
chapter set the scene for this analysis. Chapter 2 describes the arrival management
operation and work domain. By evaluating the prediction process and the available
system support, this chapter describes the relevant gaps in technology when the
horizon is to be extended.

The work then splits into two parallel paths: Determination of the uncertainty
and visualisation of uncertainty. The two underlying projects have been executed
in parallel and independently.

Chapter 3 addresses the first objective of determining the uncertainty in an
ETA. This chapter proposes a method based on empirical information and then
validates that technique using operational data.

Chapter 4 and 5 describe the development of the interface and its testing in
human-in-the-loop experiments. Chapter 4 builds the display using the techniques
based on EID for a theoretical single runway. Chapter 5 extends the display to the
likely situation for an airport with multiple runways. By making the availability of
the second runway a control parameter, the full scope of managing demand and
capacity can be evaluated in the display.

Having developed, and tested an initial concept for working with uncertainty,
Chapter 6 will discuss the validity of those findings by bringing the two paths
together. This chapter will do so by applying the predicted uncertainty from actual
data from Chapter 3 to the proposed interface from Chapter 4. Since the research
has been limited in both its time frame of implementation and target airspace,
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particular attention will be given to the applicability of these findings in the wider
future ATM context.

The synthesis is followed by the conclusions of this study in Chapter 7. This
chapter will reflect on the previous chapters and draw conclusions and recommen-
dations.

Chapters 1, 2

J

R 2

Chapters 4, 5

4

Chapter 3

v
Chapters 6, 7

Figure 1.3: Thesis outline
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CHAPTER

ARRIVAL MANAGEMENT AND TRAJECTORY
PREDICTION

Finding ways of dealing with uncertainty in arrival management requires un-
derstanding the process and its environment. This chapter explores the concept
of arrival management, the relevant actors, the constraints on the process, the
underlying prediction techniques, and the displays used by sequence managers
in current operations. Using that analysis, it will identify the impact of uncer-
tainty and the shortcomings of present-day displays.

This chapter was written at the start of this research between 2011 and 2014. Due
to the slow nature of innovation in air traffic control, most of the content is still
applicable today. However, some differences may exist. This chapter describes the
situation at the time of writing and will explicitly refer to the current situation
in 2022 when describing the present-day situation.
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2.1 Introduction

2.1.1 Context

In the coming years, Air Traffic Management (ATM) is expected to move from
a sector-based, tactical form of control to a more strategic approach based on
developing capabilities to accurately predict, share and execute 4-Dimensional
Trajectories (4DTs). In this form of control, aircraft will adhere to a strict lateral and
vertical route wherever possible, and time will become an explicit control variable.
Such trajectories reduce the uncertainty of the future path of the aircraft. The
smaller uncertainty subsequently reduces the number of potential interactions
between aircraft that may need a resolution. Based on these techniques, it is
expected that aircraft will be able to operate close to the Airspace User (AU)’s
preference while at the same time minimising delays, environmental burden, and
fuel costs due to disruptive short-term tactical intervention [1].

Essential to such 4D operations is the ability to plan arrival times into airports
or airspaces with limited capacity. During arrival management, different aircraft,
which will initially be geographically far apart, will have to be metered, sequenced,
and merged onto a limited number of runways. In present-day operations, most
adjustments to such inbound flows consist of tactical vectoring and speed adjust-
ments in the final segments of the flight. The resulting lengthening of the flight
paths leads to less-than-optimal descents and, therefore, higher fuel consump-
tion. By using predicted trajectories, spacing adjustments may be achieved earlier,
possibly even during cruise flight.

Most current concepts assume that an Air Navigation Service Provider (ANSP)
performs arrival management for all inbound flights at a central location for each
airport or group of airports [2], [3]. At this location, the 4DTs from all aircraft
are used to develop, achieve, and monitor an arrival schedule. While fully auto-
mated arrival management concepts are theoretically feasible when optimising
for some parameters, the complexity of the problem generates considerable diffi-
culty in modelling and controlling all objectives. Furthermore, the uncertainties
associated with trajectory prediction (e.g., arrival time) and the uncertainties in
the situation (e.g., runway changes or deviations due to weather) may disrupt
the—optimal—initial plan. These problems drive a need for a human operator as
automation manager, not the automation monitor (1, pp. 45].

To be able to control, the Air Traffic Controller (ATCO) has to be able to evalu-
ate, compare, and communicate such 4DTs. The controller will need a Decision
Support Tool (DST) that provides support in regular operation, in off-nominal
conditions, and during recovery to normal operation. In arrival management, the
Arrival Manager (AMAN) provides such a DST. Finally, the rollout of such tech-
nology and procedures are expected to be gradual. Such a gradual rollout implies
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that intermediate states will exist in which a mixed operation of Trajectory Based
Operation (TBO) and conventional operation needs to be supported.

Especially the last two points show the need for automation that supports the
controller in understanding the situation and remaining the key decision-maker in
the 4DT operation during the arrival process. Earlier research has demonstrated
that all existing systems improve operation when compared to a scenario without
DSTs [4]. However, these studies also showed that controllers might not always
accept such tools and therefore disregard their advice when they can not compre-
hend the tool’s reasoning [5], [6]. Therefore, this chapter will evaluate the level of
support provided in current concepts and will try to identify where improvements
are needed in the transition to arrival management based on 4DTs.

2.1.2 Purpose of this chapter

A considerable body of research has been published on potential AMAN proce-
dures and algorithms [7]-[10]. Furthermore, initial reports from Single European
Sky ATM Research (SESAR) have established potential operational concepts. How-
ever, limited work is available on the human-machine interaction aspects of these
procedures and potential Human-Machine Interfaces (HMIs). Finally, information
on operational systems in the public domain is mainly limited to commercial pub-
lications, which have limited information on the design and use of the interface.
To be able to develop appropriate DSTs, this document evaluates current sys-
tems and concepts for future systems. By doing so, it identifies gaps in human
decision support. Based on the conclusions of this study, new DST concepts may
be investigated to improve support, leading to better operational performance.

2.1.3 Definition of AMAN

No unique definition of AMAN exists [11]. A first definition can be taken from
SESAR [1, pp. 50]:

An ATM tool that determines the optimal arrival sequence times at
the aerodrome or possibly at other common route fixes (e.g., IAF).

This definition focuses on the purpose of AMAN as a sequence planner. This
definition does not address, and possibly excludes, the role of a human controller.
As will be demonstrated later on, such a statement might conflict with the envis-
aged central role of the human operator as manager and not monitor of the ATM
automation as envisaged by SESAR.

In a survey on existing AMAN systems by EUROCONTROL, the definition used
states the role as DST but does not state a clear purpose [12, pp. 14]:

17
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...to provide electronic assistance in the management of the flow
of arriving traffic in a particular airspace, to particular points, such as
runway thresholds or metering points.

This study will use a combination of the above definitions to define both pur-
poses to achieve an optimal flow and sequence, and to define the system as a
DST:

A system that provides electronic assistance to a human decision-
maker in developing and monitoring an optimal arrival schedule at
the aerodrome and/or other common route fixes in the route toward
the aerodrome.

2.1.4 Scope

This project aims to investigate concepts for AMAN systems in de medium to
long term, between 2025 and 2035. This scope includes the following operational
concepts:

e Current operations based on tactical, vector-based control, supported by
advanced AMAN,

* Intermediate operations in which a subset of the participating airspace users
will be controlled using 4DTs as envisioned in SESAR,

e Full TBOs in which AMAN is still governed by ground-based Air Traffic Con-
trol (ATC).

In all cases, it is assumed that human ATCOs will have the authority and remain in
control of the planning process, as explained at the start of the chapter. The study
focuses on the automation and the HMI given the above types of operation. While
the procedures change, this study assumes that the division of responsibilities
remains the same: A sequence manager' will have the responsibility to plan the
arrivals of the inbound aircraft and provide that schedule to executive controllers
who issue the instructions or trajectories to the flight crew.

Since this chapter is part of a project supported by the Dutch aviation sector,
the primary focus will be on the Dutch airspace and similar airspaces.

!As stated in Chapter 1: Depending on the ANSP, the task of sequence manager may be combined
with another such as approach controller or flow controller and be designated as such. For clarity, this
dissertation will use sequence manager for the specific task of planning arrivals.
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2.1.5 Document structure

Section 2.2 explores the operational problem by looking at the environment and
the constraints that drive the need for an arrival planning process. In Section 2.3
we will explore the arrival management process. Sections 2.4 until 2.6 the describe
the underlying systems: Trajectory Predictors (TPs), the HMIs and the possibilities
for automation. Using the knowledge on the actual AMAN operation and the
automation that supports it, Section 2.7 evaluates the DSTs for their suitability in
the current operation. Section 2.8 then concludes this evaluation and describes
several areas of improvement.

2.2 Working environment

Near airports, aircraft from all directions will have to be metered, sequenced and
merged to a limited number of runways. During cruise flight, the primary purpose
of ATM is to ensure safety by keeping aircraft separated while maintaining an
efficient flow. During approach—especially during peak capacity scenarios—this
objective conflicts with the need to bring aircraft closer to each other to maximise
throughput. An arrival management process is needed when the available capacity
can (temporarily) not accommodate the offered flow (i.e., two or more aircraft are
predicted to arrive at the same time). Therefore, AMAN first and foremost aims to
balance capacity and demand.

As aircraft approach their destination, the following objectives will need to be
met:

* The aircraft has to descend, decelerate, and be prepared for landing,

The aircraft has to be scheduled and assigned to a runway,

The aircraft has to be metered to arrive according to the schedule,

The aircraft has to be merged into the flow of aircraft to that runway;,

The aircraft in the flow has to be spaced from the aircraft ahead and behind,

* The spacing has to be monitored and maintained until landing,

The aircraft has to land, slow down and vacate the runway.

This section explores the physical world in which this process takes place. This
environment includes the aircraft, the airports and the airspaces but also the hu-
man operators acting in that environment. The section then analyses the different
capacity limits.

19
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Terminal
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Sector 2
ﬁ
1 2 3

Sequence Manager Network Manager

Figure 2.1: Diagram showing the role of the sequence manager: providing planning infor-
mation to the executive arrival controllers. As the AMAN horizon expands, the planning
information will need to be passed to more controllers (1: typical current situation, 2: reach-
ing the end of the ANSP’s area, 3: reaching beyond the ANSP’s area into upstream sectors).

2.2.1 The arrival airspace

Before describing the arrival management process, it is important to understand
the environment in which the process acts. Therefore, this section will describe
the objects and the actors in the process. The actors are depicted in Figure 2.1.

Airspace users

The primary customers of the ATM system are the aircraft that use the airspace.
For AMAN, the key AUs are those aircraft that approach a particular airport or
group of airports. An optimal trajectory for the aircraft is that trajectory which is
closest to the operator’s plan. At the same time, the dynamics and limitations of
the aircraft constrain the available trajectories during the arrival process. During
the approach, the operator’s intent is a balance between the costs of fuel versus the
costs of deviating from the arrival time that the AU had scheduled for that flight
(i.e., the Scheduled Time of Arrival or STA).

While fuel costs depend on the profile’s efficiency, the cost of deviating from the
Scheduled Time of Arrival (STA) depends on the operator and even on the individual
flight. The balance, and therefore the optimal profile, can differ per flight. Even
more, this balance may shift during the flight if the flight starts deviating from the
original planned trajectory. A good example would be the preferred profile once
the flight is delayed: An operator with several transit passengers may prefer to
spend more fuel to minimise the delay. When the delay does not affect profitability,
an operator may choose to adhere to the original profile and arrive later but save
on fuel costs.

While ATC often provides flights with an initial route and descent, the optimal
descent from the AU’s perspective is best planned from cruise to landing. To fly an
optimal descent, the crew has to program the aircraft’s Flight Management System
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(FMS) before Top of Descent (TOD). As the preparation includes the selection of
route and runway, these should ideally be provided before TOD. The aerodynamic
efficiency of modern airliners limits the maximum descent angle if an aircraft is to
maintain or reduce its speed. Therefore, a typical descent has to start between 70
and 120 NM from the destination, depending on the aircraft type [13]. At ordinary
speeds, this leads to a time horizon of 20 to 30 minutes. To support the AUs in
their optimisation, the AMAN system should support planning from at least that
distance and time from the destination airport.

Airports

The focal point of an arrival management process is the airport. All aircraft will have
to land on a limited number of runways, slow down, and taxi over a limited number
of taxiways to a limited number of stands. The layout of the airport’s manoeuvring
area (the runways and taxiways), weather conditions, and the local surroundings
limit capacity.

In most cases, the airport operator is a different entity than the ANSP. Ulti-
mately, the operator decides how many aircraft it is willing to accept and which
runways to make available. During operation, the airport operator may also need
to close the runway for maintenance (at longer notice), inspection (at short notice),
or for removal of ice and snow (short notice). At all times, the operator will do so
in communication with the ANSP.

Aircraft preferably take-off and land into the wind. While an airport may have
multiple runways, the wind affects which runways that are useable from an opera-
tional point of view. Similarly, AUs have requirements on the length and equipage
of a runway in accepting it as a landing runway.

Finally, the environmental effects of aviation may lead to local restrictions on
operations. At many airports, the regulator has limited operations to reduce the
adverse impact of aviation on the local population. Limits can be applied to the
number of flights, the use of runways, or the use of approach routes. Examples
are the night curfew at Frankfurt, the night restrictions and daily runway switch
at Heathrow, and the preferential runway system and mandatory night time Area
Navigation (RNAV) routes at Amsterdam [14].

Airspaces

As described earlier, a typical current arrival process starts at least 70 to 120 NM
away from the airport. This distance means the aircraft will traverse a large distance
and cross several different airspaces. Especially in Europe, the typical AMAN time
horizon is beyond the location of many nearby airports. Therefore, the aircraft
in the AMAN schedule may not even have taken off while inside the horizon (See
Figure 1.2).

21
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Figure 2.2 gives an example of the traversed airspace structure. The figure shows
different types of airspaces, each of which has its own role and responsibilities. For
the arrival management process, the following airspaces are of importance, going
from the last to the first:

 The control zone, or tower airspace (TWR), controls the airport, indicates
what capacity the airport can handle, which runways are available, and
participates in deciding which runways to use.

e Approach Control (APP) guides the aircraft to their designated runways and
spaces them for optimal use of the available capacity. In this Terminal Ma-
neuvering Area (TMA), aircraft will—inherently—come closer together. The
aircraft will have to turn from a great circle between origin and destination to
the runway direction. Finally, the approaching and descending aircraft have
to share their airspace with departing climbing aircraft and aircraft transiting
the airspace. The complex nature of this problem often makes approach
control the deciding party on the desired sequence and schedule of aircraft.

e Area Control (ACC) descends and guides the aircraft to the approach control
airspace and aims to deliver the desired sequence and already close to the
desired schedule.

e In the Upper Area Control (UAC), aircraft are mostly in cruise flight. How-
ever, as the AMAN horizon increases, the UAC may already be involved in
providing information to the AU and working toward the planned schedule.

Figure 2.2: Cross section of airspaces for two typical flights to Amsterdam Airport Schiphol
showing how different flights may be crossing different sectors during their approach.



2.2. WORKING ENVIRONMENT

Note that the different airspaces may well fall under the responsibility of differ-
ent ANSPs and may be in separate sovereign states. Therefore, the arrival manage-
ment process will require communication within the ANSP but often also between
different organisations.

As some airspaces may be reserved for specific purposes (e.g., military use,
air sports, departing traffic), the boundaries may form temporary or permanent
constraints on the possible paths of aircraft. Finally, certain weather phenomena
may lead to temporary obstacles to the path of aircraft.

2.2.2 Constraints

As described in the introduction of this chapter, the arrival management process is
required when the demanded capacity is more than the available capacity, even if
only for two aircraft. The environment described in the previous section introduces
constraints on the available capacity to receive arriving aircraft. This section will
describe those constraints and their horizon. The horizon is the time between the
determination of the constraint and the landing of the first affected flight.

Airport capacity

The key bottleneck in arrival procedures is the destination airport (See Section
2.2.1). This infrastructure defines a hard limit in the number and direction of run-
ways available. Furthermore, the taxiway infrastructure limits aircraft movement
rate on and off the runway. For example, some airports do not have a taxiway
parallel to the runway, requiring the landing aircraft to turn and backtrack to the
runway exit before the next aircraft can land.

While long-term maintenance follows from a plan, runway closure is also a
function of weather conditions (wind, snow) which may change within the AMAN
horizon. Secondly, the use of the runway may be governed by regulations to limit
local environmental effects below the flight path to that runway (e.g., at Amsterdam
[15] or Heathrow [14]).

Note that runways often are selected as a function of required capacity. Runway
planning, therefore, becomes a part of the AMAN process and has to be performed
in collaboration with the airport operator.

Separation

The primary purpose of ATM is to prevent collisions between aircraft while main-
taining an efficient flow, both in the air and on the manoeuvring area (i.e., the
airport surface) [16]. Several types of separation limit the minimum time between
two landing aircraft:

23
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* Runway separation: No two aircraft may simultaneously be on a single run-
way.

» Radar separation: Aircraft should be sufficiently far apart for ATC to detect a
potential collision, to communicate avoiding action, and for the aircraft to
execute that action.

* The third type of separation does not relate directly to actual collisions but to
the effect of wake turbulence: Flying aircraft leave trailing vortices; following
aircraft have to maintain a minimum distance to avoid control problems.

Runway separation

An aircraft is only allowed to land on—or take off from—a runway when no other
aircraft or vehicles are on the runway. If a runway is used for arrivals and departures
simultaneously, an aircraft is only allowed to land when the departing aircraft has
crossed the runway threshold or commenced a turn. For airports with multiple run-
ways, the runways or their approach and departure routes may intersect. In these
cases, separation should also be assured between aircraft on different runways
[17].

The time between each landing has to be sufficient for the leading aircraft
to land, slow down to a safe taxi speed, and leave the runway before the next
aircraft is allowed to land. When runways are used for departures as well, the
runway occupancy is determined by the time the departing aircraft needs to line
up, perform the final preparations for take-off, accelerate to take-off speed, and take
off. In either case, the speed at which aircraft can enter or leave the runway depends
on taxiway layout, aircraft type, aircraft equipage, and operating procedures.

Low visibility conditions may require local ATC to take extra time to ascertain
that aircraft have vacated the runway. Such conditions may also reduce the accept-
able combinations of runways as aircraft separation can no longer be monitored
visually.

While possibly different per flight, runway capacity is mainly a function of the
selected runway and the weather conditions. These conditions typically change in
15 to 30-minute time scales.

Radar separation

A minimal distance between aircraft is applied to support ATC in preventing col-
lisions in the air. This distance is based on the ability to determine the aircraft’s
position using surveillance equipment and the time required to detect and avoid
a potential collision by ATC. In modern TMAs this is typically 3 NM horizontally
(based on radar accuracy and precision) and 1000 feet vertically (based on the ac-
curacy and precision of barometric altitude measurements). In en-route airspace,
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further from the radar heads, the required separation is increased to 5 NM hori-
zontally. Finally, 2.5 NM may be applied at some airports during final approach
[18], [19]. The air safety authorities set these standards, and they will not change
the standards during the planning process.

Wake turbulence separation

Within a stream of arriving aircraft, the effects of turbulence generated by the air-
craft further limits minimum separation. The strength of the turbulence depends
on various factors, most notably the weight of the aircraft, and diminishes with
time. The sensitivity to the turbulence of the following aircraft depends on mul-
tiple factors, with weight being the most notable again. Therefore the required
separation—and thus the landing rate—is governed by Wake Turbulence Cate-
gory (WTC) of the pairs of consecutive aircraft, as shown in Table 2.1. Note that
these are the separation standards as described by International Civil Aviation
Organization (ICAO), some states have opted for slightly modified categories or
distances (e.g., UK [17], [20]).

Table 2.1: ICAO separation minima.

WTC trailer
WTC leader M o ]
M rad 6NM 7NM
H rad 4NM 6NM
J rad 4NM 4NM

M = Medium, H = Heavy, ] = Super
rad = radar separation minimum, (typically 3 or 2.5 NM) [17], [21]

The effect of these constraints on capacity depends on the selected sequence of
aircraft. The 4th, 5th and 6th row of Table 2.2 demonstrate this effect on throughput;
all three sequences contain an identical fraction of heavy and medium aircraft. The
sequence of alternating classes has the lowest throughput rate. The most grouped
scenario (one series of mediums, followed by an equal number of heavies) has the
highest rate.

As the required separation between aircraft is currently expressed in distance,
the time between each aircraft also depends on the ground speed of the trailing
aircraft. The ground speed depends on the aircraft itself and on the headwind com-
ponent; An increase in headwind reduces the landing rate, as shown in Table 2.2.
Therefore, the effect of the standard depends on the sequence which is controlled
by the AMAN process, and the headwind component which may change in 15-30
minutes (see Table 2.2).
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Table 2.2: Throughput as function of the arrival sequence.

headwindcomponent [kts]

Aircraft sequence 0 10 30
[aircraft per hour]
MMM ... 55 52 45
HHH ... 42 39 34
nJ ... 42 39 34
MHMH ... 37 35 31
MMHHMMHH ... 44 40 35
MMM ..HHH... 46 43 39
MJMJ... 33 31 29

M = Medium, H = Heavy, ] = Super
Assuming a speed of 160 knots which is typical at about 4 NM from the runway.
ICAO separation minima with minimum radar separation of 3 NM [17], [21].

Two developments aim to reduce the constraining effects of wake turbulence
separation [22], [23]: First of all, RECAT-EU and Pair-Wise Separation increase the
number of wake turbulence classes to reduce pairwise separation when possible.
Secondly, Time-Based Separation compensates for the reduction in landing rate
due to headwind and flight speed.

Regulations

This section will describe the capacity limits due to regulations imposed to limit
the effect of aviation on the local environment. Such regulations can include [14]:

* Curfews, defining periods in a day in which aircraft, or particular types of
aircraft, are not allowed to land at all. Such a curfew is commonly applied to
limit noise during the night.

e Preference (such as in Amsterdam) or enforcement (such as in Heathrow) of
certain runway combinations [24], [25],

e Limits on the routes through the TMA,
e Mandatory use of Continuous Descent Operations (CDO);

Curfews determine whether an aircraft is allowed to arrive at all and are not relevant
for AMAN. Runway preferences will impose requirements, as the selection of the
appropriate runway for a particular flight will be influenced by the preference, but
also by the number of aircraft already planned to that runway.

Routing limitations and CDOs may reduce the number of options for ATC to
influence spacing after a certain point in the approach. The reduction in control
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space will increase the required margin between aircraft, which reduces landing
capacity [26], [27].

Controller task demand

The capacity limits described in the previous sections all involve known quantities
or rules. A final set of limitations follows from the need to maintain an acceptable
workload for the controllers that need to handle the aircraft. Note that this excludes
the workload of the operator of an AMAN system. Several attributes may affect the
workload [28]:

e The number of aircraft: For example, a higher runway capacity often requires
more intervention by the controllers. Therefore, workload typically increases
with an increasing number of flights.

* The routes for these aircraft: Intersecting routes and merging of different
streams require more attention on separation.

* The presentation of the traffic: Traffic coming from a single direction will
already have a natural sequence and will not need much merging.

e Stability of the whole situation: For example, the presence and movement of
convective weather will require more attention and action by the ATCOs to
support aircraft in avoiding weather.

* System support: Failure of support systems may increase the task demand
load at similar traffic levels.

* Team competency, which determines the acceptable task load: This may
depend on experience, fatigue due to a long period of high task load, and
equipment availability.

The list shows attributes which may be determined objectively (e.g., the number
of aircraft, the routes, the available staff). However, some of these criteria may
require online subjective judgement by expert supervisors (e.g., traffic presentation,
team competency).

2.3 AMAN Process

Section 2.2.1 described the environment in which the arrival management process
takes place. This section describes the objectives of the AMAN process and the
different steps in the process.
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2.3.1 Objectives

The potential benefits of AMAN to the AU can be described using several key per-
formance indicators for SESAR [29]:

e Safety: The amount of risk of air traffic accidents. During the arrival process,
safety imposes some limits on the environment by introducing separation
requirements, as explained in Section 2.2.2. Additionally, safety is affected
by the effect of the inbound flow on the controller workload, as a high work-
load is considered a safety risk. AMAN enables planning for the required
separation and may support workload management (see Cost-Effectiveness).

* Capacity: The number of aircraft that can execute their flight per unit time.
The introduction of this chapter already stated that the principal purpose of
an AMAN system is to plan the arrival schedule such that the capacity meets
the demand.

* Efficiency: The costs of deviating from the Shared Business Trajectory (SBT)
as planned by the AU in both fuel as well as arrival time. Improved planning
can reduce operating cost to the AU. Following Section 2.2.1, this can be
translated as allowing the flight’s execution to be as close as possible to its
preferred trajectory. Note that this definition of efficiency only encompasses
the trajectory of the individual AU; it does not include the cost of ATC.

e Cost-Effectiveness: The cost of ATM service to each flight. This cost is,
amongst others, related to the number of ATCOs needed to handle the traffic
safely (see Section 2.2.2). A higher workload requires more, or better trained,
controllers, which translates into a higher cost to the AU. AMAN can pro-
vide the support to adjust the flow of aircraft—both in number and traffic
presentation—to reduce the workload of downstream controllers.

e Environmental sustainability: Enabling aircraft to fly CDOs reduces the
effect of flights on the local population. Note that this objective is related
strongly to the AU’s objective of minimising fuel consumption. Furthermore,
due to the lack of control space during the procedure, the ability to provide
CDOs—with associated noise benefits—depends strongly on initial spacing,
which can be improved through AMAN [27], [30].

e Predictability: This parameter measures the degree to which the planned
capacity can be made available despite disturbances. For example, weather
or sudden runway closures may disrupt a planned schedule. AMAN may
help in reducing the effect of such disturbances and shorten the time needed
to return to normal operations lowering the cost of disturbances to AUs.
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2.3.2 Actors
The process is a collaboration between several actors (see Figure 2.3):

e The AU, who will have a preferred trajectory and ultimately executes the
instructions given by ATC,

e The airport operator, who will have an operational plan for the airport,

* In most operational systems, the sequence manager performs runway plan-
ning and scheduling. Depending on the facility, this may be a dedicated
function (for example, the Traffic Management Coordinator (TMC) in the
US [31]) or a task performed by a supervising role (the TMA supervisor at
Amsterdam Airport Schiphol). As this operator develops the arrival schedule,
most of the objectives will be relevant to the sequence manager.

* The executive controllers who will realise the schedule by providing instruc-
tions to the flights. These are further divided in upstream controllers and
downstream controllers, where the downstream controllers are those whose
workload is managed through AMAN.

2.3.3 Planning horizons

The arrival management process is commonly divided into several horizons [11],
[13], [32]. While the different concepts may have more horizons, the following
applies to all concepts:

e The distance or time at which an AMAN system receives information on a
particular flight. At this point, sufficient is known about a flight to predict its
arrival time. This point depends on the availability of information and the
communication of that information to the AMAN system. An example of the
current prediction horizon for most systems is the radar horizon [11], [33].

 The distance or time at which the Estimated Time of Arrival (ETA) of a flight
is suitable for use in the AMAN process. The location of this horizon depends
on the reliability of the ETA but also of the knowledge of the constraints at
the destination (e.g., the available runways).

* Thedistance or time at which ATC can influence a flight to realise the schedule.
This distance depends on jurisdiction (the responsible ANSP) and the means
to communicate the schedule to the responsible controllers or aircraft.

* The distance at which modification of the schedule does no longer provide a
meaningful benefit. At this distance, possible changes to the flight path are
either too short (making the change irrelevant) or too drastic (making the
change inefficient).
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* The distance at which the flight can no longer be influenced. This happens

when the aircraft passes the metering point to which the aircraft are planned.

2.3.4 Runway planning

The arrival process starts with planning the runways that will be available for arrival
and departure. The responsibility for this decision is shared between the airport
operator and the ANSP (see Section 2.2.1). The decision is based on the available
runways and the required capacity. Since the runway plan requires information on
demand, it is only possible to make a runway plan once sufficient information on
inbound and outbound flights is available.

Typically, runway planning is completed at least 30 minutes before the arrival of
the first aircraft for that new plan. At this phase, the precise ETA is not yet available
but is typically known to an accuracy in the order of 5-10 minutes, providing a
rough overview of traffic demand. At the same time, the runway planning strongly
depends on the weather, which may also limit the practical runway planning
horizon to 30 minutes (see Section 2.2.2).

During the switch from one runway plan to another, arriving aircraft planned
to the old combination are in the TMA together with aircraft planned to the new
combination. This mix implies that multiple, possibly conflicting route structures
are operational at the same time. The increased complexity leads to a higher task
demand load and needs to be prepared by the controllers. Often, ATC will use or
generate a small gap in traffic to limit problems during the transition phase.

2.3.5 Sequencing and scheduling

Once the runway plan is available, the inbound aircraft are assigned to runways
and sequenced based on their ETAs. This phase forms the core part of the arrival
management process. While sequencing (i.e., deciding on the sequence of aircraft)
and scheduling (i.e., deciding on the individual Planned Times of Arrival, PTA)
may be recognised as different processes, their execution is mostly an integrated
process.

Assigning an aircraft to a particular runway may be driven by:

* Local procedures. For example, at Amsterdam, where flights from the south
and west are normally land on the western runway while aircraft from the
east land on the eastern runway. This division reduces the complexity of the
routes inside the TMA and thus task demand.

» Wake turbulence segregation to different runways, thus eliminating the larger
spacing intervals, as shown in Table 2.1. For example, trials at Heathrow saw
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the A380 land on the departure runway to limit the impact of the larger
spacing requirements on landing capacity [25].

* Runway preferences based on airport layout, aircraft type, and operator
preference.

Note that the delays required to achieve a better sequence may void that se-
quence’s advantage. For example, a medium following a heavy requires 90 seconds
separation at 160 knots whereas the reciprocal requires 68 seconds. The advantage
of switching the two aircraft may thus be 22 seconds of spacing interval. However,
if the medium is initially predicted to arrive more than 22 seconds after the heavy,
no net benefit is achieved as the total delay does not decrease.

Nevertheless, even if total throughput would increase, individual AUs should
not be punished unfairly for having a different WTC than other aircraft arriving
at that time. An example would be a single heavy in a group of mediums. The—
mathematically—optimal sequence would see the heavy as the last aircraft to land
(see Table 2.2), requiring it to be delayed until the last medium has overtaken it.
Similarly, not all sequence switches may be available as this may require aircraft to
overtake each other while on the same route, thus risking a separation conflict in
the intermediate phase.

Finally, it is worthwhile to note that scheduling does not necessarily imply
setting fixed arrival times. For example, when all aircraft that are scheduled to
a single runway come from the same upstream sector, the absolute times may
not be relevant. Often the upstream sector will build a string of aircraft in which
only relative separation is monitored. These “trains” reduce task demand for the
upstream controller, who can focus on separation alone instead of separation and
arrival time. At the same time, it also reduces the task demand for the downstream
controllers as the aircraft have already merged.

2.3.6 Metering

Once a schedule is established, the upstream controllers can start metering the
aircraft to the desired times or spacing. The available techniques to adjust the ETA
or separation is out of the scope of this study. However, it is worth noting several
general properties that affect the control space available to influence the aircraft.

* There is no physical limit to the amount of time that a single flight can be
delayed except for the flight's endurance. Delay beyond the endurance limit
is also achievable in the form of diversion to alternate airports. Of course,
this disregards the AU’s objectives.
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* The above statement does not hold in a situation with multiple aircraft. At
some point, the airspace will be full, meaning that any further addition of
aircraft will lead to an unacceptable chance of loss of separation.

* To make an aircraft arrive earlier than predicted (time advance or frontload-
ing), the aircraft has to increase speed, or it has to fly a shorter route. The
first solution is limited by the maximum safe speeds of the aircraft, the latter
by the availability of shortcuts in the route.

2.3.7 Sidenote: the metering point

When performing runway planning, the runway is the relevant point of interest
for planning traffic. Maximum capacity is achieved when aircraft land at that
sequence’s minimum total spacing interval. For metering, however, the point for
which ATC plans a schedule is important and influences the scheduling strategy.

The choice of the metering point is driven by the need for ATC to control traffic
after the planned arrival time is frozen: From a flight efficiency objective, planning
to the runway threshold gives the most options for flight optimisation. From a
capacity objective, it may be better to meter to an initial point and then relax the
tight constraint in time in exchange for more control in spacing.

During the approach, the relative importance of different objectives of arrival
management may change. In the planning stage, most aircraft are geographically
far apart, and the instantaneous separation is not likely to be a problem. The
other objectives drive the arrival process, with predicted separation as a parameter.
During the final stages of the approach, the distance between aircraft will be ap-
proaching the minimum intervals, and separation becomes a high-priority issue.
Effectively, the AMAN process transitions from scheduling to spacing during the
approach [34].

Scheduling and metering to the runway threshold enables the precise definition
of the arrival times based on the required separation between the aircraft. Once
ATC has set a flight to arrive at a planned time, it tries not to interfere with the
planned path. The AU can perform an optimal approach to the runway, given
the constraints. However, any uncertainty in the predicted trajectory will pose
uncertainty in separation during the approach. Therefore, an additional separation
buffer has to be applied to compensate for these uncertainties. Such a buffer
reduces capacity considerably [26], [35].

A higher throughput may be achieved by influencing traffic until close to land-
ing. Such actions will, however, reduce the efficiency of the flight. In many opera-
tional systems, metering is done up to the Initial Approach Fix (IAF), after which
approach controllers perform final corrections. Simulations have shown that a
combination of the above may work best for high-capacity operations: the accept-
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able flow should be set using the landing rate at the runway. Subsequently, this
rate can be delivered to the upstream metering fixes using an approximation of
the flow rate [36].

2.3.8 Merging and Spacing

Once aircraft enter the TMA, approach control has to merge the aircraft onto a
single track to the runway and establish and maintain sufficient spacing. While the
work itself is outside the scope of this study, the delivered schedule may strongly
impact the ATCO'’s ability to achieve this and thus impact task demand. Examples
of properties that affect task demand are the number of merges required, the initial
spacing of the aircraft, and the amount of aircraft.

2.3.9 Future concepts

The technological advances in computing, flight guidance, and communication
of the last 30 years are expected to enable new forms of air traffic control. This
section will briefly examine concepts that may change the arrival management
process described in the previous sections. These changes will change the available
information, the way flights may be planned into an arrival schedule, and the way
the flights may be controlled to realise that schedule.

Information

System Wide Information Management (SWIM) will enable continuous sharing
of all relevant information concerning a flight between all involved actors [1], [3].
Implementation of SWIM would make the prediction horizon only dependent on
the existence of information but no longer on whether the information is collected
by the ANSP that operates the AMAN.

Secondly, AUs will share their planned 4DT both before and during the flight.
This information can provide a better insight into the plans, the ETA, and the pref-
erences of the AU [1], [37]. Through sharing trajectory information, the accuracy
of the ETA can improve, which could allow for extending the horizon at which in-
formation is sufficiently reliable for planning. The next chapter will further explore
the effects of uncertainty.

Planning

Currently, the departure time of a flight in Europe is governed by the EUROCON-
TROL Network Manager (NM), which verifies whether the flight will not exceed
capacity on any downstream sectors or the arrival airport. If the flight crosses a
capacity-constrained airspace, it receives a window—of currently 20 minutes—in
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which it has to depart [38]. If the departure airport is within the planning horizon
of AMAN, the ETA can still vary up to 20 minutes. In one SESAR concept for AMAN,
such flights are no longer governed by a departure slot but rather by a Target Time
of Arrival (TTA), which could be provided by AMAN. It is then up to the AU to try
and depart such that it can meet that arrival time [1]. The next chapter will discuss
the effects of such a method on accuracy.

By calculating the earliest and latest feasible ETA along their current 3D trajec-
tory, AUs may support the sequence manager in assigning realistic arrival times
[13]. The size of the arrival interval may be constrained by operational limitations
and by commercial considerations. The difference may be relevant to the sequence
manager as the first constraint limits the available options, whereas the commercial
constraints only affect potential benefits.

Through SWIM, different ANSPs will also be able to share their requirements on
a trajectory—such as an arrival time planned by AMAN—but also their capabilities
to provide for such requirements. TBO is planned to allow AUs and ANSPs to
develop, monitor, and adjust, a trajectory that realises the planned schedule [1].
While modifications to the trajectory may not always be available (i.e., to avoid
conflicts with other traffic), the jurisdiction over a flight—which currently limits
the horizon of AMAN—becomes less of an issue as all actors are more aware of the
requirements.

Control

Advanced flight guidance systems in aircraft are expected to be able to navigate not
only to follow a precise 3D path but also to meet Required Times of Arrival (RTAs)
particular at points along that path [1], [39], [40]. Aircraft capable of such 4D nav-
igation can receive the RTA according to the schedule generated by AMAN, and,
since the aircraft performs closed-loop control, can be expected to meet that time
to a high accuracy. However, the RTA may well need modification to account for
disturbances in the schedule (e.g., delay of leader aircraft in the sequence). Fur-
thermore, a combination of aircraft that fly to a RTA and aircraft that are managed
by traditional control can lead to separation issues as their speed profiles need not
be compatible [41].

Finally, various concepts look at providing additional metering to points further
from the airport [13], [42]. While the times over these points at those points are
less critical, such metering would improve traffic presentation and the likelihood
that a schedule can be realised at the final metering point. Furthermore, required
modifications are available through smaller trajectory adjustments, improving
efficiency.
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Figure 2.4: Simplified representation of TP concepts. Based on [49]

2.4 Trajectory prediction

Due to the large horizon described in Section 2.2.1, a human operator is unlikely to
be able to predict the relative separation between two aircraft at the metering point.
This problem is exacerbated by the fact that the two aircraft can be geographically
far away from the airport—and from each other—at the moment of prediction (i.e.,
coming from different directions) [43]. Any decision based on their separation at
landing will, therefore, require an automated prediction of the ETA at the metering
point using a TP [44].

Various factors may cause errors in an ETA. These include errors in the informa-
tion used in the prediction, errors made in modelling the flight, and disturbances
that deviate the flight from the predicted path [45]-[47]. To deliver the intended
benefit, a planning made with such errors requires adjustments as ETAs shift.

The sources and types of errors, combined with their application in the TP
determine the accuracy of the TP. To understand the potential effects of errors,
this section will explore the components of the TP and how errors may affect the
prediction outcome.

Note that the chapter will mostly deal with the accuracy of a prediction. Sensor
noise and signal resolution influence the precision of a prediction and will be
discussed when present, but most are far smaller than the errors.

The components of a TP can be described using the structure proposed by the
EUROCONTROL/FAA Action Plan 16 white paper [48]. This section will follow an
abstraction of that structure (Figure 2.4) to describe the components and their
potential for introducing errors in the prediction. Current AMAN systems have an
internal TP or retrieve the prediction from a TP within the ANSP’s system. However,
the FMS onboard aircraft also includes a TP which could also be used in AMAN as
described in Section 2.3.9. Despite this difference in the origin of the prediction,
the following description of TPs applies to any application.
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2.4.1 State

The state of an aircraft, as relevant to a TP, determines the starting condition of the
trajectory:

* Location and altitude: This information is mostly retrieved using radar or
approximated using information on the flight’s progress. In the first case,
the quality of the information derives from the sensors. This accuracy and
precision of radar are in order of tens of meters and thus negligible when
aircraft cover such distances within tenths of seconds. Flight progress in-
formation may include some prediction toward known points and can also
approximate progress on the route even though the aircraft is not flying on
the route. Both laterally and longitudinally, some error in state estimation
may be introduced.

e Time: Both when aircraft are still on the ground and when the prediction is
based on flight progress information, the starting time of the prediction can
generate a first inaccuracy. Especially when aircraft are still on the ground,
variation of departure times of 10-20 minutes is currently common [38], [46].
Concepts such as TTA may help to address this problem (see Section 2.3.9). In
most current applications, time is reported in whole minutes. The precision
of the information, therefore, does not go lower than this.

* Speedinformation: Radar information can provide an accurate ground speed.
However, airspeeds require either downlinked information from the aircraft
or derivation via atmospheric information (primarily wind). The accuracy of
atmospheric data influences the latter.

e Mass information: Information on the actual mass is not currently available
to any operational AMAN. Mass influences the vertical profile and the land-
ing speed of the aircraft. Errors in the vertical profile may in turn influence
the ground speed an therefore arrival time [45], [50], [51].

2.4.2 Intent

Intent is any information on the future path of the aircraft. This information in-
cludes constraints, objectives and preferences from both (multiple) ATCOs and the
AU. In effect, any information that helps describe the aircraft’s planned path, as
long as the information is available to the TP. Current AMAN systems have access
to a limited set of the actual intent of the flight:

* The filed flight plan will provide a generalised route, cruise altitude, and
cruise airspeed. However, such a flight plan is filed at least 3 hours before
departure [38]. Due to various reasons, the operator may have opted to
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change the route, cruise speed, or altitude, therefore introducing an intent
error.

e Currently, some ATC systems are aware of instructions provided to inbound
aircraft, although few systems can yet include instructions from upstream
Flight Information Regions (FIRs).

* Insome cases, the landing runway and arrival route of the aircraft are defined
by the inbound route (see Section 2.3.5) and therefore available to the ANSP.

Missing intent has to be provided by the system based on assumptions. Therefore,
a considerable component of prediction error in modern TPs is caused by incorrect
intent information such as speed [45], [50].

SWIM aims to ensure that all existing information is available everywhere.
This sharing of information will significantly enhance the accuracy of the intent
mentioned in the first two points. The last point is very strongly dependent on the
AMAN process itself; while it may be available to the ANSP when predicting the
ETA, it may not yet be available to the AU at that stage.

It is foreseen to share such arrival routes through SWIM. However, as runway
selection is part of the AMAN process, multiple options may need to be evaluated.
The unknown components of intent have to be introduced during the prediction
process.

2.4.3 Atmospheric data

Most atmospheric information in AMAN systems is based on forecasts based on
earlier measurements. With the forecast comes the accuracy of the forecast model.
In less stable atmospheres, differences in temperature but primarily in wind speeds
can reduce TP accuracy considerably [52].

Several concepts have demonstrated prediction improvement by direct use
of data measured by aircraft that are ahead on the same route. However, these
techniques are limited by the number of aircraft on the downstream route [53]-
[55]. Similarly, as the AMAN horizon increases, the trajectory prediction will be
further into the future, and therefore some form of weather forecasting will still be
required.

A final technique is avoiding the use of weather data altogether. As the arrival
time is based on the ground speed, calculation using the measured ground speed
eliminates the conversion of speeds and inclusion of winds (for example in 4D-
Planner [11]). This technique assumes that the wind’s effect on ground speed
is constant. As the aircraft turns and changes altitude, the effect of wind on the
ground speed changes, which may cause considerable speed errors.
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2.4.4 Initial condition and constraints

State, intent, and atmosphere information can be defined regardless of the type
or purpose of the client TP. However, the information may be of the wrong form
or insufficient to define a trajectory in a particular application. Some examples of
this problem are:

* Intent information that is not yet available: The route to the runway is not
yet decided, or undefined when ATC uses vectors in the TMA.

e The TP model makes specific assumptions that may conflict with the pro-
vided intent: certain waypoints are always overflown (a requirement in
AMAN when the waypoint is a metering point), even when the flight may
bypass those during operations.

* The model may not be able to use information consistently: Temperature
at altitude may be available from the atmospheric data, but the system may
assume a standard atmosphere. Therefore the vertical temperature profile
may need to match the profile assumed in that model.

e Some data can be represented in both the state and the intent, and a choice
of the source is necessary. For cruise speed, for example, state information
may be ignored instead of intent data or vice-versa.

The output from the constraint model is a description of what bounds the
future trajectory. Furthermore, this description is compatible with the calculation
method for the trajectory.

2.4.5 Behavioural model

Where the constraints model describes what trajectory will be flown, the behaviour
model describes how an aircraft will manoeuvre to achieve that trajectory. Exam-
ples of behavioural model parameters are:

* Bank angles used in turns,

* Interception of lateral and vertical paths,

* Delay between instruction and execution of a manoeuvre, and,
* Speed and configuration changes during approach.

Note that this information further defines the future path of the aircraft and could,
therefore, be provided as intent. The behavioural model largely introduces intent
that is unavailable as a separate input.
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2.4.6 Mathematical model

The final component of a TP is the actual trajectory generation. This component
implements the intent and behavioural model to a representation of the aircraft.
The mathematical model determines how accurate the desired behaviour is repre-
sented in the trajectory. In current TP applications, aircraft are typically modeled
as either point masses (see [33], [56]-[58]) or points with kinematic properties
(e.g., [59]). These point objects are subsequently integrated over time. This type of
model needs a detailed description of both the trajectory and the behaviour of the
aircraft. Errors or assumptions in intent or behaviour will lead to modelling errors
at each time step.

Porretta et al. [60] propose a TP which determines an algebraic solution to the
trajectory that satisfies the behaviour and intent. Since AMAN assumes a defined
end condition (the metering point), the expected route may well be known. This
approach may also include intent defined in time (i.e. RTAs) and may well be more
accurate in those cases.

Finally, for sequencing and scheduling, the AMAN only requires an ETA. The
intermediate trajectory is superfluous. Functionally, there is no need for accurate
intent or behaviour in the intermediate part of the trajectory as long as the resulting
ETA is accurate. De Leege [61] makes use of this property by using machine learning
to determine a direct relationship between the initial state of the aircraft and the
arrival time.

2.4.7 Evaluation: prediction uncertainty

The accuracy in each of the components described above affects the accuracy of
the prediction. The uncertainty in the resulting output depends on the uncertainty
in the inputs and the prediction horizon. Each type of input and each component
will introduce uncertainty to a prediction. Some errors, such as ground speed
error, will cause an error on the ETA that grows with the prediction horizon. Others
introduce a constant error on the arrival time and are independent of the horizon:

* Errors in the 4D initial state of the aircraft will either introduce a different
length path or a different starting time. Most of this error will result in an
offset in arrival time which does not change with the length of the prediction.
However, when the prediction horizon passes the departure, a sudden, large
increase in uncertainty is likely [46].

e Errors in assumed mass may introduce a ground speed error in the climb
and descend segments. In these segments, the error is horizon-dependent.
Therefore, the effect is constant during the cruise.
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Asroutes in AMAN end at a known point (e.g., the runway), route intent error
can only generate position errors in the intermediate trajectory. Longitudinal
errors are affected by both route and speed and are thus horizon dependent
[37].

e Atmospheric errors will have a continuous effect on the trajectory, and the
error itself will be dependent on time. The impact of atmospheric errors on
uncertainty grows with increasing horizon.

e The constraint modelling can both increase errors and bound errors. The
previous section provides an example of the first in forcing a route along the
metering point when the aircraft will not fly over the point. An example of
error bounding is the rule that aircraft are not allowed to deviate more than
a certain distance from a route when following that route [62].

e Behaviour modelling makes assumptions on the operator’s choices within
the constraints. Modelling errors (such as bank angle) are likely to affect the
longitudinal profile of the aircraft and thus dependent on the horizon (e.g.,
each turn adds some error).

e Mathematical modelling (such as point-by-point turn vs constant radius
turn [45]) affects the size of the error at each integration step. As such errors
accumulate in integration, the error due to mathematical modelling is very
likely dependent on the prediction’s length. The error will not occur for TPs
that instantaneously derive arrival time.

It is commonly recognised that the AU has the most accurate model of their
particular flight, including the AU’s preferences. If the onboard FMS also has
access to the same quality atmospheric data, it is considered likely that a predicted
trajectory from the aircraft has the smallest error (i.e., the lowest uncertainty) [37],
[39], [63]. However, this is only true if the intent (e.g., runway selection) matches
the intent needed in AMAN [37]. Therefore, AMAN trajectories may well be more
accurate on the ground as the AMAN may have a more accurate knowledge of the
intent of the ANSP for the remaining route.

2.5 Human machine interfaces

Once trajectories are available, HMIs can be used to evaluate the arrival manage-
ment problem. If the evaluation is manual, the 4D information has to be provided
to the human operator in a meaningful way. This section will describe how the
information is currently provided and display concepts under development.
Often, the operator will have access to a Plan View Display (PVD) which displays
all traffic within the horizon on a map. While this provides the instantaneous
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geographical situation, representing 4DTs is problematic [64]. Most current AMAN
systems, therefore, provide a secondary HMI, which may or may not be included
as an element on the PVD.

We will first describe the two most common interfaces available to the planner
controller: Schedule lists which aircraft with their arrival times and time lines that
show the aircraft on a vertical time axis. The following parts then focus on particular
types of information and their presentation in a display.

2.5.1 Schedule lists

These are the simplest form of showing aircraft and their arrival times in a list.
These lists are used in the US CTAS - Traffic Management Advisor (CTAS-TMA) and
the Dutch, for example Inbound Planner (IBP) [11], [65].

Figures 2.5(a) and 2.5(b) show that the essential information is provided: air-
craft identification, ETA, and Planned Time of Arrival (PTA). However, estimating
separation requires reading the individual times and mentally calculating the
differences. In essence, the display has translated the 4D situation to a digital rep-
resentation where extracting the relationships between individual aircraft requires
mental effort. This need for mental projection has been recognised as a common
problem for lists of time-related information [66]. During the years, the time line
has, therefore, replaced the schedule list.

2.5.2 Time lines

Instead of providing a digital time, the information is provided in analogue form
by showing labels on an axis representing time. This representation enables the
understanding of the relation (i.e., separation) between different aircraft at a glance.

All current AMAN systems use a time line [11], [33], [65], [67], [68]. A good
example—and one of the earliest implementations—is CTAS-TMA in the US as
shown in Figure 2.6 [69]:

* Avertical bar showing absolute time. This bar moves as time progresses, in
most cases downward.

* Aircraft attached to their respective arrival time move downward with the
time.

e Each aircraft symbol accompanied by the flight identifier.

The vertical distance between two aircraft symbols shows the time-separation.
Through this presentation, the interface enables direct comparison of arrival times
irrespective of the present location, planned route, or individual arrival time of
aircraft. In general, the time line presentation has the following advantages:
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* The analogue representation allows for easy visual analysis of spacing be-
tween aircraft.

» Short peaks of high demand or “bunches” are recognisable due to the Gestalt
principle of proximity [70]. Operational experts suggest that such an overview
of traffic peaks is often more valuable than the exact schedule.

» The representation provides both the sequence and the schedule. This com-
bination enables concurrent monitoring and manipulation of both.

 Constraints that change over time (e.g., runway availability), can be visualised
in the same axis as shown in Figure 2.7.

2.5.3 Time to indicate

In the AMAN process, three different times are relevant to the sequence manager:
e When the AU prefers to arrive,
* When the aircraft is expected to arrive based on its known intent: the ETA,

e When the aircraftis planned to arrive after optimisation by the AMAN process:
the PTA.

If not constrained by safety, capacity, or workload, the optimal arrival time
is the time at which the AU prefers to arrive (see Section 2.2.1). As long as the
aircraft’s trajectory is not yet constrained by ATC instructions, a trajectory may be
defined that complies to fixed constraints such as routing and is optimal from the
AU'’s perspective. This time may well deviate from the original STA as defined in
the flight plan. For example, some AUs may choose to increase speed to recover
a delay, while others may choose to maintain the most fuel-efficient profile and
accept the delay.

An aircraft label can only be attached to one location (i.e., time) on the time
line. Therefore only one of the three times (STA, ETA, or PTA) can be indicated
using the visual representation. This limitation introduces a challenge in selecting
the time to which the label should be connected to and how the other two times
can then be presented.

When a PTA is communicated to the upstream controllers or the AU, they will
adjust the trajectory to meet the PTA. It could be argued that the difference between
ETA and PTA becomes transparent to the sequence manager: In his or her view,
the trajectory between the current state and the metering point may be undefined,
but the controller expects aircraft at the metering point on the PTA. In effect, the
PTA now becomes ETA.
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Figure 2.5: Examples of schedule lists.
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Figure 2.6: Time line representation as used in CTAS-TMA [65].

Figure 2.7: MEASTRO time line showing a runway closure as a red bar over a time interval
[67].
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As the trajectory may not be adjusted immediately (e.g., the controller plans to
provide the required speed reduction for a delay at a later time during the flight),
the Time to Loose/Gain (TTL/G) may only gradually reduce to zero. This gradual
decrease also means that the actual ETA of the trajectory may still be relevant
to the sequence manager as it influences the optimal arrival time for possible
replanning. The first question, therefore, has no definite answer. However, all
current operational systems place the label at the PTA.

To provide the other times, CTAS-TMA uses two sides of the time line. The left
side shows the aircraft at their ETA, and the right line shows the labels according to
the plan. In other representations, the TTL/G is shown as a number or an indicator
in the label as in DFS’s 4D Planner [11]. None of the analysed systems indicate the
STA or the AU'’s preference at the moment.

2.5.4 Presenting separation

To determine whether two aircraft are sufficiently separated, the sequence manager
has to know the expected separation and the required separation of each aircraft
pair. At the metering point, the time line interface directly shows the expected or
planned separation in time—depending on whether the display uses ETA or PTA,
respectively. For distance-based spacing, separation has to be derived from the
time interval and the trailing aircraft’s speed over the metering point. Therefore,
determining the planned separation in time requires knowledge of the aircraft’s
properties and the headwind at the metering point. Determining the separation
distance then required mental effort to calculate.

While technically feasible, no operational system shows the required separa-
tion between aircraft on the time line. The only concepts with a a display of the
separation requirement are part of research simulations [34], [71]-[75]. The litera-
ture does not provide any evidence against such an indication of the requirement.
In discussions on the subject, operational ATCOs have argued against displaying
the separation requirement as it may lead to spending too much effort on exactly
achieving the desired separation where some variation is currently considered ac-
ceptable. This drive for accuracy may subsequently lead to an unnecessary increase
in task demand. This proposition has not been validated in experiments.

2.5.5 Geospatial context

Section 2.3.7 explained that not all schedules might be achievable, as the resulting
trajectories may conflict in the intermediate segment between the current position
of the aircraft and the metering point. Since both schedule lists and time lines are
based on the time at the metering point only, these displays cannot present the
spatial relationship. In these cases, automation either detects and resolves this
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conflict without involving the sequence manager (such as CTAS - Efficient Descent
Advisor (CTAS-EDA) [76]) or requires the controller to judge the feasibility of the
schedule based on the situation provided on the PVD.

ETA

prediction
current distance

to runway

\ T future

“now”’

-—
AC1
along-track distance

history

Figure 2.8: TSD concept.

At the Delft University of Technology, various studies have looked at incorpo-
rating spatial relations with a time line using a time-space representation. In these
HMISs, the predicted along-track spacing in time is shown as a function of distance
to the metering point (See Figure 2.8) [72]-[75]. This representation enables the
visualisation of separation and separation requirements both at the metering point
and on the full trajectory toward that point (Figure 2.9). Furthermore, such an
indication of separation requirements can be used to analyse the effect of different
sequences. However, preliminary experiments do suggest that human operators
have difficulty recognising the potential benefit of a sequence switch from the
display [77].

The time-space representation visualises separation over the common path
of aircraft. In doing so, it disregards the geographical and vertical position of the
aircraft. This simplification also reduces the ability to represent traffic that does not
share that common path. Visually connecting information on the TSD and PVD
can partially address the first problem [75]. The latter may partially be addressed
by representing the conflicts due to other traffic onto the TSD [74], [75].

A notable argument against an HMI such as the TSD is the need for a new
display. This extra screen requires physical space on the console and a division of
attention of the controller between separated screens [34], [75].
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Figure 2.9: Representation of separation and separation requirements both at the time line
(right) and during the path towards arrival.

Figure 2.10: Traffic manager’s load graph in CTAS-TMA. The green line shows the required
capacity, the red line shows the available capacity and the brown line shows the throughput
after planning. Source: NASA [65]
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2.5.6 Presenting capacity

When the airport cannot provide the capacity to meet the demand, the capacity
needs to be increased (e.g., adding a runway) or demand needs to be reduced
by delaying aircraft at the back of the sequence. To make such decisions, the
sequence manager must determine whether the current sequence of inbound
aircraft exceeds capacity.

When the DSTs shows the required separation, it may provide means to try
and fit the offered sequence to the metering point. However, the consequence of a
shortage of capacity is only presented as large a delay on the last aircraft to arrive
once that last aircraft is scheduled (i.e., after the process has been applied). Very
few systems provide early indications of capacity shortage.

In CTAS-TMA, a graph supports an early understanding of a capacity problem
by showing the amount of inbound aircraft per time interval and the available
capacity [65]. The graph (See Figure 2.10) furthermore indicates the effect of the
current plan on capacity. It provides an overview of capacity and demand, ex-
pressed in the number of aircraft only. Section 2.2 describes the number of aircraft
as one of the factors that determine the controller task demand, which is one of
the limiting factors on capacity.

However, the number of aircraft is not the only factor, as route structure,
weather, and team competencies may also affect the workload. The PHARE project
has demonstrated a display that provides information on throughput as well as
expected workload [78].

2.6 Automating the process

When the sequence manager is presented with ETAs, a large part of their task would
be to manually space the individual arrival times according to the separation needs.
Especially when inbound traffic is well regulated beforehand (e.g., by the NM), it is
likely that there is little overlap between arrival times. This fact is also recognised
in the development of automated schedulers: A so-called First-Come-First-Served
(FCFS) approach often is close to the optimal solution [8]. The management task
would become primarily administrative in shifting aircraft small amounts of time
to remove minor errors. At the other extreme, real optimisation to all objectives is
often considered too complicated for a human operator [10].

This section describes operational and proposed concepts for sequencing and
scheduling automation. In doing so, it will try to follow the process described in
Section 2.2: Runway planning, sequencing, and finally, scheduling. While gener-
ally performed as part of an integrated process, the following sections separate
sequencing from scheduling as the first requires considerably more advanced
functionality.
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2.6.1 Runway Planning

Runway planning is a collaboration between the airport operator, departure plan-
ning, and arrival planning. Some systems provide algorithms for optimising depar-
tures and arrivals for a given runway plan (e.g., Osyris [79]). Future integration of
AMAN and Departure Manager (DMAN) is likely to improve this process [1].

The decision on a runway plan is currently based on procedures, availability,
weather, and demand in departures and arrivals. The Netherlands Aerospace Cen-
tre has developed a decision support system that informs the user on the available
runways, including the likelihood of weather conditions on the availability [80].
Based on the tools, the system predicts the most likely configuration. However, the
latter should not be seen as a decision support system as it predicts the controller’s
decision based on historical data. Using the system as decision support in selecting
runways would create feedback [81].

2.6.2 Scheduling

Basic runway allocation rules, such as the examples in Section 2.3.5, can be imple-
mented in an automated system. Several operational systems currently implement
this strategy [68], [82]. However, that section also explains that some strategies
may not be as trivial. For example, when controllers create “trains” of aircraft from
a single direction.

Once aircraft are assigned to runways, PTAs can be determined. The spacing
between two aircraft can be defined as an adaptable parameter, either constant,
depending on the wake turbulence categories of the pair, or a combination of both.
Therefore, the next aircraft’s arrival time is at the minimum of the next available slot
or its ETA, whichever is later. This approach is often named FCFS. Most systems
automatically assign aircraft to these slots using such basic rules [11], [69], [82].

In scheduling automation, the difference between separation in time and sepa-
ration in distance is essential. When time is the spacing criterion, the following
aircraft can land at the ETA of the previous aircraft plus the required interval. When
distance is used, the aircraft’s ground speed has an effect: Once the leading aircraft
has passed the measurement point, the trailing aircraft has to cover that distance at
its own ground speed. Especially in landing—where speeds depend on aircraft type
and mass—the interval in time may vary considerably. The accuracy of the interval
thus relies on the knowledge of the landing speed and the local wind conditions
(see Table 2.2).

Assigning delay does not necessarily require any trajectory prediction beyond
determining the ETA. While the delay can grow to unrealistic values, no additional
aircraft can land if there is insufficient capacity; The capacity objective takes prece-
dence over efficiency. In contrast, very few concepts evaluate the possibility of time
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advance/frontloading (e.g., CTAS [69]). Time advance requires the calculation of
the feasibility of the new arrival time (see Section 2.3.6), which may require further
trajectory prediction.

2.6.3 Sequencing

Section 2.2.2 explains the effect of wake-turbulence categories on required spacing.
Some systems automatically optimise the sequence based on these categories
[11], [58], [82]. Sequencing automation relies on trajectory prediction to evaluate
options on which aircraft to land first and which to land second such as:

* Physical possibility of the switch (i.e., can the trailing aircraft fly fast enough
to overtake the leading aircraft),

* Benefit of switch against the efficiency of the two profiles,

e Maximum acceptable delay assigned to a single aircraft (equity between
operators),

* Safety considerations of a switch (e.g., two aircraft already following each
other may violate separation criteria during overtaking).

2.7 Evaluation of human-machine collaboration in AMAN

Section 2.2 described the AMAN process, explaining the objectives of arrival man-
agement and how these can be achieved. Sections 2.4 until 2.6 described the
required underlying TP and the uncertainty of its outputs, the HMIs available for
human operator to support the process, and the potential for automating the
process. This section will discuss how these components affect the ability of the
human operator to ensure an optimal arrival process. The first part will address
the potential effects of prediction uncertainty, the second part analyses how the
different HMIs support the sequence manager’s decision process, and the last
part looks at the potential collaboration between the human operator and the
supporting automation.

2.7.1 Effects of prediction uncertainty

Section 2.4 explained that both uncertainties in the input and modelling choices
will limit the accuracy of the ETAs used in making an arrival schedule. Erroneous
ETAs could lead to modifications in the arrival plan at a later stage in the approach,
which may reduce the performance toward the objectives. These later modifica-
tions also increase the workload of both the sequence manager, who has to modify
the plan and the upstream executive controllers, who have to execute the plan.
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The effects of uncertainty

One of the reasons that current operational AMANSs have a limited horizon (see
Section 2.3.3) is that uncertainty typically becomes too large for the prediction to
be of any practical benefit as the resulting plan is too likely to require modifications
[32], [83]. Even if new systems such as SWIM provided state information on a flight
at that horizon, it would not enable developing a useable plan (e.g., MAESTRO
considers a sequence to be stable at 15 minutes before the metering point [11]).

However, the different factors that influence uncertainty are not constant. Sec-
tion 2.4 gives the example of aircraft still on the ground versus those in the air.
Another example would be stable weather versus unstable weather—where wind
errors are likely to be larger.

The actual uncertainty could well vary from flight to flight and from day to
day. Underestimation of the uncertainty could lead to a plan based on too high
uncertainty, which is therefore likely to need later modifications, reducing its
benefit. Overestimation of uncertainty could delay the planning unnecessarily and
thus miss an opportunity to get additional benefits from using AMAN.

Using uncertainty

Making predictions more accurate reduces uncertainty and its effects. Concepts
such as SWIM and TTA could help reducing uncertainty on intent. Sharing and
executing 4DTs and using RTAs could make the uncertainty in ETA dependent
solely on the aircraft’s capability to meet it. However, neither option is free from
uncertainty as, respectively, it still requires predictions, or the uncertainty is defined
an acceptable—but non-zero—error. Especially in high density airspaces, the need
for separation may limit ATC to provide for a 4DT that meets the RTA [2]. Finally,
in the transition to these operations, aircraft capable of 4D navigation will share
the airspace with aircraft that are not, resulting in a different uncertainty per flight.
The human operator will have to judge the quality of the prediction by under-
standing the automation (e.g., selected routes), the resulting ETA, and possibly
knowledge of the nature of the inputs (e.g., unstable weather). Some inputs may,
however, be transparent to the operator. They can not evaluate the effect on ac-
curacy (e.g., assumed aircraft speed). Research and operational systems have
demonstrated the possibility of automatically estimating the uncertainty of pre-
dicted trajectories [46], [83], [84]. This information could help decide whether a
planning decision is warranted or whether further modifications are too likely.

2.7.2 Available information

The objectives described in Section 2.3.1 are the high-level goals of the AMAN
operation. The HMI should ultimately provide support to achieve these objectives.
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In their concept of Ecological Interface Design (EID), Vicente and Rasmussen [85]
propose that effective support for complex systems can be provided by supporting
the expert user in understanding the relations between high-level objectives and
the detailed attributes of the system. Their abstraction hierarchy provides a means
to describe why certain details need to be changed to achieve the objectives, or
how certain objectives can be achieved by modifying details [86].

This section will not try to develop the complete abstraction hierarchy of the
arrival management problem. Instead, it will work backwards from the items
available in the different systems, placing them in the means-end relationship of
the schema. Figure 2.11 shows a high level abstraction hierarchy based on the
objectives from Section 2.3.1.

Safety

The primary safety objective for AMAN is to facilitate separation and spacing (in-
trail separation). While both describe a distance between aircraft, the distinction
helps in recognising evaluating actions that prevent risk due to wake vortex en-
counters and those actions that prevent collisions between any aircraft.

Both schedule lists and time lines indicate the PTA, which is the desired end-
state of the arriving aircraft. The in-trail spacing itself is represented at the abstract
function level. Section 2.5.3 notes that the ETA is only directly available in a few
systems; expected spacing is therefore not directly presented. Finally, none of the
operational HMI concepts indicates the required spacing.

To determine the required spacing in time, the human operator will have to
spend mental effort to assimilate data on the aircraft type and its expected landing
speed. More advanced automated systems calculate the spacing required between
each aircraft pair which accounts for the varying effects of wake vortices [87].
Therefore, the automated sequence can be said to provide the controller with
information on the required spacing. However, the resulting information hides
the underlying principles. Analysing the benefit of a switch in sequence would,
therefore, still require mental effort.

Finally, no automated planners or operational planning interfaces calculate
or provide information on geographical separation from other aircraft or weather
obstacles. This problem only is partially addressed in the TSD concept (see Sec-
tion 2.5.5) and in some automated solution advisory systems such as CTAS-EDA
[76]. For the planning function within AMAN, the separation component of safety
is therefore only supported as spacing. Simulations do indeed suggest that such
concepts may improve delivery accuracy but provide limited improvement on
separation risk [32].
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Capacity

AMAN is needed when a capacity shortage exists, making capacity the primary
purpose. At the functional purpose level, only the graph in CTAS-TMA (Figure 2.10)
provides information on demand, available capacity, and realized capacity. Sec-
tion 2.5.6 explains that the required delay for the last aircraft can indirectly indicate
the capacity shortage. However, that does assume that the sequence and separation
have already been optimised for maximum use of the available capacity.

At the level of separation, capacity and safety share the same relations; The
description for the safety objective also holds for the capacity objective. For capac-
ity, automated systems may make additional switches in the sequence based on
WTC to improve total throughput. However, the potential effect of switches is not
available in any operational system. An indication of required separation could
potentially provide the information, although current HMI concepts have not yet
been able to demonstrate that capability (Section 2.5.5).

The two paragraphs above consider the planning of aircraft to the available
capacity. Assigning aircraft to the available capacity should be performed in com-
bination with the planning of that available capacity (e.g., number of runways
to use). Figure 2.7 showed how runway availability can be visualised on a time
line. This technique can be used for temporary closures of runways but also for
planning a mix of arrivals and departures. However, the need for a common point
in the different representations does limit the ability to represent multiple runways
on a single line (see Section 2.5.5). It is, therefore, hard to plan for the use of the
capacity without first assigning aircraft to a runway. Yet, the assignment of aircraft
to a runway may affect the capacity due to the wake turbulence categories of the
aircraft.

Efficiency

Since efficiency derives from the cost of fuel and the costs of not arriving on time,
the most efficient trajectory is solely determined by the needs of the AU. If the AU
can determine such an optimal trajectory, and there are no other constraints on the
route, the ANSP could provide that most efficient trajectory (see Section 2.5.3). This
is the concept of the Reference Business Trajectory (RBT) as envisaged by SESAR.
Note that in current operations, AUs already make such choices; for example, by
adjusting their cruise speed based on the expected delay.

Few controllers will issue instructions to change the trajectory of an aircraft
from its preference if there is no need. However, other than the current speed of
the aircraft, the current systems do not provide information on the operator’s pref-
erence. Such support will require more data from the AU regarding the preferred
trajectory of the flight when approaching the destination (see Section 2.2.1).
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Cost effectiveness

As explained in Section 2.3.1, the cost effectiveness of air traffic services strongly
depends on the amount of staff needed. The amount of staff needed subsequently
depends on the total amount of workload and the maximum workload for a single
operator. Workload limits are currently imposed as capacity limits by the AMAN
operator. Automated support will require modelling of the controller’s workload
(see Section 2.2.2). Similarly, an interface that supports workload management can
provide such properties at the lowest levels (e.g., the location and routes of aircraft)
but will require modelling for higher levels (i.e., to indicate the expected workload
based on the plan). Therefore, the current HMIs do not support strategies that
reduce workload by other means than reducing the flow rate.

Environmental sustainability

None of the evaluated concepts include explicit components relating to either
emissions or noise. As mentioned in Section 2.3.1, AMAN may support CDOs
by reducing the need for route deviations close to the runway. Such fixed routes
improve the ability to perform CDOs reducing both noise and emissions in the
approach [26], [35].

Secondly, it could be argued that the objective to minimise fuel consumption for
the AU’s benefit shares much of its factors to make the flight environmentally ef-
ficient. However, on-time performance may make the flight efficient from the
AU’s—economic—perspective but increase the fuel used to achieve those times.
Therefore, efficiency and environmental sustainability should be supported sepa-
rately.

Predictability

AMAN itself should improve predictability by providing tools to timely and effec-
tively manage capacity and demand. A good collaboration between arrival planner,
automation, and executive controllers will support the predictability objective.
Therefore, predictability can be seen as a consequence of design, rather than a
design feature.

Another way of addressing predictability is actively using or controlling ro-
bustness in the arrival schedule. The first may be achieved by using knowledge
of the uncertainty, as discussed in Section 2.7.1. The second involves reducing
uncertainty by metering through progressively smaller windows as described in
Section 2.3.9.
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2.7.3 Automated processes

SESAR specifies a clear role for human operators to be in command as overall sys-
tem managers despite high levels of automation. In doing so, SESAR acknowledges
that the human operator can only be responsible for automation if the functioning
of the automation is sufficiently clear [1]. It is worthwhile to evaluate the current
HMI concepts, in which a human sequence manager is responsible for the resulting
arrival schedule.

This analysis is performed using Billing’s guidelines for human-centred au-
tomation in aviation [88, pp. 237-260]. While not a definitive list of criteria for
developing all automation, the list provides several helpful points to focus on.

Note that Billings has assembled the list for aviation in general. Several guide-
lines are more applicable to cockpit automation. This section focuses on the subset
most applicable to ATC and DSTs.

Restricting options

According to Billings, automation should be designed to support all strategies
that the human may use to allow the human to be in command. Furthermore,
automation should make those strategies easier to manage.

The current HMIs are all based on assigning PTAs to aircraft. However, the
absolute arrival time is not always relevant to the objectives. Section 2.3.5 for
example describes a strategy of making “trains”. Deliver all aircraft from one sector
at a regular interval to one runway while all other aircraft are directed to another.
This separation reduces the number of merging aircraft, which may reduce the
monitoring task load of the downstream controller.

In this example, a deviation from the absolute arrival time may be of little conse-
quence as long as the relative separation is sufficient. However, the AMAN system
can only communicate absolute arrival times to the upstream controllers. As the
automation does not support this technique, the sequence manager may aban-
don the DST and bypass the automation by direct communication with upstream
controllers.

Such bypassing of the automation has another effect: the automation is no
longer aware of the sequence manager’s plan. As a result, the system will not be
able to support the strategy, even if the controller plans to return the absolute
arrival times at a later point in the planning. To keep the automated system up to
date, the human operator now has to perform the administrative task of entering
appropriate estimates of absolute arrival times for the aircraft for which these times
are irrelevant.

Another example of potentially restricting options is the need for trajectory
prediction if advancing an aircraft to an earlier time is considered (see Section 2.6.2).
While a reasonable delay may always be considered feasible, speed limits and route
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structure may limit how much earlier aircraft can arrive. Most current automated
systems will, therefore not consider advancing in the optimisation of a schedule.

Involved operator

Billings argues that a human controller needs to be actively involved or “drawn in”.
This does not mean that tasks need to be performed by the human, but the operator
should perform meaningful tasks when managing the automation. Most AMAN
systems automatically generate an initial schedule based on simple rules (FCFS,
route-runway combinations, standard separations). Some systems go further
and optimise the schedule for wake turbulence separation or specific runway
preferences (see Section 2.6.2). The ATCO is not actively involved in that procedure
but may modify the schedule after the assignment of the initial PTAs.

Especially when using straightforward rules, it could be argued that assigning
an initial PTA does not prevent the operator from being involved in the planning
process. This step merely builds a base to work from and even prevents the con-
troller from performing routine, less meaningful tasks. On the other hand, such
simple rules do not account for other factors in planning an arrival time. It may well
be that, when these additional factors are taken into account, another planning
provides better performance toward the complete set of objectives. By providing
an initial planning, the automation may mask other (more suitable) options from
the controller.

Awareness of performance

To be able to monitor an automated system, and to take control when the automa-
tion fails to perform its tasks, the human operator needs to be aware of what the
automated system is doing. The previous paragraphs argue that simple automated
scheduling could be applied effectively to reduce routine tasks. The operational
automated schedulers place the inbound aircraft at a suitable PTA. However, if
the original ETA is not available anymore, it may be uncertain whether automated
scheduling has been applied (i.e., whether the ETA differs from the PTA).

Scheduling automation is affected by the objectives that define the optimum
sequence. As discussed earlier, an initial scheduling based on simple rules may be
observable for the operator. However, once more complex criteria are introduced,
the current systems provide little indication of the factors that underpin a particular
decision.

Predictable behaviour

To be able to monitor and trust the automation, the human operator has to under-
stand how the automation will respond to the situation and how the response will
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develop over time. Section 2.4 explains that a human cannot accurately predict the
trajectory over a typical AMAN horizon. Humans will, therefore, be poorly able to
determine the correctness of the ETA unless they are also informed of the reasons
why a certain action was taken.

A common complaint among AMAN users is the lack of understanding of the
automated solution[11], [34], [89]. At this point, the difference in representation
and objectives influence predictability. There may be constraints that are not
detected—or taken into account—by the automation. A good example is the con-
sideration of workload by the operator while the automated system optimises
for capacity only. If the workload is not a factor, an automated system may well
generate a feasible, optimal sequence that is far too complex to be executed by
the—human—controllers.

Relying on reliable systems

Billings states that humans will rely on reliable automation. Section 2.7.1 described
how underestimating uncertainty may lead to late—and possibly inefficient—
corrections of the trajectory. If a human operator is used to an automated process
planning reliably at a certain horizon, an unexpected error could reduce planning
performance. Information on uncertainty, as suggested in Section 2.7.1, could
prevent such effects of false trust.

The case for automation

This evaluation of automation in AMAN systems lists several problems. However,
the conclusions do not preclude using automated scheduling or sequencing. This
section even argues why basic automated scheduling might prevent the human
operator from having to perform a routine, administrative task of keeping all PTAs
matching to the chosen strategy.

What is needed is effective communication between the human operator and
the automation [90]. This communication should provide:

Information on the application of an automated decision,

Information on the reasons for a certain automated decision,

Information on the reliability of an automated decision,

A means to keep the automation informed of the operator’s intent, in partic-
ular of the operator’s strategy.
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2.8 Conclusions

To balance the flow of inbound aircraft and the capacity at airports, more and
more ANSPs use AMAN systems. These provide support to air traffic controllers in
deciding on runway configurations, scheduling, and sequencing inbound flights,
to optimise capacity, flight efficiency, and predictability, while preventing excessive
workload for the downstream controllers.

In the coming years, ATM is expected to move from a sector-based tactical
form of control to a more strategic approach based on developing capabilities to
accurately predict, share, and execute 4DTs. In this form of control, aircraft will
adhere to a strict lateral and vertical route wherever possible, and time will be
added as an explicit control variable. AMAN will play an increasingly important
role in planning the arrival times into an airport.

This chapter analysed the human-machine collaboration for the air traffic
controller responsible for creating and monitoring the arrival plan (the sequence
manager). Three areas were highlighted: the effects of prediction uncertainty on
the horizon at which AMAN can be used effectively, the information available in
the sequence manager’s HMI, and the potential effects of including automated
sequencing and scheduling algorithms. This section will discuss the main conclu-
sions of these three elements.

2.8.1 Uncertainty

One of the key requirements on AMAN within SESAR is to extend its horizon. The
planning horizon in current arrival management processes is mainly determined
by the availability of information on the inbound flight, the ability to influence
traffic, and the stability of the predicted arrival times. SESAR foresees the first
two problems to be overcome by sharing trajectory information, in which the
destination ANSP will influence the target arrival time and all upstream ANSPs
cooperating in facilitating that time.

Currently, the AMAN process starts between 20 and 40 minutes before landing.
Human sequence managers cannot estimate arrival times at these horizons with
sufficient accuracy. Current systems, therefore, use automated TPs to predict ETAs
from which to start the planning process. Even with such automation, however,
the accuracy of the prediction is limited and decreases when extending the predic-
tion horizon as disturbances have a higher likelihood of occurring and get more
time to influence the trajectory. To the human sequence manager, an effective
planning horizon will exist beyond which the human operator no longer trusts the
automation to provide sufficient support. The lack of reliability of a solution based
on an inaccurate prediction is one of the leading reasons for limiting the AMAN
working horizon.
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With the advent of better trajectory prediction and future 4D navigation ca-
pabilities, new technologies can improve the benefits achieved through AMAN
systems. While an increase in prediction capabilities will result in more accurate
trajectories, there will always be a degree of uncertainty in the solution. At a cer-
tain horizon, new types of uncertainties may come into play. An example is the
accuracy of the estimated take-off time of an aircraft still on the ground, which
may prove too large to allow effective arrival planning.

The human perception of uncertainty will be based on experience and not on
the actual uncertainty at a given time, as not all the factors influencing uncertainty
may be known. The actual uncertainty is far from constant, as it may vary due
to, for example, weather, flight phase, or upstream traffic density. Even more so,
during the transitional phase—which due to the long life cycle of aircraft, may take
15-20 years—aircraft with 4D navigation capability and, therefore, high accuracy
will share the airspace with aircraft with much lower accuracy for a considerable
amount of time.

2.8.2 Information

Most AMAN HMIs are based on a time line showing an aircraft label connected to
its planned arrival time on a vertical axis. This interface provides a good overview
of separation in time. However, as the label can only attach to one place on the
line, other relevant times (such as the AU’s preferred arrival time and the ETA) have
to be presented in another way.

The information on the interface provides limited support toward managing ca-
pacity and safety objectives only. The absence of direct indications of the required
separation makes it more difficult to optimise the separation manually. Automated
initial spacing may provide cues in the required spacing but hides the underlying
principles that govern it. In general, information on the possibilities of achiev-
ing higher level performance toward the objectives—for example, total capacity
and demand—is seldom directly available. Such information could improve the
operator’s performance in managing arriving traffic.

AMAN systems are intended to optimise the inbound flow to several objec-
tives. However, the current interface design only supports separation management.
Other objectives, such as controller workload, are managed through AMAN but
only by applying the operator’s knowledge and experience. Especially when other
objectives are to play a role (e.g., the AU’s preferences), adequate support will
require suitable information regarding all objectives.

The focus of the currently operational time lines is on the schedule at the
metering point. While aircraft may be separated in time at that point, the systems
provide no information on the separation in the intermediate trajectory. Planning
solutions at the metering point may lead to conflicts in the upstream traffic. At
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the same time, such a single metering point limits the use of a single time line in a
scenario with multiple runways. Displays cannot easily represent flights toward
different points in the same dimensions.

2.8.3 Automated sequencing and scheduling

Most current sequencing and scheduling algorithms apply basic rules to assign traf-
fic to runways and to set the required separation time. In doing so, the automation
reduces the sequence manager’s task load by eliminating a largely administrative
function.

However, the strategy applied in such algorithms does not always match the
strategy of the sequence manager (such as assigning traffic to particular runways
to limit downstream controller workload). In these cases, the automated algorithm
cannot provide adequate support. It might, at times, actually require extra work
from the sequence manager to ensure that the system has the correct information
to provide further support.

2.8.4 Recommendations

Recent developments, in both experiments and operational ATC, have demon-
strated that the uncertainty for a trajectory may be calculated and used in op-
erational decision-making [78], [91], [92]. It might be worthwhile to investigate
whether information on the uncertainty can improve the performance of AMAN.
In such a concept, the operator or the automation will use the actual uncertainty
as part of the process. First, this concept will require an algorithm to predict the
uncertainty of an arrival time. Secondly, methods have to be developed to com-
municate that uncertainty to the human operator or include the uncertainty in
automated solutions.

To enable support toward all objectives of AMAN, improvement in HMIs should
be investigated that extends beyond presenting the ETA or PTA. The different
factors that determine an optimal schedule need addressing to do so. Frameworks
such as the abstraction hierarchy may help determine which information could
support sequence managers in including a broader set of constraints when making
a decision.

If the human operator is to manage automated arrival management, the com-
munication between the operator and the automation has to be improved. Key
aspects are information on the automated process, information on the reasons for
automated decisions, the ability for the operator to communicate their intent, and
finally information on the reliability of the automated decision. The latter could be
pursued in combination with information on prediction uncertainty.
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CHAPTER

PREDICTING ETA UNCERTAINTY FROM FLIGHT
INFORMATION

The previous chapter proposed the introduction of knowledge on the uncertainty
in arrival management to overcome its limiting effects on the AMAN working
horizon. Such an approach will require a means of determining uncertainty.
This chapter explores the use of empirical information on errors in flight update
messages (FUMs) from EUROCONTROL's Network Manager.

This chapter is based on a paper written in 2014. The references to the current
time in that publication designate the time of writing. The actual present (2022)
will be explicitly indicated as such. At the time of writing, the FUM was the
only information readily available at Air Traffic Control the Netherlands. Newer
message formats and contents had been developed by EUROCONTROL at that
time and are nowadays (2022) used by LVNL. However, the method presented in
this paper could also apply to these more modern equivalents.

This chapter is based on the following publication:

Paper Title Predicting arrival time uncertainty from actual flight information
Authors M. Tielrooij, C. Borst, M.M. van Paassen and, M. Mulder
Published in 11th USA/Europe Air Traffic Management Research and Develop-

ment Seminar, June 2015, Lissabon, Portugal (pp. 577-586)
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3.1 Introduction

Many Air Navigation Service Providers (ANSPs) nowadays use Arrival Managers
(AMANS) to plan the arrival times of inbound aircraft and thereby balance the
demand to the available capacity. These systems support the sequence manager in
deciding how to plan arrival times of aircraft. Such planning is required when the
intervals between predicted landing times of consecutive flights become smaller
than the required spacing.

When aircraft are assumed to fly the optimal trajectory from an Airspace User’s
(AU) perspective, any deviations in the planned 4D path from these trajectories im-
ply a reduction of efficiency. Air Traffic Control (ATC) should aim to minimize such
deviations. If changes are required, however, earlier decisions allow for smaller tra-
jectory changes, increasing flight efficiency. For example, a modest speed increase
over a longer flight time is often much more fuel-efficient than a substantial speed
increase over a shorter time while achieving the same difference in time.

Currently, the horizons at which AMANSs are used to monitor and influence
traffic are limited by three factors to a horizon of typically 20 to 30 minutes (or
150-200 NM) [1]:

1. The availability of information on the predicted arrival time of aircraft, due
to the limit of radar surveillance, for example,

2. The authority to influence the flight's trajectory. For example, the boundaries
of Flight Information Regions (FIRs),

3. The reliability of the predicted arrival times.

Future operational concepts, such as those that are proposed in Single Euro-
pean Sky ATM Research (SESAR) and Next Generation Air Traffic Management
System (NextGen), foresee an increase in the planning horizon to increase long-
term efficiency and predictability of operations. Depending on the concept, future
horizons are expected to be at 200-500 NM, or about two hours of flying time [2], [3].
Achieving this increase in a horizon requires a reduction of the three limitations
on the current AMAN.

The first two of the constraints listed above are being addressed in current
developments: System Wide Information Management (SWIM) should support
continuous sharing of all relevant information concerning a flight between all
actors involved [4], [5]. And, through SWIM, different ANSPs are expected to be
able to share their requirements on a trajectory (such as an arrival time planned by
AMAN) and their ability to achieve those requirements. While these developments
resolve the first two limitations on the planning horizon listed above, the third
problem, prediction uncertainty, is expected to reduce but is unlikely to disappear
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altogether. If uncertainty is not eliminated, increasing the AMAN horizon will
require ways to perform arrival planning in the presence of uncertainty.

Any approach that makes uncertainty an integral part of the decision-making
process will require an estimate of the uncertainty. This chapter will propose a
method to predict the uncertainty on an Estimated Time of Arrival (ETA) based on
currently available information on flight progress.

The next section discusses current methods to predict arrival time uncertainty.
Sections 3.3 and 3.4 will then analyse the prediction errors in EUROCONTROLs
Flight Update Messages (FUMs) that ANSPs currently use to report flight progress.
This analysis will use flight data for Amsterdam Airport Schiphol in 2013 and 2014.
Based on this analysis and the different modelling techniques, Section 3.5 will
then describe a method to predict uncertainty by estimating distributions using
historical data. The method is validated in Section 3.6. Finally, Section 3.7 discusses
the results of this validation and the applicability of the method to other airports
and other data sources.

Throughout this chapter, the term uncertainty will be used to describe the
expectation of the difference between a prediction of an arrival time and the actual
arrival time. This uncertainty, therefore, includes both bias and noise. The resulting
distributions from the proposed method ultimately provide an indication of both.

3.2 Areview on modelling arrival time uncertainty

Past research on prediction uncertainty addresses both strategic flow management
and tactical Medium Term Conflict Detection (MTCD). This body of research
provides the different causes of prediction error and their effects on the uncertainty
with respect to the prediction horizon.

3.2.1 Prediction uncertainty

Current operational prediction capabilities depend strongly on the phase of flight.
Typical standard deviations for airborne flights are 30 seconds at 20 minutes before
landing when airborne (e.g., Flight Management System (FMS) predictions as
analysed by Bronsvoort [6]). These standard deviations increase to 15 minutes
when the aircraft is still on the ground (e.g., the departure accuracies of several
airports in the US found by Mueller and Chatterji [7]).

Prior research on prediction of uncertainty in Air Traffic Management (ATM)
typically focuses on either short horizons (i.e., 20 minutes) for tactical tools, or very
long horizons (i.e., multiple hours) for flow management and strategic purposes
[8]-[11]. In the future ATM concepts, AMAN concepts will require an estimate of
the uncertainty at the horizon limit of two hours falling between those two scopes.
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Most—if not all—aircraft will be airborne at short horizons, and their current,
up-to-date states are available through surveillance techniques such as radar and
Automatic Dependent Surveillance Broadcast (ADS-B). To indicate accuracy, a
study of airborne FMS prediction capabilities shows a typical standard deviation
of 60 seconds at 30 minutes before arrival and 120 seconds at 60 minutes before
arrival, with uncertainty rapidly rising beyond that horizon [6]. Ground-based
prediction systems are likely to have less information on the actual state of the
aircraft and therefore increase the potential for errors [12]. On the other hand,
the airborne system may be unaware of future ATC decisions that may affect the
aircraft’s trajectory.

The proximity of departure airports makes flight status—e.g. whether it is
airborne or not—is an important factor in determining prediction uncertainty.
The effects of the flight status on prediction error have been demonstrated in
research by Solveling [13] and Tobaruela [11]. Many of the busiest connections of
European airports are within a two-hour flight horizon. For example, the 20 busiest
connections to Amsterdam are within this horizon (Figure 1.2) [14]. When the
prediction horizon is longer than the flight time, the disturbances and uncertainties
associated with taxiing, boarding, and the previous rotation of the aircraft are all
added to the set of disturbances.

Since a future system should provide support in continuous decision-making
during the tactical phase, the uncertainty associated with an ETA needs to be
updated continuously as well. These updates require an approach that can be
executed online during operation [13]. Hence, any method of predicting uncer-
tainty has to support fast calculation and model the different uncertainties in the
different phases of a flight.

3.2.2 Predicting uncertainty

To predict the uncertainty for a particular flight, the iFACTS and CARE projects
employed methods based on the propagation of the uncertainty of the input com-
ponents [8], [9]. Stepwise propagation allows for a detailed and fast prediction
over the tactical horizon of approximately 20 minutes. To use this approach in the
proposed AMAN context, adding sources of error at much longer time horizons
requires knowledge of the uncertainty associated with those errors. The inclusion
of more components implies more complicated algorithms and a more compre-
hensive understanding of the behaviour of all contributing components. At longer
horizons, this could become impracticable due to the increasing complexity of
that behaviour and, subsequently, the computative load required in combining
those models.

To support research into the effects of airspace changes, Wanke et al. developed
a Monte-Carlo approach that uses empirical information on the outcomes of pre-
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dictions to model uncertainty [15]. The authors suggest the possible value of such
an approach in tactical operation, given the availability of sufficient computing
power. However, the method is currently unsuitable for real-time applications.

Both applications calculate the uncertainty for the 3D path and the flight time.
Since AMAN aims to form a plan based on the arrival time, only the flight time
is important. At the same time, ANSPs nowadays receive regular updates on the
ETA for flights on the ground and in the air. Future concepts, such as in SESAR,
foresee the expansion of this capability with the advent of SWIM and the Business
Trajectory concept. The focus on arrival time only and the availability of ETA
estimates provide a means to develop a method to predict uncertainty.

3.2.3 Using empirical information

Tobaruella et al. [11] use an experience-based approach to predict the number
of flights in a sector given predictor uncertainty. This method uses historical er-
ror patterns to estimate errors on ETFMS Flight Data (EFD) messages provided
by the EUROCONTROL Network Manager (NM). Such a method directly relates
prediction error to the actual information available on the flight and the properties
of the prediction in particular. This method allows for an uncertainty predictor
sensitive to all relevant aspects and fast enough for real-time application. If an
error distribution can be captured in a small set of parameters, a look-up table
with those parameters, based on information in the arrival time prediction, may
provide a rapid way of predicting error distributions.

Our study focuses on arrival planning for Amsterdam. Since EFD data are only
recently made available, Air Traffic Control the Netherlands (LVNL) currently does
not have an extensive recording of those messages, precluding any prediction
error analysis. However, the critical information available in EFD messages is
also available in FUMs. These messages are currently provided by the NM over
the Aeronautical Fixed Telecommunication Network (AFTN) and are, therefore,
available. Using this information, a technique similar to that of Tobaruella is also
applicable in current operations.

3.3 Flight Update Messages

The FUM is a message that provides downstream ANSPs with the progress of a
flight [16]. As such, the FUM contains an estimate of the ETA of a flight at the
destination airport. Recording these ETAs and the actual arrival times provides a
set of prediction errors. The distribution of these errors indicates the prediction
uncertainty in the FUMs. This section describes the FUM, its generation, and when
the messages are communicated.
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3.3.1 Content of the message
The messages contain:
* Origin and destination airport;

» Estimated Off-Block Time (EOBT);

Estimated Landing Time (ELDT);

Aircraft type;

Expected Standard Terminal Arrival Route (STAR);

Estimated level at STAR waypoint;

Estimated time at STAR waypoint;

Flight status, and

CDM Status (when available).

3.3.2 Flight status

The flight status indicates the flight’s progress from filing the flight plan until the
aircraft has arrived. As each flight phase has its own set of potential disturbances,
the flight status is an important element in the uncertainty. The possible flight
statuses in a FUM are [16]:

* FI - Filed: A flight plan has been filed, but no other information is available.

e SI - Slot Issued: A slot has been allocated by the EUROCONTROL Network
Manager to manage congestion.

e TA - Tactical Activated: The Enhanced Tactical Flow Management System
(ETFMS) assumes the flight to be airborne. To maintain a correct traffic
picture, NM assumes the flight to be airborne when its slot, or Calculated
Time of Take-off (CTOT), has passed.

e AA - ATC Activated: The flight is confirmed to be airborne by the first ANSP
to have the flight under its control.

* CA - Cancelled: The operator has cancelled the flight.

e SU - Suspended: The ETFMS is no longer predicting the flight’s progress. Any
following ETA is therefore no longer valid.

e TE - Terminated: This message is provided after confirmation of arrival has
been received from the destination airport or 20 minutes after the ELDT. In
the first case, the destination airport reports the landing time.
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3.3.3 Prediction

The prediction is based on the flight plan filed by the AU, the predicted wind and
the EOBT. From the EOBT, a fixed taxi duration is assumed based on the departure
airport. From the take-off time, a prediction is made based on the aircraft model,
the filed route, and the predicted winds.

Time: T-1day T-3 hours

Take-Off Airborne

Figure 3.1: FUM generation and update process.

Figure 3.1 provides an overview of when a FUM update is provided. The NM
generates a prediction at regular intervals and significant changes to the flight.
These changes mainly concern changes in the flight status or changes in Airport
Collaborative Decision Making (A-CDM) status. Subsequently, the predicted arrival
time is compared to the previously published arrival time. NM publishes a new
ETA if these differ more than five minutes or if a status change has occurred.

The fact that an update is only provided when the prediction error is greater
than five minutes implies that a prediction has a potential undetected error of five
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minutes and an equally large noise in the ETA. Since FUMs are only used by ANSPs
for initial planning, this error is acceptable for planning purposes. However, for
precise planning such as required in AMAN, this accuracy is insufficient as landing
intervals are typically around one minute [17].

3.4 Analysis of FUM estimates

This study uses all data for 2013 and 2014 for Amsterdam Airport Schiphol. A full log
of all received AFTN messages has been filtered for relevant messages on inbound
flights. These messages were correlated to each flight based on the callsign, the
flight date, departure airport, and arrival airport. The correlated messages were
stored in a database. The messages were then processed to generate histograms
of errors from which distributions could be estimated. Figure 3.2 visualises the
processing of the messages.

===
=

Figure 3.2: Process to develop error distributions from original AFTN messages.

Several steps required results from later analyses. The next sections follow the
order in which the analyses were originally developed. The final process followed
these steps in order:
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. Filtering messages ensures all required information is available in each mes-

sage (Section 3.4.1).

. The last message for each flight provides the reference landing time (Sec-

tion 3.4.2).

Since the messages do not arrive at fixed times, interpolation of the error ETAs
ensures that messages of different flights can be compared (Section 3.4.4).

To avoid the inclusion of prediction error due to the assumed route in the
arrival airspace, the prediction error is corrected for the error before entering
that airspace (Secton 3.4.2).

Grouping errors with identical parameters (e.g., type of messages, remaining
time to fly) forms histograms of the prediction accuracy (Section 3.4.3).

Finally, these histograms are input to the estimation of distributions.

3.4.1 Filtering

Initial filtering of the messages applied the following rules to reduce erroneous or

ambiguous data:

The message format matches the standardised formats.

Messages should contain all elements necessary for correlation with a par-
ticular flight (callsign, departure date, origin, destination).

A flight plan message— which contains essential information on the flight—
must have been received before any other messages on that flight are ac-
cepted.

A terminator message—which provides the actual landing time —has been
received.

Flights were not cancelled or diverted.

Flights have no errors of greater than 12 hours. Close inspection of these
flights showed that these are mostly incorrectly correlated flights of the fol-
lowing day that use the same callsign.

The flight did not occur on one of five days with excessive disruption (due to
wind, fog, or industrial action). The planning process deviates a lot from the
normal operation to accommodate the uncertainty on such days. These days
are identified by comparing the mean and standard deviation of the arrival
delay to the scheduled arrival time and correlating the results to weather
reports and posterior reports on disruptive events published by the NM [18],
[19].
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3.4.2 Determining the reference time

The Estimated Landing Time (ELDT) that was reported in the last message for a
flight is assumed to be the actual landing time for that flight. In all cases, these
messages were termination messages (TE). For the termination message, the term
estimated landing time is misleading as this is the actual arrival time.

The prediction by the NM assumes a particular approach route to the Initial
Approach Fix (IAF) and is unaware of the runway in use. Any difference between
the assumed arrival route and the actual route will result in a prediction error.
When approaching Amsterdam, aircraft are flying published routes only during
the night. During the day, Air Traffic Controllers (ATCOs) will direct the traffic
using vectors. One of the sources of information used in assigning vectors is the
information from the AMAN. Therefore, the resulting changes in estimated landing
times are not meaningful in the context of arrival management.

The selected runway and arrival route are a consequence of the AMAN predic-
tion. When modelling the uncertainty—and in particular, how it changes during
the evolution of the flight—the error in predicted arrival time due to the uncertainty
in the arrival route is irrelevant. To avoid focussing on the approach phase, the
analysis assumes that the error is zero at 20 minutes before arrival (i.e., before the
start of the approach routes) to avoid this error. This approach assumes that the
estimate is not updated beforehand based on updated knowledge of the approach
route.

The correction is calculated by taking the error for a flight at 20 minutes and
subtracting that error from all the flight’s predictions. As a consequence, however,
flights without a valid interpolation at 20 minutes before arrival have been dis-
carded. Similarly, any messages received less than 20 minutes before arrival are
removed from the analysis.

3.4.3 Grouping comparable messages

The total AFTN dataset contained messages for 446,147 flights that were success-
fully parsed. The airport has handled approximately 442,000 flights in that period
[20], [21]. The difference is likely to be explained by duplicated flights in the dataset.
After applying the filtering criteria, 398,328 flights remained, providing 1,628,072
FUMs. After correcting the data for the error at 20 minutes, 372,998 flights originat-
ing from 742 unique airports remained. The analysis includes 1,330,749 for these
flights.

Table 3.1 lists the number of flights with the same number of messages. The
highest value in each category is highlighted. Figure 3.3) shows the number of
messages per flight of any type. The number of messages per flight varied with
a median of 3.0, with only 5850 flights for which a single message was received.
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Figure 3.4 provides the number of messages of each type per flight for the most
important message types. Figure 3.4(a) shows that the flight plan message is only
updated occasionally (FI). If a flight is assigned a departure slot (SI), the slot is
likely to be updated as shown in Figure 3.4(b). The same holds for flights that are
assumed to be airborne (TA). Finally, when flights are airborne, a few flights trigger
an update from the initial airborne message (AA).

Table 3.1: Number of flights per number of messages.

Number of messages

Type

0 1 2 3 4 5+
FI 118515 214155 33249 4743 1392 926
SI 288635 46321 22317 8807 3884 3016
TA 198303 91946 53769 18903 5404 4655
AA 0 262892 75374 24185 8295 2234
Any 0 5850 118812 97198 65577 85543

Number of flights [-]

0 1 2 3 4 5 6 7 8 9+
Number of messages [-]

Figure 3.3: Distribution of the number of messages per flight.

Grouping comparable messages based on their properties enables the determi-

nation of the

error distribution based on those properties. The following properties

for a message are available in the available data and have been considered:
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Figure 3.4: Number of messages for each flight per message type.

* Flight callsign: Each flight may have particular objectives and punctuality
requirements. However, most callsigns are only operated once a day and
would provide very few samples per group. Furthermore, callsigns are not
static and may change per day.

* Flightoperator: Similar to the callsign, punctuality requirements may depend
on the operator’s business model. Again, some operators only have one flight
per day, generating a small sample set.

 Flight status: As explained in Section 3.3.2, the flight status is likely to be a
key factor in the prediction uncertainty.

e Origin airport: Variation in airport operating procedures may influence punc-
tuality. More importantly, the origin airport determines the flight’s length
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and, therefore, whether an aircraft may still be on the ground within the hori-
zon generating the associated additional uncertainty. However, this would
be a large subset for the most frequent connections only. Also, the flight
status indicator provides similar information on the flight’s progress.

e Date of flight: The date of the flight may account for seasonal disruptive
weather effects, such as de-icing during winter, for example.

e Planned date and time of arrival: The arrival date provides a similar indi-
cator as the departure date. The arrival time may show daily effects due to
congestion of airports and airspaces.

e Aircraft type: Different aircraft may be more flexible in achieving punctuality.
Similarly, modern flight systems may provide more support for punctuality.
But, again, only a few types generate most of the traffic. Other types would,
therefore, form small samples.

e Remaining time before arrival: As already indicated, the prediction horizon
is the most important parameter in prediction uncertainty.

Selection of the criteria and the width of intervals for those criteria (bin width)
requires a compromise between the detailing of the model and data availability.
Based on an initial analysis of the available information, the following grouping
criteria are selected: Horizon (in steps of ten minutes), flight status, and arrival
time of day (in bins of three hours).

3.4.4 Interpolating errors

Figure 3.5 shows a distribution of the messages over the (predicted and actual) re-
maining time to arrival. In Figure 3.6 the number of messages have been separated
by type. The graphs show how, closer to arrival, more and more airborne reports
(AA) are provided and fewer messages with a flight status on the ground (FI or SI).
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Figure 3.5: Distribution of messages and different flight statuses over the prediction horizon.
The graphs show three clear peaks at 45, 65 and 180 minutes.
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The graphs show a peak in updates at three hours before the expected arrival,
representing the publishing of the flight plan by NM 3 hours before the expected
landing time. This peak is much broader when plotted against the actual time
of arrival. While the peak has the same cause, the prediction uncertainty at that
horizon—when the flight plans are published—causes considerable spread.

Figure 3.5(b) furthermore shows two noticeable peaks at around 45 and 65 min-
utes before arrival. In Figure 3.6, these peaks are shown to consist of AA-messages
at 45 minutes, and TA and AA-messages at 65 minutes (See Subfigures 3.6(c) and
3.6(d)). Figure 3.7 shows that these relate to two groups of airports at a similar
range. The first peak consists of aircraft departing from one of the London airports.
The second peak contains flights from Edinburgh, Copenhagen, Berlin, Munich,
and Zurich. All of which have a similar flying time to Amsterdam.

(a) First peak in message count  (b) Origin of flights in first peak

|
(c) Second peak in message count (d) Origin of flights in second peak

Figure 3.7: Relation between peaks in number of messages and origin of flights.

The histograms indicate that the number of messages varies over the prediction
horizon. Since the ETFMS only provides an update when the ETA deviates more
than five minutes from the expected plan, accurately predicted flights are under-
reported. Determining the accuracy based on the messages at a specific horizon
would overestimate the uncertainty, especially at horizons close to arrival. To better
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represent the more accurate flights, the messages need interpolation.
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Figure 3.8: Error interpolation process and correction of the error at 20 minutes.

When aircraft are airborne, it is likely that the error gradually reduces, as less
deviation is possible in the shorter remaining flight time. In this work, the errors
for reports of airborne flights are assumed to be decreasing over time and therefore,
linearly interpolated. This approach implicitly assumes that the error decreases
linearly with horizon, which will be addressed in the discussion.

A flight status change is a discrete event; interpolating between such changes is
not straightforward. Delaying events on the ground are more likely to be discrete,
such as a report of a missing passenger. Errors for flight messages from flights that
are still on the ground are assumed to be constant up to the following report.

Figure 3.8 shows the set of received predictions from an actual flight and the
application of the interpolation process:

1. Any prediction less than 10 minutes from the actual arrival time is discarded
as the remaining flight time is smaller than the interpolation interval.

2. The calculated errors are propagated forward to the error from the next
message. The assumed error is constant for FI and SI messages as flights are
on the ground. For TA and AA, the error changes linearly to the next value.

3. The propagated errors are interpolated at 10 minute intervals.

4. The interpolated error at 20 minutes is subtracted from all points. This sub-
traction discards the last interpolation point at 10 minutes as it is no longer
meaningful.
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3.4.5 Prediction accuracy versus time to fly
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Figure 3.9: Error distribution of predicted time to fly versus remaining time to fly.

Figure 3.9 shows the accuracy of the messages versus the actual remaining
time to fly and flight status. Note that data points exist outside the whiskers since
the distributions typically have a sharp peak and long tails. The extent of these
distributions will be shown further in the chapter.

In general, the prediction medians show a bias toward delay. The bias is smallest
when a slot has been issued (SI). The CTOT for these flights forces these flights
to depart according to the plan, likely reducing the prediction bias. Most bias
toward delay occurs when the NM assumes the aircraft to have departed, but no
radar-based report has been received (TA). A likely explanation is that most of
those flights have not departed yet and will arrive later. When radar reports come
in (AA), the predicted time starts approaching the actual time as aircraft approach
the destination, and the uncertainty decreases as expected.

The spread of the prediction errors for the filed status (FI) appears reasonably
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constant, confirming that deviations mainly depend on events occurring when the
aircraft is on the ground. These events do not depend on the time to fly and will not
affect the spread of the error with respect to the remaining time. In the other flight
statuses, the spread decreases as the time approaches the actual landing time, with
airborne reports (AA) showing considerably more precision than other predictions.
The latter set also shows stronger convergence of the precision as aircraft approach
their destination.

Figure 3.9 plots the error distributions against the actual arrival time, which
has been determined afterwards (See Section 3.4.2). In the operation, however,
only the predicted arrival time is available. Any uncertainty estimate will need to
be determined based on that predicted value. Figure 3.10 provides the same errors
as Figure 3.10 but plotted against the predicted time to fly.
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Figure 3.10: Error distribution of predicted time to fly versus predicted time to fly.

In general, the plots in Figure 3.10 reflect similar behaviour as the plots in
Figure 3.9. A notable exception is the negative error of the non-airborne prediction
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(FI and SI) just before arrival. This is an effect of erroneous predictions being
distributed over the prediction horizon (i.e., the error of a flight with a prediction
error of 20 minutes at 40 minutes before actual landing is counted at 20 minutes
before predicted landing). All graphs show a tendency to predict arrival earlier
than actual arrival, which increases with the prediction horizon.

Air traffic during the daytime is considerably heavier than during nighttime.
In this period, demand regularly exceeds available capacity in all phases of flight
(departure, en-route, and arrival). Limits on the departure cause delays at the de-
parture airport, en-route, and arrival. Demand is balanced by applying restrictions
by the NM. These delays affect the accuracy of the expected arrival time, in partic-
ular before departure. Figure 3.11 shows this effect, as the spread of predictions for
flights that have not been confirmed airborne (FI, SI, and TA) increases for flights
predicted to arrive during peak traffic.
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Figure 3.11: Error distribution of predicted time to fly versus scheduled arrival time of day.
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3.4.6 Shape of the distributions

Figures 3.10 and 3.11 show the median and the spread of the data. However, due to
the large number of data points, the exact shape of the distribution is not always
evident. To better understand the effects of different flight parameters on the actual
distribution, Figures 3.12 and 3.13 plot the distributions of the errors for subsets of
these measurements.
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Figure 3.12: Error probability densities (in minutes) against flight status and predicted time
to fly for flights scheduled to arrive between 10:30 and 13:30. The numbers in each graph
show the number of samples, the type of Johnson distribution and the Kolmogorov-Smirnov
test statistic scaled by the number of samples.

The accuracy of predictions, and therefore small spread for airborne flights (AA,
Figure 3.10) is confirmed in Figure 3.12: The spread of the data is smaller than 20
minutes. For the other flight statuses, the spread is in the order of one hour.

When not yet airborne (FI, SI), a skew towards delay—left—is visible. The
explanation for this error lies in the fact that passenger and cargo considerations
make it impractical to depart before the scheduled departure time.
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As the prediction horizon increases, the spread of the uncertainty for airborne
flights (AA), or for aircraft that are assumed to be airborne (TA), increases as well,
as is visible in Figure 3.10. The error of the filed flight plan (FI) does not depend on
the prediction horizon, except for very short horizons. Here a limited sample set of
likely highly erroneous flights gives a false suggestion of inaccuracy.
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Figure 3.13: Error probability densities (in minutes) against flight status and planned time of
arrival at a prediction horizon of 60 minutes. The numbers in each graph show the number
of samples, the type of Johnson distribution (S, or S;) and the Kolmogorov-Smirnov test
statistic scaled by the number of samples. No distribution is calculated when the number of
samples is less than 200.

When compared to the scheduled time of arrival in Figure 3.13, the number
of flight plans scheduled to arrive in the middle of the night with a flight time
of fewer than 60 minutes is small. The lack of data does not allow an analysis of
non-airborne flights within this group. The accuracy of the airborne flights at night
is high, likely because low traffic levels allow flights to more strictly follow their filed
route, and there is no need for ATC to vector them to provide sufficient spacing.
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3.5 Modeling distributions

One way to develop a fast modelling technique would be to make the model as
simple as possible. For error distributions, such a simple model is a normal distribu-
tion. Figures 3.12 and 3.13 show the Probability Density Function (PDF) of normal
distribution based on the data in each sample. The graphs show that the normal
distribution only provides a reasonable fit for flights confirmed to be airborne (AA,
the bottom row).

The variety of different shapes in the distributions makes the versatile John-
son distribution a more suitable candidate for the dataset [22]. This distribution
consists of a flexible set of three distributions, which are all transformations of the
standard normal distribution. The resulting curve can describe any distribution
regardless of mean, standard deviation, skew, or kurtosis.

Five parameters define the Johnson curves. Estimating those parameters for
different conditions could support a hypothetical table-based system that pro-
vides these parameters as a function of the properties of a received prediction.
Subsequently, the distributions could be generated online analytically from the
parameters.

3.5.1 Fitting Data

By applying the algorithm developed by Hill et al. [23], a Johnson curve was fit to
any dataset with at least 100 samples. The algorithm applies an implementation
based on moments [24]. Only the unbounded (S;;) and bounded (Sj) variants were
fitted for the available datasets, with the unbounded variant used in most groups.

The bounded variant is applicable when the distribution has no relevant tails.
A good example is the case of airborne flights around midnight, 60 minutes before
arrival, as shown in Figure 3.13. The number of errors larger than 5 minutes is so
small that they are negligible. The third variant—the log-normal variant, S;—forms
the boundary case between the two other variants [22]. Since this is an edge case,
its occurrence in a random dataset is unlikely.

The fitted curves are shown in Figures 3.12 and 3.13. The graphs show that the
fitted distributions are close to the histograms of the dataset.

The goodness-of-fit was validated using the Kolmogorov-Smirnov test statistic.
This statistic is the maximum absolute difference between the Cumulative Distribu-
tion Functions (CDFs). The Kolmogorov-Smirnov test assumes, however, that the
two compared CDFs are independent. The distribution has been determined by fit-
ting to the same data. While the test value serves as an indicator of goodness-of-fit,
it cannot be compared to a critical value to test significance.

A bootstrap resample process enables the bounding of the significance level of
the difference between the CDFs. From each subset, a random sample of 100 points
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is selected with replacement. From this sample, the Kolmogorov-Smirnov statistic
to the CDF of the Johnson distribution is calculated. The process is repeated 10,000
times to determine the confidence interval for the statistic. Typically, the 95%
confidence interval of the statistic reaches a maximum of 1.65, with 1.95 being the
cut-off value to statistically reject the hypothesis that the distributions match at a
0.001 confidence level.

The statistical tests show that the fitted function is often statistically differ-
ent from the dataset. For application purposes, however, the difference in the
CDF—which is not multiplied by the square root of the number of sample points—
will be in the order of 1% making decisions based on the CDF likely to be accurate.

3.6 Validation

Since the Johnson distributions have algebraic equations for both the PDF and
the CDF, a look-up table with the parameters provides a fast way of calculating
these curves as needed. This supports real-time application as needed in arrival
management. The method’s suitability then depends on the robustness of the
fitting technique and the effects of the discrete bins on the continuously changing
distributions.

To test the robustness of this technique, a process akin to the bootstrap process
was applied to test the goodness-of-fit of an estimated Johnson curve. A subsample
of 100 points from each bin was selected randomly and used to fit a Johnson-curve.
Subsequently, goodness-of-fit was determined for 100 different points from the
same bin. The number of selected points was based on the number of points in
the typical bin to allow testing of most bins.

This process was repeated 50 times to determine the confidence bounds for
each subset of data. The maximum value of the confidence interval of the mean for
Kolmogorov-Smirnov statistic varies up to 2.02 for AA flight statuses and less than
1.95 for the other statuses, at which point the two distributions cannot be proven
to be different (p<0.001). This shows that, while sampling affects validity, the effect
on the CDF is unlikely to be substantial.

If an online display would show uncertainty, gradual changes are preferable to
discrete changes. While the change of a flight status will always present a discrete
change, the change of prediction horizon is a continuous process. Due to the use
of binned groups, a discrete change will occur at the transition of one horizon
bin into the next. The selection of bin width for such continuous parameters is a
compromise between sufficient data points to generate an accurate distribution
and the magnitude of the step change of the distribution shape at the bin transition.

In Chapters 4 and 5 we will propose a display that shows uncertainty. The main
visual feature of uncertainty is the width of a flight’s arrival time PDF [25]. Analysis
of the width of the 95% confidence interval over each transition shows the effect of
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the transitions. Table 3.2 provides the width of the PDF for airborne flights (AA)
different times of the day.

At an interval of ten minutes, the step size can be up to half of its width (e.g.,
from 50 to 40 minutes in the second row). In a visual context, these would cause
considerable visible changes for an otherwise continuous process.

Table 3.2: Effect of horizon bin transition on the width of the PDF for flights with flight status
AA.

Width of central 95th percentile of the
STA PDF at different horizons [min].
90 80 70 60 50 40 30

22:30-01:30 8 7 6 6 5
01:30-04:30 15 14 15 14 11
04:30-07:30 18 16 15 12 10
07:30-10:30 15 15 13 11 9
10:30-13:30 15 15 14 11 9
13:30-16:30 16 16 16 12 10
16:30-19:30 17 16 15 11 10

© NN NN o N o
AR R WO A W W

19:30-22:30 13 13 13 12 10

3.7 Discussion

This chapter demonstrates a method for predicting arrival time uncertainty using
currently available estimates. The use of FUMs implies, however, that the proposed
method inherits the prediction errors included in those messages. Two of the most
important error sources are the assumed route in the destination airspace and the
effective resolution of the ETA in those messages.

Since the reported landing times were used as the reference value, any dif-
ference between the assumed arrival route and the actual route will result in a
prediction error. In predicting, the NM assumes that the aircraft follow published
approach routes. At Schiphol Airport, aircraft follow these published routes only
during nighttime. During day time, ATCOs will direct the traffic. The resulting
uncertainty in landing time is not meaningful in the context of AMAN, as the
controllers will use AMAN as an input in directing the traffic, amongst other infor-
mation. By reducing the error at 20 minutes before arrival, this error was negated
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(Figure 3.8). However, the resulting errors are not fully representative of the actual
prediction error at that time. Future concepts may address this inaccuracy by
comparing times over particular waypoints.

Since NM provides an update only when the actual progress of the aircraft
deviates more than five minutes from the prediction, errors below this limit are
not taken into account. They are, therefore, not present in the data. This problem
is partially addressed by the interpolation, thus generating sampled errors of the
accurate predictions between the first prediction and the arrival.

The interpolation method does introduce a new source of potential errors. The
assumption of a linearly changing error between two reports can theoretically in-
troduce some linearity in the modelled uncertainty. On the other hand, the variety
in the number of error reports for a single flight and varying errors themselves
counteract the linearity.

3.7.1 Other airspaces

Since the data demonstrate that departure uncertainty is the primary cause of
uncertainty in the arrival time, both the airline departure accuracy and the delays
at airports generate the majority of the uncertainty. These two factors account
for 20-40% and 5-10% of arrival time deviation respectively and depend on the
airline, and the origin airport [18]. This effect is exacerbated through reactionary
delay, which is the delay caused by the delay of the inbound aircraft or inbound
transfer passengers. These will cause airlines with numerous rotations between
two airports or large numbers of connecting passengers to have extra arrival time
uncertainty. Therefore, the arrival time accuracies of flights strongly depend on the
city pairs and, thus, the arrival airports. A model estimated for one airport will not
necessarily apply to other airports and will require an estimate for each particular
case.

3.7.2 Other data sources

The FUM was selected since it was available and recorded at LVNL. Only the four
most common flight statuses in those FUMs were used. The NM nowadays—in
2022—provides a more detailed report in the form of the EFD message. This mes-
sage uses the same data source and is provided under the same conditions. How-
ever, the message provides more detailed routing information and, therefore, more
possible reference data to determine the prediction error. Future research should
evaluate the additional information to improve the accuracy of the uncertainty
prediction.

A-CDM provides more details on the flight’s progress towards take-off. Since
the data show high uncertainty mainly on departure, the inclusion of A-CDM
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information might allow receiving more detailed flight states. Unfortunately, the
number of origin airports that provide A-CDM information was too low to provide
sufficient data for this research. Chapter 6 will perform an initial analysis on the
effects of using the knowledge that the departure airport provides such information.

3.7.3 Bin selection

The parameters of interest and their respective bin widths in this study are based
on the number of available data points per bin. The current selection of properties
is based on an initial analysis, combined with the likelihood that those properties
would have an influence. Section 3.4 suggests a further set of parameters that may
be selected. The potential list of properties provides further options for investiga-
tion. For example, it may be worthwhile to distinguish between departure airports
by separating flights from the most prevalent airports and grouping the remainder.
This approach would enable modelling the uncertainties due to specifics at those
departure airports. Further detailing can come from information available in other
predictions, such as A-CDM messages or EFD.

For simplicity, horizon bin sizes were selected at regular intervals. Section 3.6
describes these bin widths and shows that the transition from one bin to the next
one can cause a considerable change in the width of the PDF. Especially in visual
presentation, such instability may be an issue in acceptance by ATCOs. The size of
bins may well be adjusted based on the other criteria to reduce this behaviour. For
example, uncertainty as a function of Scheduled Time of Arrivals (STAs) is likely to
be more variable during the daytime than at night, particularly for airports with
wave-like traffic densities such as Amsterdam.

3.8 Conclusion

This chapter presents a method for predicting uncertainty in arrival time at longer
horizons using readily available data at LVNL. By fitting Johnson curves to errors
derived from FUMs generates that can more precisely describe the shape of the
distribution, in particular skew and kurtosis of the uncertainty. By using the John-
son distribution from tabulated data, based on several parameters of the received
prediction, an error distribution can be calculated fast and is therefore suitable for
on-line applications such as displays for ATCOs.
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CHAPTER

VISUALIZING UNCERTAINTY IN ARRIVAL
MANAGEMENT

Chapter 2 explains that uncertainty limits the validity of arrival management de-
cisions and proposes applying knowledge on uncertainty in the decision-making
process. Chapter 3 provides a means to predict the uncertainty associated with
the arrival time of a particular flight. Irrespective of whether the decisions are
made by a human operator or an automated process, a Human-Machine Inter-
face will be needed to execute or monitor the decisions, respectively. This chapter
proposes a visual interface that provides information on the accuracy of an
Estimated Time of Arrival. The basis of this chapter is an existing publication.
This may cause some repetition of previous chapters.

This and the following chapter were developed in parallel with the work in
Chapter 3. The experiments in these two chapfters use a simplified uncertainty
model that has no relation to the model proposed there. This allowed for a more
controlled experimental setting and limited dependency on progress in both
streams.

This chapter is based on the following publication:

Paper Title Supporting arrival management decisions by visualising uncer-
tainty

Authors M. Tielrooij, C. Borst, D. Nieuwenhuisen and, M. Mulder

Published in Proceedings of the SESAR Innovation Days, November, 2014,

Stockholm, Sweden
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4.1 Introduction

Many Air Navigation Service Providers (ANSPs) nowadays use Arrival Managers
(AMANS) to plan the arrival times of inbound aircraft and thereby balance demand
to the available landing capacity. These systems provide support to the sequence
manager (US: Traffic Management Coordinator) in deciding how to modify the
4D trajectory of inbound aircraft when these are predicted to arrive with too little
spacing between them.

When aircraft are assumed to fly the optimal trajectory from an Airspace User’s
(AU) perspective, deviations from these trajectories should be kept to a minimum.
Any remaining change in trajectories should be performed as early as possible for
optimal flight efficiency. For example, a smaller speed increase over a longer flight
time is much more fuel-efficient than a more substantial speed increase over a
shorter time while ultimately achieving the same difference in time [2].

Currently, the horizons at which AMAN systems monitor and influence traffic
are typically limited to 20 to 30 minutes (or 150-200 NM) by three factors [3]:

1. The availability of information on the predicted arrival time of aircraft, for
example, due to the limit of radar surveillance,

2. the ability to influence the aircraft, for example, because of the boundaries
of Flight Information Regions (FIRs), and

3. the reliability of the predicted arrival times.

Future operational concepts, such as those proposed in Single European Sky
ATM Research (SESAR) and its counterpart in the United States: Next Generation
Air Traffic Management System (NextGen), foresee an increase in the planning
horizon to increase the efficiency and predictability of operations. Depending
on the concept, the future horizons are expected to be at 200-500 NM [2], [4], [5].
The three limitations on the AMAN horizon need to be overcome to achieve this
increase.

Current developments address the first two constraints: System Wide Infor-
mation Management (SWIM) should enable continuous sharing of all relevant
information concerning a flight between all involved actors [6], [7]. And, through
SWIM, different ANSPs can share requirements on a trajectory (such as an arrival
time planned by AMAN) and execute such shared requirements. The third con-
straint prediction uncertainty is expected to reduce but is unlikely to disappear
altogether. Increasing the AMAN horizon will then require other ways to perform
arrival planning in the presence of uncertainty.
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This chapter proposes a display that provides operators with information on
the uncertainty in the arrival time. By doing so, it is envisioned that the controller
can actively decide whether to adjust a trajectory or to delay a decision until the
arrival time is more accurate.

Section 4.2 and 4.2, respectively, discuss the approach and reviews the abstrac-
tion hierarchy as described in Chapter 2. Section 4.4 then considers the effects
of uncertainty on that abstraction hierarchy. Using that framework, Section 4.5
adds elements to the AMAN-time line to show uncertainty and its relevance to the
schedule. Sections 4.6 through 4.9 describe the setup and results of two human-
in-the-loop experiments in which novice users planned an arrival schedule under
uncertainty. The last two sections discuss these experiments and their conclusions.

4.2 Approach

Most of the current AMAN interfaces use a vertically moving time line showing
the expected or planned time of arrival of all approaching aircraft [8]. An example
of such a time line is presented in Figure 4.1. This presentation reduces the 4D
trajectory information to a one-dimensional spacing problem as it exists to the
sequence manager. The sequence manager is not separating aircraft in 3 dimen-
sions as radar controllers do, but rather plans the spacing between consecutive
aircraft. However, the single-dimensional presentation hides the complexity of the
total system under control. It does not clarify how decisions on individual aircraft
affect the achievement of other goals of the system. For example, determining
the required delay for the last aircraft in a group requires sequential spacing of all
involved aircraft and then determining how far the last aircraft has deviated.

The task of planning arrival times has several factors which make it a complex
task:

Many of actors (aircraft, Air Traffic Controllers (ATCOs), airport operators),

time delay;,

potential interactions between aircraft in a sequence, and
e uncertainty in the provided information.

The task often requires expert knowledge and results in a high task demand in
integrating all factors. In most cases, sequence managers are experienced ATCOs.
These controllers develop an arrival plan using their knowledge and experience
and the information on predicted arrival time. In these decisions, they will use not
only the Estimated Times of Arrival (ETAs) but also information such as runway
availability, weather, team competency, and airspace capacity.
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Figure 4.1: Typical AMAN time line as used by LVNL (inverted colours). Source: LVNL

The uncertainty in the predictions is not available to the operators. Operators
may have experienced at what horizon and in what situations the AMAN HMI
no longer provides support and hence apply a—limited—model of uncertainty
in their mental model of the operation. To incorporate uncertainty to the many
other factors in the arrival management process, this chapter will use a structured
approach to determine how to visualise the arrival management environment and
the uncertainty:

1. To discover how uncertainty affects the operator’s decision making and the
effect of uncertainty in the Decision Support Tool (DST) on the operation,
the work domain (i.e., the AMAN process) is analysed using Rasmussen’s
Abstraction Hierarchy [9]. This analysis uses the abstraction hierarchy intro-
duced in Section 2.7.2. In this section, the description will be limited to the
relevant components of present-day operational AMAN interfaces.

2. Once the abstraction hierarchy is established, the uncertainty of the proper-
ties of each element is determined.

3. Using the functional relationships, the effects of the uncertainty can then be
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related to the objectives of the system. This step explains how the various
origins of uncertainty propagate through the AMAN system.

4. Finally, the commonly used time line is extended stepwise by using the
knowledge gained in defining the abstraction hierarchy.

4.3 Work domain analysis

Figure 2.11 in Chapter 2 provides an analysis of the work domain using the abstrac-
tion hierarchy. This description uses the SESAR Key Performance Indicators (KPIs)
as the functional purposes of the AMAN system [3], [10]. In this section, the ab-
straction hierarchy is modified to focus on present-day operations and limit itself
in the scope of the work domain. The resulting hierarchy is shown in Figure 4.2.

In this figure, the colours of each element indicate the relative uncertainty of
the information in that element. The uncertainty of each of the elements will be
explored in Section 4.4. For clarity, the names of elements in the hierarchy are
emphasised in the text.

Note that the original Functional Purposes in Figure 2.11 included all SESAR
KPIs to which AMAN can possibly contribute. The following analysis focuses on
the one-dimensional planning aspect, in which the constraint on traffic is the
available capacity at an airport. The analysis does not include the spatial relation
between aircraft and their respective routes to the airport. As a consequence, the
effects on the workload of upstream controllers are disregarded. The same holds
for the effects of AMAN decision making on Cost-Effectiveness as it derives from
the workload.

The environmental impact of a planning decision is determined by the selected
speed of an aircraft (i.e., the amount of fuel spent per distance) and the amount of
time that an aircraft is in the air (i.e., the amount of time the engines are burning
fuel). Therefore, this analysis assumes that the AU’s objectives—represented in
Efficiency—are coupled with the Environment KPI.

Finally, predictability is not part of the AMAN decision-making process but
rather a consequence of the use of AMAN. Therefore, the analysis will disregard
Predictability.

Uncertainty is introduced as descriptions of the Physical Form. As those prop-
erties become more uncertain, the resulting outcomes are also less certain. The
uncertainty in the physical form propagates upward through the abstraction levels.
High uncertainty in the means result in higher uncertainty in the ends. At the
AMAN horizon under study, the relative size of prediction errors are largest for the
ETA (See Chapter 3). Through the means-end chain, the high uncertainty in the
ETA leads to high uncertainty for all elements at the abstract function level.
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Figure 4.2: Reduced abstraction hierarchy of the AMAN work domain indicating the relative uncertainty originating as described in Chapter 4.4.
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4.4 Uncertainty

Now that the abstraction hierarchy is established, the origins and magnitude of
uncertainty in the process can be analysed further and superimposed on the ab-
straction hierarchy description. Chapter 3 discussed several sources of uncertainty
in the predicted ETA. Furthermore, this section will consider uncertainties orig-
inating from other elements of the work domain. The initial distinction is made
by comparing the relative magnitudes of the uncertainties. Figure 4.2 shows the
relative uncertainty using the colour of the elements on the hierarchy.

4.4.1 Physical form

The uncertainty in ETA propagates into an uncertainty in the resulting Inbound
Schedule, as the arrival times underlying the schedule are uncertain. As a conse-
quence of the uncertain ETAs, the optimal schedule from a capacity and efficiency
perspective also becomes uncertain. At a two-hour horizon, the uncertainty can
vary between 10 and 40 minutes (as found in Section 3.4).

Uncertainty in the ETA includes potential errors in wind speed and direction.
However, weather conditions also influence the runway capacity, both through
wind and visibility. As shown in Table 2.2, the headwind determines the number of
aircraft per hour given a specific spacing requirement. Furthermore, larger spacing
intervals are applied when visibility is low. While some error exists in weather
predictions, the variation in time, and therefore uncertainty in the horizon under
consideration, is relatively small compared to the uncertainty in ETA.

Uncertainty in Aircraft Properties influences the schedule directly in choices on
the flight’s schedule. As with the weather, however, this is directly covered in ETA
uncertainty. Choices in aircraft operation during landing and on the runway also
influence capacity. These choices include the landing speed—based on the actual
aircraft weight—and the selected procedures on the runway which determine how
quickly the aircraft vacates the runway. Chapter 3 demonstrated that the accuracy
of ETAs is in the order of several minutes. The magnitude of the variation in runway
occupancy and landing speed is in the order of tens of seconds. The effect of these
uncertainties is relatively small when compared to the uncertainty in ETA.

The availability and capacity of the airport infrastructure vary. However, un-
planned closures are uncommon; therefore, the uncertainty is very low compared
to all other aspects.

4.4.2 Physical function

Section 3.4 showed considerable uncertainty for aircraft that did not yet leave
the departure airport. Therefore, the uncertainty of the departure schedule is
comparable in magnitude to the uncertainty of the arrival schedule. The errors
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for the departure schedule realise slightly later. As demonstrated, the increased
prediction horizon further increases uncertainty.

4.4.3 Generalized function

At most airports, the structure of the airspace determines runway assignment.
Currently, at Amsterdam’s Schiphol airport for example, three Initial Approach
Fixes (IAFs) feed two runways during an inbound peak. Two of those IAFs are
permanently assigned to their set runway. Aircraft from the third fix generally use
one runway and are only scheduled occasionally to the other runway. Runway
Assignment is therefore primarily dependent on the airport infrastructure and only
slightly affected by uncertainties in the inbound and outbound schedule.
Planning when to open which runway for arrivals or departures strongly de-
pends on the respective schedules. Since both schedules are highly uncertain,
the runway planning process also becomes uncertain. Therefore, at Amsterdam,
the decision on when to switch runway configuration can only be made about 20
minutes before the first aircraft lands or departs from the newly opened runway.

4.4.4 Purpose of AMAN

The uncertainty in Scheduling propagates to all elements of the Generalized Func-
tion level. This propagation implies that uncertainty in the ETA ultimately affects
the ability to achieve all of the purposes of the AMAN process. However, describing
the effect of uncertainty at the Functional Purpose level is more complex.

When scheduling, uncertainty does not result in lower or higher quality sched-
ules. Instead, the presence of uncertainty makes scheduling harder. Delaying the
scheduling process lowers the number of required corrections. However, the later
decision-making may reduce flight efficiency as described in Section 4.1.

To improve the ability to achieve the purposes of AMAN, the uncertainty on
ETA needs to be provided to the operator. However, since the effect of uncertainty
is unclear, its relation to the higher abstraction levels also needs to be visualised.

4.5 Visualisation

Looking at the top three strata of the abstraction hierarchy in Figure 4.2, the ob-
jective of the new AMAN display will be twofold: To provide information on the
uncertainty associated with the ETA and its effect on the purposes of the system,
and second, to provide support in planning even while uncertainty is too high to
warrant assigning definitive arrival times.

The time line presentation in Figure 4.3(a) is a very suitable way of presenting
arrival times. It is an analogue display that enables immediate visual inspection
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of spacing between aircraft while simultaneously allowing for meaningful direct
manipulation of the arrival schedule (i.e., assigning arrival time by moving aircraft
on the line). Therefore, the time line forms the base diagram.

In the following subsections, the abstraction hierarchy in Figure 4.2 guides the
development of a new display, starting with the traditional time line. Each addition
is clarified by highlighting the area of the abstraction hierarchy that is addressed.

4.5.1 Basictime line: ETA and schedule

On the hierarchy, the time line directly provides the ETA and the resulting Inbound
Schedule. This is indicated on Figure 4.4 as a dashed area.

Section 2.5 describes that very few current time line diagrams present the
spacing requirement. So, while the diagram displays the inbound schedule, it does
not provide further support in scheduling. As such, it does not directly support the
purposes of the system.

Figure 4.3(b) shows that uncertainty in arrival time can be visualised directly
on a time line as the Probability Density Function (PDF) of the arrival time. This
approach would directly provide information on the uncertainty to the operator.
However, it would require the operator to interpret the information and determine
the effects of the uncertainty on achieving the objectives.

landing direction of motion
I A T T A T A T T T T A T T A T T T T T T T 1 time
AC1 AC2 AC3 AC4 AC5

(a) Basic time line showing the ETA of inbound aircraft.

landing direction of motion
I A T T A T A T T T T A T T A T T T T T T T 1 time
AC1 AC2 AC3 AC4 AC5

(b) Extending the basic time line with the uncertainty on ETA.

Figure 4.3: Basic time line showing ETA and uncertainty.

4.5.2 Separation and capacity

To develop support for interpretation of the effects of uncertainty on the purpose
of the system, we take a step back and evaluate the use of the time line without any
uncertainty using the abstraction hierarchy: At the abstract function level, the key
missing element in the display is the required spacing between two flights.
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Figure 4.4: Visualisation of ETA on the abstraction hierarchy.

When spacing is defined in time, a bar along the time line can directly visualise
the required spacing. This approach is used in several experimental time lines
(See Chapter 2). Figure 4.5(a) shows the required spacing for three aircraft. This
presentation visualises the relation between ETA and the safety objective (See
Figure 4.6).

When spacing intervals are expressed in time, the interval represents the num-
ber of seconds an aircraft occupies a limited resource (i.e., the runway). When
the blocks in Figure 4.5(a) are defined one “unit” high, the areas represent the
demand that the aircraft imposes on the runway. This property allows superimpo-
sition of the areas of multiple aircraft to present the total demand on the resource.
Figure 4.5(b) shows the ‘stacked’ demand.

Finally, the total demand for the resource (i.e. the number of flihgts) needs to
be compared to the capacity that the resource (the number of runways) currently
provides. In the case of a single runway, the capacity offered by that runway is one
unit each second. On the time line, the capacity is a line at the number of runways,
shown in Figure 4.5(c).
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(b) Translating spacing requirements to demand. The contribution of AC2 has been high-
lighted. The crest of the coloured area provides an indication of instantaneous demand.
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(c) Showing demand and capacity. The excess in demand imposed by AC2 has been
highlighted.

Figure 4.5: Basic time line extended to show demand and capacity.

This visualisation forms a presentation of the scheduling generalised function
and the safety and capacity objectives, as shown in Figure 4.7. Effectively, peaks in
demand show the equivalence of underspacing and a capacity shortage. Doing so
makes the need for action based on the current schedule clear immediately.

4.5.3 Delay and efficiency

The excess in demand is addressed by adjusting either the capacity or the schedule.
The amount of excess demand determines the delay of the last aircraft in a sequence.

The maximum delay can be a driver in a sequence manager’s decision to apply
other strategies (See Chapter 2).
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Figure 4.6: Visualisation of the spacing requirement on the abstraction hierarchy.

In current AMAN systems, this maximum delay is determined by planning all
aircraft one after in the sequence that they are predicted to arrive. However, when
arrival times are uncertain, the optimal sequence is not yet certain either. It is
possible that the aircraft that is predicted to arrive as the last one in a sequence
is not the last aircraft in the final optimal sequence. If that last aircraft is delayed
to accommodate all predicted excess demand, the resulting solution will likely
contain unnecessary deviation.

The new time line visualises demand (the blocks with a length equal to the
spacing interval) and capacity (the area under the line) as an area. If a delay is
applied as a solution strategy, a conflict resolves when the runway has provided
available capacity equal to the excess demand. By visualising the demand as an
area, it is possible to provide an a priori view of the maximum delay. This approach
should give better support to the operator in selecting an appropriate strategy (see
Figure 4.8).
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Figure 4.7: Visualisation of the demand/capacity balance on the abstraction hierarchy.
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Figure 4.8: Visually relating excess demand to delay.
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By using the a priori delay indicator, the new time line indicates the on-time
performance of the predicted schedule. While it does not yet evaluate other strate-
gies, such as having aircraft arrive earlier or opening an additional runway, it does
give an initial indication of the efficiency of the current predicted solution (see
Figure 4.9).
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Figure 4.9: Visualisation of a priori delay on the abstraction hierarchy.

4.5.4 Integration: re-introducing uncertainty

Now that the time line has been extended to show the functional relations between
the ETA and the purposes of the AMAN system, uncertainty can be reintroduced. To
do so, the PDFs shown in Figure 4.3(b) are propagated to the occupancy expectation
(i.e., the blocks representing demand).

Using a PDF for the ETA implies that the nature of the occupancy expectation
blocks from Section 4.5.2 changes as well. When an aircraft is predicted to have a
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given probability of arriving at a given time, it has an equal probability of occupying
the resource from that time for the duration of the separation interval.

The instantaneous expectation for runway occupancy due to the expected
arrival at this time can be expressed as:

OPi(t) [t,t+S] :Pi (t) (41)

In which Op,, is the occupancy expectation for aircraft i at time ¢ as a con-
sequence of its probability of arrival P; (¢). The s is the applicable spacing time
interval.

The expectation for the demand at a given time becomes the integral of the
arrival time probability for the spacing interval before it. This is demonstrated in
Figure 4.10, and expressed mathematically as:

t
0; (1) =/ P;(u)du (4.2)
u=t-s
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N
. E‘; — Piecewise expectation
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- L.
0.5 AE
b 1 1
Z '
<
Ra 'l
= '
Q-‘ 1
' :
l

0,1 23 45 6 7 8 910111213 1415

Separation interval s

Figure 4.10: Calculation of the expectation value for occupancy. The PDF has been exagger-
ated for clarity.

Similar to the display without the uncertainty, the sum of the occupancy expec-
tation for 7 aircraft generates the total expected occupancy:

noort
ow=Y P, (w) du (4.3)
i=1Ju=t-s
The resulting occupancy expectation can be presented on the time line (See
Figure 4.11). The display still conveys the same principle: a higher occupancy
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expectation indicates a predicted excess. Note that an occupancy expectation
above the capacity is not equivalent to a guaranteed excess as arrival times may
still deviate, and the PDFs may move away from or toward each other.

Figure 4.11(b) shows that the a priori delay indicator still applies. This indicator
is of particular value when demand is presented as an expectation value. The
requested capacity remains equal regardless of how the schedule evolves due to
prediction error. Therefore, the end of the delay indicator shows that a runway can
provide the required capacity for the inbound aircraft.
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(a) Showing the PDF of the arrival time and the resulting expectation value for resource
occupancy.
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(b) Presentation of expected excess demand, and the time required to resolve these prob-
lems by delaying aircraft. The contributions in demand due to aircraft AC2 and AC4 have
been highlighted for clarity.

Figure 4.11: Integrated time line display.

By showing the a priori maximum delay, the operator can now see both the
expected shortage of capacity and the expected consequences for the schedule
without requiring planning first. The presentation provides the relations between
the abstract functions safety, capacity, and efficiency, the generalized function
scheduling, and the ETAs of different aircraft while allowing the ETA to be uncertain
(see Figure 4.9).
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4.6 Evaluating the new display: First experiment

Section 4.5 proposes a new version of the AMAN time line display. This display
aims to support planning inbound aircraft to a single runway in the presence of
uncertainty. An exploratory evaluation of the display was performed to evaluate
the additions to the time line and to develop a suitable testing method [1].

This initial exploration found that the delay indicator reduced the number
of control actions the experiment participants took. The visualisation of uncer-
tainty did not noticeably change performance, however. Analysis of the subjective
workload indicated a considerable learning effect.

This section will describe two follow-up human-in-the-loop experiments. The
first experiment evaluated both the visualisation of uncertainty and the delay indi-
cator. To further explore the findings of the first experiment, the second experiment
focused solely on the visualisation of uncertainty.

The time line is suitable for a single-runway scenario. When multiple runways
are available, the current display may indicate the total airport capacity but will
not provide support in assigning aircraft to different runways or specific landing
slots. Chapter 5 extends the display to a scenario with two runways and describes
a similar experiment for that scenario.

4.6.1 Experiment method
Participants

While designed for Air Traffic Management (ATM) purposes, the concept display
no longer provides information specific to aviation. Instead, it provides a display
for any logistics planning process in which the time of arrival of an item or task is
uncertain. Secondly, the display concept is designed for future scenarios in which
arrival planning is to be performed up to two hours before the arrival. Currently,
none such systems are operational and very few current ATCOs have experience
with arrival planning at such long horizons. Finally, the number of operational se-
quence managers is highly limited in any case, making it difficult to find a sufficient
number of qualified ATCOs for the task.

A first experiment evaluated the concept of visualisation in general. The lack
of specifics for aviation allows participants with limited knowledge of the ATM
process, and allowed to focus on the properties of the display itself.

Atotal of 16 participants took partin the first experiment. All were staff, students
or former students from the Faculty of Aerospace Engineering at the Delft University
of Technology. Five participants had prior knowledge of the spacing problem, and
four had been participants in the earlier initial experiment on the same display.
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Display

The experiment used a PC-based simulated AMAN. Participants were tasked with
spacing aircraft to arrive at a single runway on a right-to-left moving time line
(see Figure 4.12). Each aircraft was presented as a triangle on the time line at its
predicted ETA and subject to prediction error. Participants could move aircraft
along the time line by selecting the triangle using the mouse and dragging the
aircraft to the preferred arrival time. This action would result in a hypothetical (or
probed) solution.

Once aircraft were at the desired arrival times, the user could confirm these
times by clicking a button on the screen, resulting in a desired arrival time' for the
aircraft. If the probed solution was unsuitable, the user could cancel the probe
using a different button. By cancelling a probe, all probed aircraft would return to
the RTA that was assigned before that probe.

w
1

Figure 4.12: Symbols used in the experiment. A: The aircraft symbol at the predicted ETA
(can be clicked and dragged using the mouse), B: The required spacing from the predicted
ETA, C: The minimum and maximum RTA that can be requested, D: The current deviation
from the optimal ETA, E: The earliest time at which aircraft RTAs can be requested, F: The
latest time at which RTAs can be requested.

Besides the visualisation of uncertainty and the delay indicator, the time line
display also showed several basic symbols relating to the characteristics of the
selected aircraft. Figure 4.12 explains these different symbols.

To simulate the bounded control space, aircraft could only deviate a limited
time from their initial ETA (C in Figure 4.12). The amount of possible deviation
started at 20 minutes—earlier or later—and decreased linearly with remaining
time to fly. This reducing control space introduced a part of the constraints defined

'From this point onward, the selected arrival times will be referred to as the Required Time of
Arrival (RTA)
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by locomotion, flight dynamics and propulsion in the abstraction hierarchy and is
representative of the limitations in speed and endurance of aircraft.

Solving large conflicts with multiple aircraft by delaying all consecutive aircraft
increases the delay required for downstream aircraft. The cumulative delay some-
times leads to too large required delays for individual aircraft. The delay indicator
only provided the hypothetical solution using delay. The delay indicator turned
red when delay would no longer be an option due to a lack of control space.

Since one of the objectives of AMAN is to minimise deviation from the optimal
schedule, the display showed an indication of the deviation from the optimal ETA
(D in Figure 4.12). The indicated optimal time was subject to the same prediction
error as the ETA.

In the initial exploration, participants indicated that visualising the spacing
requirement using occupancy expectation (see Section ?2) made it difficult to
recognise the required spacing. As additional support, the minimum separation
interval was shown as a red bar trailing each aircraft symbol (B in Figure 4.12).

The resulting experiment display is shown in Figure 4.13. The experiment
presented the time line on a 24” LCD monitor.

Figure 4.13: Experiment display as used during the experiment.

Simulation

The aircraft required a constant minimum spacing interval of 200 seconds. The
time line had a horizon of two hours. Modifying the arrival time was only possible
after an aircraft had appeared on the screen for ten simulated minutes to force
participants to observe potential conflicts with trailing aircraft before taking action.
Similarly, at ten minutes before arrival, modification of arrival time was disabled to
simulate the impossibility of adjusting spacing during final approach. The display
showed these limits as vertical lines. (see E and F in Figure 4.12).

In the current operation, the task of the sequence manager is often part of a
broader role. For example, the approach supervisor operates the AMAN system
at Air Traffic Control the Netherlands (LVNL). In a single-runway environment,
the task demand for the operator, whose only task is to plan arrival times, would
be too low to require fast decision-making and instead allow an extensive mental
evaluation of options. The display aims to support decision-making. Most dif-
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ferences in results are expected when insufficient time is available for such an
elaborate evaluation. Furthermore, such an experiment would require a very long
time per participant to collect sufficient data points. To increase the task load
and maximise the number of data points, the scenarios were played at 30 times
real-time. Individual aircraft would thus be on display for four minutes actual time.

Traffic

The traffic schedule was defined beforehand to achieve the following properties:
* A comparable sample: Each participant would work on the same schedule;

A feasible arrival schedule: Every spacing conflict was solvable if actions
were taken in advance;

* Comparable uncertainty: The prediction error for a specific flight in every
run was identical.

By building a scenario from a landing schedule and then superimposing a pre-
diction error, traffic behaviour has been predefined. The following paragraphs
describe the schedule-generating process.

Landing schedules were randomly generated to have a spacing according to a—
forced—normal distribution with a running mean of 280 seconds over ten aircraft,
and a standard deviation of 150 seconds. This distribution provided a mean buffer
of 80 seconds between each landing interval and ensured that sufficient spacing
would be available between local bunches to resolve these bunches.

Uncertainty consisted of a normal distribution with a linearly decreasing stan-
dard deviation as aircraft approached the runway. The initial standard deviation
was randomly assigned between 50 and 200 seconds. The standard deviation at
landing was set to 0, so uncertainty would decrease to none at the end of the time
line.

The prediction error was defined as a cumulative probability within the air-
craft’s uncertainty distribution. The cumulative probability was randomly assigned
between 0.1 and 0.9. The combination of uncertainty and prediction error resulted
in a varying error per aircraft that would decrease over time. At the same time, the
prediction error would always be consistent with the indicated uncertainty. The
distribution of uncertainty and prediction error were distributed evenly over all
flights.

To achieve a comparable level of difficulty between scenarios, samples were
set up to require a comparable amount of effort to resolve. A set of samples was
randomly generated according to the described process. Subsequently, the optimal
solution (i.e., minimal total deviation) was approximated by spreading out—both
through advancing and delaying—Ilocal bunches until all aircraft were spaced
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with a buffer of at least 20 seconds. The required actions were then verified to
be achievable within the maximum control space of each aircraft. Unachievable
scenarios were discarded, and the required number of actions and their magnitudes
were compared. Finally, of the comparable samples, a selection was made based
on inspection of the amount and size of conflicts at the two-hour time horizon
which included the maximum prediction error.

The four selected scenarios consist of two pairs of comparably complex scenar-
ios. Scenarios 1 and 4 require a relatively high amount of change for the optimal
solution (44 and 48 minutes total change, respectively). Scenarios 2 and 3 have a
somewhatlower amount of required change, which suggests a less complex spacing
task (22 and 18 minutes, respectively).

Procedure

As mentioned before, an initial experiment using the display demonstrated that
considerable training was necessary before participants were able to use the in-
formation provided in the display properly [1]. To reduce training effects in this
experiment, participants were trained in two phases: First, a step-by-step walk-
through in which all display concepts (shown in Figure 4.12) were introduced one
at a time. Secondly, participants would train the use of a specific display in four
training runs before performing the experiment runs for that display type.

The preliminary experiment also showed effects due to an apparent lack of in-
terest in the final result of the planning, leading to a rather conservative application
of buffers. To motivate participants in providing sufficient spacing, while at the
same time also minimising deviation and actions, a running score was provided
simultaneously with a fictitious but realistic high score. The score was based on
the combination of spacing error, the amount of deviation, and the number and
timing of deviation actions. The score was weighted to stimulate participants to
avoid underspacing (i.e., conflicts between aircraft at landing).

4.6.2 Independent variables

The experiment tests two elements of the display: the presentation of uncertainty
and the availability of the delay indicator. Therefore, the two independent variables
are the presentation of uncertainty (U/N) and the presentation of the total required
delay (D/N). The first variable was tested within-subject. However, the second
variable was tested between groups due to time constraints. Participants would
only see a particular scenario either with or without the delay indicator. Assignment
of displays and scenarios was based on a latin square to counterbalance training
effects (see Table 4.1).
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Table 4.1: Latin square assignment of scenarios and displays to participants.

Part. Experiment run
1 2 3 4 5 6 7 8

s b|S bD|S bD|S D|S D|S D|S D|S D
1 1 2472 114 2|3 1|1 3|2 4|4 3|3 4
2 2 413 3|1 4|4 32 13 2|1 1|4 2
3 3 1 /4 212 11 2|3 4|4 3|2 4|1 3
4 4 3|1 413 3|2 414 2|1 1|3 2|2 1
5 1 22 1|4 2|3 1|1 3|2 4|4 3|3 4
6 2 413 3|1 4|4 3|2 13 2|1 1|4 2
7 3 1 /4 212 11 2|3 4|4 3|2 4|1 3
8 4 3|1 413 3|2 44 2|1 1|3 2|2 1
9 1 22 1|4 2|3 1|1 3|2 4|4 3|3 4
(12 43 3|1 4|4 3|2 13 2|1 1|4 2
1(3 14 2|2 1|1 2|3 4|4 3|2 4|1 3
214 3|1 4|3 3|2 4|4 2|1 1|3 2|2 1
3|1 22 1|4 2|3 1|1 3|2 4|4 3|3 4
14(2 413 3|1 4|4 3|2 1|3 2|1 1|4 2
5(3 14 2|2 1|1 2|3 4|4 3|2 4|1 3
6|14 3|1 4|3 3|2 44 2|1 1|3 2|2 1

S = Scenario, D = Display type

Display types: 1 = no uncertainty, no delay indicator (N/N), 2 = no uncertainty, delay
indicator (N/D), 3 = uncertainty, no delay indicator (U/N), 4 = uncertainty, delay indicator
(U/D).

As explained in Section 4.6.1, some effort was spent to ensure that the scenarios
were of comparable complexity. As these scenarios ended up being still somewhat
different, they potentially formed a third independent within-participants variable.

The final independent variable in the experiment is the participants. The analy-
sis will be performed within-subject as much as possible. However, some between-
participants analysis may be worthwhile in explaining the results.

4.6.3 Dependent measures

To determine the operator’s decision-making performance, the quality of the sched-
ule and the way of achieving that schedule is determined. These are quantified by
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two parameters, measured at the point that the aircraft leave the time line:
* The amount of underspacing between landing aircraft, and

* The total absolute amount of deviation from the initial schedule larger than
the total absolute amount required for an optimal schedule. By selecting total
absolute deviation, the metric is not sensitive to the selected solution nor
the number of changes in RTAs, as long as the total deviation is minimised.

The main benefit of a long time horizon in arrival management lies in the
ability to act early, resulting in small changes in speed. To determine the success in
achieving early actions, the Estimated Time Enroute (ETE)? of an aircraft at each
confirmed RTA change was recorded.

Furthermore, the subjective workload was measured using Instantaneous Self
Assessment (ISA) [11]. Participants were prompted using an on-screen continuous
analogue scale every 30 seconds. They were alerted to respond using an audible
signal over headphones. Before the experiment, participants were instructed to re-
spond to each ISA probe. However, they were always able, and allowed, to continue
using the AMAN display during an ISA probe.

Finally, participants were interviewed after the complete experiment to elicit
both their understanding and use of the display and their opinion on the added
items. This interview was structured to discuss all display attributes twice. In
the first pass, participants were only asked to explain what the display attributes
indicated and how they worked. During the second pass, participants were asked
to explain whether and, if so, how they would use the information.

4.6.4 Hypothesis

The purpose of the display is to improve the planning process. An optimal plan-
ning can be defined as one that results in as little change to the individual flights’
schedules while maintaining an equal or better spacing. Furthermore, any changes
should be requested as early as possible to minimise the aircraft’s fuel consumption.
The cost of planning can then be defined by the total amount of change requested
during the planning process (including corrections due to uncertainty) and the
remaining flight time in which to achieve that change.
Based on this definition, three hypotheses are tested:

H1 :When uncertainty information is provided, the total amount of
excess deviation is decreased, and the changes in RTA are given earlier
in the flights, both while not compromising on minimum spacing.

2The ETE is the predicted remaining time to fly (i.e., the difference between the current time and
the predicted ETA. On the time line, the ETE is the distance between the aircraft symbol and the end of
the time line.
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H?2 :When the delay indicator is provided, the total amount of excess
deviation is decreased, and RTAs are given earlier in the flights, both
while not compromising on minimum spacing.

H 3 :When the delay indicator is provided, the amount of underspacing
decreases.

4.7 First experiment results

Of the 128 measurement runs, two runs, with two different participants, had to be
discarded due to problems with the recording software. One other experiment run
was stopped and restarted shortly after the beginning. Otherwise, no other issues
occurred that may have disturbed the measurements. The following subsections
will describe the objective results, the results of the interviews, and the conclusions
drawn from the first experiment.

4.7.1 Objective metrics

Section 4.6.1 explains that considerable differences exist between the four scenarios
in the amount of correction required for an optimal solution. Figure 4.14 reflects
this in the total number of actions that were performed by all participants; As
expected, less RTA changes were applied in Scenarios 2 and 3 as compared to
Scenarios 1 and 4.

Since Scenarios 2 and 3 require far less deviation than Scenarios 1 and 4, re-
sults from these scenarios cannot be compared directly. To enable comparison
of results over the different scenarios, spacing errors and corrective actions have
been normalised by dividing them by the total required change for the optimal
solution. However, the results will continue to be analysed per scenario to account
for the large differences between scenarios.

Each participant has only evaluated each scenario either with or without the
use of the delay indicator. The use of the delay indicator is thus coupled to each
scenario. Therefore, subject, scenario and delay indicator are not independent
when evaluated together. By assessing the results per scenario, the experiment
no longer supports a statistically valid within-subjects analysis of the effect of the
delay indicator. The latter will, therefore, only be discussed in general terms noting
that a specific study is required to reach proper conclusions.

Differences were tested for significance using the Wilcoxon Signed Rank test for
paired measurements and the Wilcoxon Ranked Sum test for independent samples.
Since the cases with and without the delay indicator are evaluated separately, all
tests will apply a Bonferroni correction of 2 to a criterion for statistical significance
(p) of 0.05.
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Figure 4.14: Number of RTAs requested.

When uncertainty indicators are available, the participants seem to apply a
smaller number of corrective actions in Scenarios 1 and 2 (see Figure 4.14). The
differences in the number of corrective actions in Scenarios 3 and 4 are less pro-
nounced.

The primary objective in using the time line display is to ensure no less than min-
imum spacing at landing. Figure 4.15 shows the total sum of underspacing between
consecutive aircraft. In the display, this underspacing is represented as the amount
overlap of the occupancy indicators at landing. The improved performance that
was hypothesised for this experiment was under the condition that the minimum
spacingis not compromised. When the delay indicator is not available, the addition
of the uncertainty indicator tends to increase the underspacing when compared

to the situation without the uncertainty indicator (z = 2.59,p < 0.01,r = 0.33).

When the delay indicator is available, the addition of the uncertainty has no effect
(z=1.67,p=0.05r=0.21).
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Figure 4.15: Total insufficient spacing at landing as a fraction of the total expected spacing
for an optimal solution.

When spacing is sufficient, the optimal solution is that for which minimal
deviation has been applied (see Figure 4.16). From the graphs, a first observation
is that the total amount of change is often more than twice the required amount
(100% excess). The addition of uncertainty to the display without the delay indicator
tends to decrease the excess spacing (z = 2.58, p < 0.01, r = 0.33). The result is not
significant when the delay indicator is provided (z = 1.99,p = 0.05,r = —0.35).
Displaying the total delay appears to have no effect.

After the experiment, several participants pointed out that the visualisation
with uncertainty made it more difficult to recognise overlap immediately after
aircraft appeared on the right end of the time line. The occupancy expectation
for a given aircraft appeared ten—simulated—minutes after the aircraft symbol
appeared to force evaluation of potential trailing aircraft (see Section 4.6.1).
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Figure 4.16: Amount of requested deviation more than required for optimal solution. Note
that the indicated amount is the excess amount of spacing above the required amount
for the optimal solution (i.e. 100% is twice the amount of deviation than required for the
optimal solution).

The display without uncertainty indication gives a powerful indication of con-
flicting aircraft since all occupation expectations stack vertically. These form
quickly rising towers when a spacing conflict is predicted. In contrast, the uncer-
tainty spreads out the occupation expectation, leading to a lower total occupancy
expectation and, therefore, less noticeable potential underspacing.

To further analyse the relationship between remaining time to fly (ETE) and
selected strategy, heat maps in Figure 4.17 show which combination of ETE and
deviation had a preference. A red colour indicates that many flights—over all runs
for that scenario/display combination for all participants combined—were issued
a similar change in ETA at a similar ETE. The white line provides a histogram of
the number of RTAs changes at different ETEs.
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Scenario 3 Scenario 2 Scenario 1

Scenario 4

0 60 120 60 120 60 120
N/N N/D

60 120
U/N U/D

Figure 4.17: ETE and requested change of RTAs. The heatmap indicates the ETE (x-axis,

[min]) and amount of requested change (left y-axis [min]). The white plot indicates the
number of RTAs per 5 minutes (right y-axis).
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Figure 4.17 shows that participants tended to respond by immediately un-
stacking these aircraft as soon as they appeared on the display. This is especially
noticeable for Scenario 3. Such immediate action suggests that the indication of
predicted conflicts was deemed more important than the uncertainty in the ETA
of the involved aircraft.

The scenarios with high traffic density (1 and 4) often required many adjust-
ments of the RTA short before arrival. In these cases, spacing errors reappeared,
and any possible spacing buffers had been used up. Figure 4.17 shows that the
participants applied a similar strategy in Scenario 1 for the display without delay
indicator and without uncertainty indication. In this case, most conflicts appear
to be resolved by small delays over the full left half of the time line. The heat maps
show that this strategy is not applied when the delay indicator is provided on the

display.
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Figure 4.18: ETE at which RTA was requested.
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Figure 4.18 aims to quantify the change in timing seen in Figure 4.17. This figure
shows the distribution of the times at which an RTA change was confirmed during
the first (right) 60 minutes of the time line. For the display without delay indicator,
the presence of uncertainty information does not affect the preferred lookahead
for corrections (U = 1209992,p = 0.59,r = 0.01). When the delay indicator is
provided, the ETE at which RTAs are requested decreases slightly. While statistically
significant, the effect is negligible (U = 1145853, p < 0.01, r = 0.07). Note that these
tests are performed assuming that scenario and subject have no effect on these
measured parameters. The box plots for Scenarios 2 and 3 suggest a trend for the
time of the decision to be delayed more as more visual aids are presented. This
suggests that the additions will only influence decisions when participants have
more options in assigning RTAs.

Figures 4.15 and 4.16 did not show significant deviations of the planning results.
To see whether the decisions were influenced by the uncertainty of the aircraft,
Figure 4.19 plots the distribution of the standard deviations of the initial uncertainty
of the aircraft for which the RTA was changed. Since uncertainty decreases with
the remaining time to fly, the initial uncertainty is a good indicator of a preference
for higher or lower uncertainty at a given ETE.

As described earlier, a first difference between the display with and the dis-
play without uncertainty is that participants often spaced aircraft as soon as they
appeared on screen in the display without uncertainty. In contrast, participants
would wait longer in the display with uncertainty. The first 30 simulated minutes
on the display are, therefore, excluded to avoid this effect of unstacking as soon as
the aircraft appeared on the display.

Figure 4.19 shows the distribution of the initial uncertainty of the flights that
received RTA changes. Since the uncertainty decreases linearly with the remaining
time to fly, the initial uncertainty is an indication of the relative uncertainty of
a flight. If participants had structurally assigned more RTA changes to higher or
lower uncertainty flights, the distribution should shift accordingly.

Figure 4.19 shows that participants had no clear preference for certain or
uncertain aircraft in deciding which aircraft to adjust. There is no significant
effect of the visualisation of uncertainty between the choice of adjusted air-
craft when the delay indicator is not provided (U = 1189764, p = 0.09, r = 0.03).
When the delay indicator is provided, a significant but irrelevant difference exists
(U =1165463,p =0.01,r = 0.05).

This could imply that the visualisation of uncertainty was not required, as
participants did not include the amount of uncertainty of the individual flights
in the decision-making processes. A confounding factor in this measurement is
that the standard deviation of uncertainty of the flights is distributed continuously
between 50 and 200 seconds (see Section 4.6.1), which reduces the distinction
between the individual flights.
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Figure 4.19: Standard deviation of initial uncertainty for a flight for which an RTA change
was requested. Note: only aircraft at less than 90 minutes before landing were included.

4.7.2 Subjective input

The objective results suggest that the addition of both new elements did not im-
prove operator performance. This section first evaluates the perceived workload,
then the participants understanding and use of the aircraft-specific symbols, fol-
lowed by the uncertainty indication, and finally, the delay indicator.

Workload

Only a few ISA probes did not receive a response within the 30 seconds to the next
probe (in total, 120 responses are expected per display, a lower number indicates
missed experiment runs or missed probes). In general, the data suggest that the
addition of new display components increased workload (see Figure 4.20). The vi-
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sualisation of uncertainty lead to an increase in workload when the delay indicator
is shown (z = =7.91, p < 0.01,r = —0.27) and also when the delay indicator is not
shown (z = -7.02,p < 0.01,r = —0.23).

This finding corresponds with the verbal responses of the participants, most
of whom indicated that understanding the extended, more complex display with
uncertainty required more attention. Two exceptions are the addition of a delay
indicator in Scenario 1 with uncertainty and Scenario 4 without uncertainty. In gen-
eral, the addition of the uncertainty indicator also tends to increase the subjective

workload.
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Figure 4.20: ISA workload reported in experiment.

Aircraft symbols

e When aircraft symbols (the black triangle in Figure 4.12) below the time
line would overlap (i.e., multiple aircraft are predicted to arrive at almost the
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same time), the display would vertically separate them to show the individual
aircraft. Nine participants indicated that this vertical stacking was their main
cue for initial spacing as soon as new aircraft appeared.

At high traffic volumes, four participants indicated that they would only
space the aircraft symbols evenly, regardless of the spacing indicator or the
occupancy expectation. This behaviour was recognised by other partici-
pants as well and suggests that participants tended to fall back on the basic
information at high task demand.

e All participants understood the meaning of the control space indicator and
the fact that the control space would shrink as the aircraft approached the
end of the time line. Six participants actively aimed to save some remaining
control space for later corrections. However, these participants did not use
the uncertainty information to decide on the amount of control space buffer.

* Since participants were scored both on the amount of underspacing and
the amount of deviation from the predicted ETA, six participants actively
tried to minimise the deviation when, due to prediction error, excess space
became available. Two participants typically selected the aircraft with the
least deviation to resolve a spacing conflict between two aircraft.

* Without uncertainty, the occupancy blocks were used to determine the re-
quired spacing. These functioned in the same manner as the spacing indica-
tor but were a stronger visual attractor.

Uncertainty indicator

When provided with the uncertainty display, participants had widely varying strate-
gies.

* Some participants focused on the PDF and separated the flights by ensur-
ing that the tail of the PDF did not overlap the separation indicator. While
this ensured that the uncertainty of the aircraft under control would never
lead to a spacing error, the separation indicator was bound to the predicted
arrival time of the leading aircraft, therefore not including that prediction’s
uncertainty. The other aircraft could thus still get closer to the aircraft under
control and cause a conflict.

* Two participants used the width of the PDF to decide on setting an RTA. One
participant sequenced aircraft with smaller uncertainties together to take
benefit from the higher degree of certainty of the spacing between those
aircraft. The other participant moved the most certain aircraft first as those
could be moved to a definitive arrival time.
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 Participants used the visualisation of the occupancy expectation in two dis-
tinct ways: One group would continuously aim to get all the excess below the
maximum available capacity. This technique provides sufficient separation
but leaves large amounts of excess spacing between aircraft and is often not
feasible due to the high number of aircraft. The second group would try to
spread out the excess initially and then further detail the spacing to achieve
sufficient separation. While not leading to excess spacing, this technique
takes more time and often leads to multiple consecutive actions on the same
aircraft.

Delay indicator

In principle, the technique of roughly spreading out excess demand at the right
side of the time line would benefit from the delay indicator. This indicator would
immediately show whether adjustment of an aircraft would be sufficient to allow
spacing of all aircraft involved in a conflict. However, only three participants
appeared to have correctly understood the relation between the delay indicator
and the excess demand.

* One participant did actively aim to create gaps between the end of the delay
indicator and the occupancy expectation of the next bunch of aircraft. This
strategy is equivalent to pre-planning buffers between groups of conflicts.

* Four participants recognised that a set of aircraft spanned by a single delay
indicator formed a group of aircraft involved in a conflict. Resolution of such
a conflict is possible without affecting aircraft in other groups.

* Since the delay indicator only showed how far back aircraft would have to
move, two participants indicated that this visualisation generated a bias
toward delaying aircraft instead of planning them to arrive earlier.

4.7.3 Conclusions on the first experiment

Despite the considerable training time, the responses indicate that only a few
participants fully understood the objects on the diagram and their relation to
solving the planning problem. The visualisation of uncertainty and a priori delay
had a small effect on how participants scheduled the simulated aircraft. In most
cases, visualisation of uncertainty led to delayed decisions without significant
improvements to the quality of the resulting schedule. This effect is contrary to the
objective of the display.

Only three participants recognised the equivalence between the area indicat-
ing excess runway occupancy and the delay indicator. Furthermore, only a few
participants identified that creating gaps in the delay area would split conflicts
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into more manageable problems. Adding the delay indicator provided little help in
solving the planning problem.

Some aspects of the experiment may have undermined the ability of partici-
pants to change their strategies based on the available information:

* In general, participants found the traffic volume to be high. With high traffic
volume, limited options exist for solving the planning. The participants
often employed a reactive strategy consisting of spacing all aircraft at regular
intervals and continuously correcting errors as aircraft approach the end of
the time line.

e The high task demand especially showed when participants would have
probed a change but failed to commit that change since that would require
clicking a button outside the time line. Several participants suggested using
the keyboard for commands such as committing or cancelling a probed
change.

* Participants were introduced to the display through a series of training sce-
narios. These scenarios introduced all aspects of the display. However, the
lack of understanding by some participants suggests that training was in-
sufficient. During discussions afterwards, some participants suggested that
providing basic strategies during training would have helped them better
apply the information available through the new display items.

* Figure 4.17 shows a high amount of small corrections in the last phase of
the flight. These corrections would never change the sequence but only
correct small overlaps. In those corrections, participants used little more
information other than that the two aircraft were not sufficiently separated.
The presence of uncertainty or delay visualisation did not affect the decision-
making process during this phase of the flight.

4.8 Second experiment

As the first experiment failed to provide conclusive results, a smaller second ex-
periment was performed to analyse several trends in the first experiment. The
experiment design aimed to eliminate some of the confounding factors from the
first experiment. This section will only discuss the differences from the previous
experiment.

The most important confounding factor was the introduction of two display
features under test: uncertainty and the delay indicator. Since this research focuses
on uncertainty, the second experiment display always showed the delay indicator.
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A second factor was the amount of traffic and the effort required to separate
that traffic. The high task demand load prevented most participants from prop-
erly evaluating different solutions. Furthermore, participants spent much time
correcting small spacing errors toward the end of the flight (the left side of the
time line). Since these corrections only consisted of addressing underspacing as it
appeared, they did not require participants to evaluate the available options other
than moving aircraft apart until the conflict was resolved.

Based on the information provided by the first experiment, two changes were
made to allow participants to consider different options: The traffic density was
reduced considerably, and an automated algorithm would try to correct for small
underspacing errors from 60 simulated minutes before landing.

The next subsections will first discuss the simulation and traffic samples to
describe the new scenario under test. The following subsections will then discuss
the hypotheses, the participants, and the experiment properties.

4.8.1 Simulation

The automated spacing algorithm applied a spacing technique based on first-arrive-
first-served. This algorithm is also in operation with LVNL: Aircraft are initially
planned on the time that they are expected to arrive. If the next aircraft is predicted
to arrive too close to the previous one, it is delayed until sufficient spacing is
achieved. The algorithm is neither allowed to make aircraft arrive earlier nor is it
allowed to change the predicted sequence.

The automated algorithm in this experiment only operated on the last 60 sim-
ulated minutes—the left half of the time line. Furthermore, the algorithm is not
allowed to move aircraft beyond their available control space. Therefore, the par-
ticipant was left to provide an initial planning so that the automated system could
resolve the remaining conflicts.

Since a human operator would make the initial planning, the algorithm did
not change the arrival times of aircraft that had already received an RTA change
from the operator. The operator was able to release these aircraft for automated
planning. Using this technique, the operator could request aircraft to arrive earlier,
generating room for the automated system to resolve conflicts behind that aircraft.

The display was almost identical to that of the initial experiment, except for:

* The addition of colours to aircraft symbols to indicate their planning state.
This enabled participants to recognise which aircraft were unplanned,
planned by the operator, planned by the automated system, or probed for a
changed arrival time but not yet committed.

* The delay indicator would change to red when one of the aircraft in a conflict
could not be delayed sufficiently to resolve the conflict by delay only. This
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addition aimed to counter the perceived bias toward delaying aircraft.

* Beside buttons on the screen, keyboard commands were provided for can-
celling or committing probed RTAs and for releasing aircraft to the automated
planning system.

4.8.2 Traffic

Only a single traffic sample was used to avoid the confound generated by differences
in the traffic sample. While participants were shown the same scenario twice in
that experiment, none of the participants actually noticed the similarity.

The traffic sample was generated using the same technique as in the prior
experiment (see Section 4.6.1). To reduce task demand, the parameters were altered
by trial and error to create a more manageable sample. While the same spacing
interval of 200 seconds was used, the additional buffer was increased from 80 to
100 seconds. The standard deviation of the initial schedule error was decreased
from 150 to 140 seconds.

In the previous experiment, the standard deviation of the uncertainty varied
uniformly between 50 and 200 seconds. Due to this variation, differences in uncer-
tainty between aircraft were not very pronounced (see Section 4.7.1). The resulting
smaller differences in uncertainty between flights made the amount of uncertainty
irrelevant in most spacing decisions. Therefore, the second experiment used two
possible values for the standard deviation of the uncertainty: Either 50 or 200
seconds.

Finally, a second scenario was generated by using the same traffic sample but a
smaller required spacing of 160 seconds. This scenario had a lower task demand
load but was otherwise comparable to the first scenario both in schedule and
prediction error.

The reduced task demand is noticable in the magnitude and number of changes
to resolve the scenario: The optimal solution to the planning problem required a
total of 14 minutes of RTA changes in the scenario with 160-second spacing and 24
minutes in the scenario with 200-second spacing.

4.8.3 Participants

Eight participants were randomly selected from the participant group from the
previous experiment. By doing so, the participants had some initial experience
with the display, and no confounding factor would be introduced by a difference
in experience with the display. However, some participants indicated they had no
real recollection of the previous experiment and the potential strategies.
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4.8.4 Procedure

The training consisted of the same scenarios as the previous experiment, extended
with scenarios that explained the automated spacing capability. Participants were
coached in using the keyboard to allow focus on the time line. No coaching was
performed during the measurement runs.

In the previous experiment, participants suggested that an explanation of strate-
gies during training would have helped in understanding the provided information.
Using a checklist, an instructor provided a fixed set of recommendations to each
participant during the training:

* Ared delayindicator means that a solution has to be found by moving aircraft
forward.

* Use the automated spacing algorithm whenever possible to save time.
* The delay indicator shows which aircraft form a single conflict.

e If presented with a high amount of excess, make an initial spacing to simplify
the spacing problem.

e Try to “break up” the delay indicator as this reduces a larger problem with
many aircraft to several smaller problems with a few aircraft.

* Note that delaying the last aircraft under the delay indicator does not break
up that indicator until it is moved completely to the end.

e It is best to reduce excess deviation such that there is a little occupation
expectation above the limit. Do not try to remove all excess as prediction
error is likely to either undo your correction or achieve the spacing by itself.

* When uncertainty is visualised, note that moving uncertain aircraft helps
less in reducing the excess occupancy expectation than moving aircraft with
low uncertainty.

4.8.5 Independent variables

Since the setup was similar, most experiment variables were identical. As the
displays and scenarios had been changed, the experiment had the following inde-
pendent variables:

* Scenario: high or low task demand load.
* Display: with or without uncertainty

 Participant: the individual participant in each experiment.
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In all experiments, subjects would follow a fixed repetition of the scenarios. The
first two runs for each participant were either with or without the uncertainty
visualisation. Finally, the combination of scenario sequence and display sequence
were balanced over the different participants to prevent confounding effects of
training or fatigue.

4.8.6 Hypotheses

Rather than setting broad hypotheses based on the effects on the total schedule,
the hypotheses for the second experiment focus on possible changes in planning
strategy due to the presence of uncertainty visualisation.

The occupation expectation indicates whether a set of aircraft fits, regardless
of their exact scheduling. An initial spacing can be achieved by roughly spacing
aircraft such that the expectation is near the capacity. Subsequently, fine-tuning is
possible near the limit for the automatic spacing algorithm.

The occupation expectation based on uncertainty indicates the risk that the
initial solution will be incorrect due to prediction error. Visualising uncertainty
may, therefore, help in deciding to postpone a decision until more certainty on the
schedule is available.

H 1 :Visualisation of uncertainty reduces the number of actions applied
to individual flights.

Given sufficient space and information on the uncertainty, the amount of
uncertainty may inform the size of the required buffer. A suitable strategy would
be to increase the spacing buffer for aircraft with higher uncertainty.

H?2 :Visualisation of uncertainty increases the buffer applied for flights
with higher uncertainty.

4.9 Second experiment results

All of the experiment’s 32 runs were successfully completed. This section will first
describe the objective measurements, followed by the workload analysis. The last
section will draw conclusions from these results and the hypotheses.

4.9.1 Objective metrics

Compared to the previous experiment (Figure 4.14), Figure 4.21 shows a lower
number of RTAs. The scenarios in the second experiment were longer, and therefore
more aircraft were handled. Fewer small corrections were needed on the left-hand
side of the time line due to the automation, therefore reducing the total.
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Figure 4.21: Number of RTAs requested in the second experiment.

In the scenario with a lower spacing requirement—and therefore lower
demand—the number of actions tends to be reduced when the display shows
uncertainty although the variation tends to increase. The difference is not signifi-
cant (T =12,p =0.37,r = 0.08). In the high demand scenario, the difference is less
pronounced and also not significant (T = 17, p = 0.83, r = 0.05). While this finding
invalidates the first hypothesis, the results should be evaluated in conjunction with

the quality of the spacing result.

5
g4 14 T
3t
S _
3
o0
= -
S 2| 1 2] |
7
c
<
=
= |
0 ‘ : 0

N/D u/D N/D u/D

N=8 N=8 N=8 N=8

(a) 160s spacing (b) 200s spacing

Figure 4.22: Total insufficient spacing at landing. Note that no spacing errors were made in
the 160s spacing scenario with uncertainty display.

The low demand scenario—in combination with the automated spacing
algorithm—allowed some participants to prevent any underspacing. In combina-
tion with the uncertainty display, all participants were able to provide sufficient
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spacing. Even in the scenario with high traffic density, several participants deliv-
ered sufficient spacing. Compared to the low-demand scenario, however, slightly
more errors were made in general, and even more with the uncertainty indicator.
In both scenarios, these effects were not significant (T =6,p = 0.35,r =0.24/T =
10, p = 0.50, 7 = 0.17 respectively).
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Figure 4.23: Amount of requested deviation more than required for optimal solution.

As in first experiment, participants in this experiment requested about twice
the amount of deviation than required for the optimal solution. The corrections
made by the automated algorithm reduced efficiency even further but are excluded
from the analysis. The uncertainty visualisation moderately increases the amount
of excess change in the lower demand scenario to (T =2,p = 0.03,r = 0.56), and
appears to decrease changes in the high demand scenario. The latter finding is not
significant, however (T = 16,p = 0.78,r = 0.07).

The automated algorithm performs part of the spacing task. The number of
additional corrections by the algorithm, therefore, provides an extra measure of
quality. Figure 4.24 shows that introduction of the uncertainty display did not affect
the number of RTAs requested by the automation (T =11,p =0.16,r =0.25/T =
17,p = 0.44, 1 = 0.04).

Figure 4.25 shows the spread in timing and magnitude of the RTA changes.

Similar to the previous experiment, the display without uncertainty has a higher
peak at the first point where the participants could request an RTA. At higher
demand, more corrections occurred on the left side of the time line, with the
uncertainty display leading to even more corrections.

Figure 4.26 confirms that participants tended to act later when uncertainty
was provided, in particular in the high-demand scenario. The effect is not present
in the low density scenario (U = 7713, p = 0.023,r = 0.14). In the higher demand
scenario, a medium effect size is measured (U = 10721, p < 0.01, r = 0.38).
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Figure 4.24: Number of RTAs by the automated algorithm.
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Figure 4.25: Location and ETE of RTAs. The heatmap indicates the ETE (x-axis, [min]) and
amount of requested change (left y-axis [min]). The plot indicates the number of RTAs per 5

minutes (right y-axis).
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Figure 4.26: ETE at which RTA changes were requested.

Figure 4.25 also shows fewer actions on the left side of the time line. The smaller
distribution in Figure 4.26 confirms this finding. No corrections were needed in
this scenario once the automated system gained responsibility for separation. The
lack of corrections during the automated phase suggests that initial spacing was
sufficient for the automated system to resolve remaining conflicts.
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Figure 4.27: Initial uncertainty of aircraft for which RTA was requested in the second ex-
periment. Since aircraft only started with a 50 or 200 s standard deviation uncertainty, no
boxplot can be calculated. The middle indicator, therefore, indicates a mean.

Figure 4.27 shows the relation between the initial uncertainty of aircraft and
the number of RTAs requested for those aircraft. According to the graph, the
participants applied more corrections to aircraft with higher initial uncertainty.
The aircraft with higher uncertainty are more likely to have a higher prediction
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error. Therefore, it is likely that these aircraft will need further corrections as they
tend to deviate more.

In general, the preference for high uncertainty aircraft decreased somewhat
when uncertainty was shown. Most participants appeared to prefer adjusting
the more accurate flights when they were aware of the flights’ uncertainty. The
difference due to visualisation of uncertainty is not significant for the low demand
scenario ()(2(1, N =268) =3.36,p =0.07,r =0.11) and significant but small for the
high demand scenario (XZ(I,N =336),p =0.02,r =0.12).

Figure 4.28 further explores this preference for aircraft with higher or lower
uncertainty. The heat map indicates when RTA changes were requested for high
and low uncertainty flights. The white line indicates the running mean uncertainty
over 20 minutes of the aircraft that received an RTA at that time. Especially in the
first quarter of the time line (i.e., 1.5-2 hours before arrival), the preference for
requesting RTAs from low uncertainty flights increases.

200

50

Scenario 1: Uncertainty [s]

200

50

Scenario 2: Uncertainty [s]

0
0 60 120 60 120
N/N N/D

Figure 4.28: Preferences for high or low uncertainty flights in requesting RTAs. The heat
map indicates at what time and at what uncertainty RTAs were requested. The white line
indicates the running mean uncertainty over 20 minutes of flights for which an RTA was
requested in that interval.

To test the hypothesis that visibility of uncertainty influences the buffer applied
between aircraft, the remaining buffer at the 60 minutes mark is calculated. At this
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point, the automated algorithm has not corrected the spacing yet. Figures 4.29
and 4.30 show the distributions of the buffer with, respectively, the leader and
trailer of the aircraft for which a change was requested.
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Figure 4.29: Relation between uncertainty and applied buffer with respect to leading aircraft
at 60 minutes before landing. U, represents the initial standard deviation of uncertainty of

the flight.

The difference in buffer with the leading aircraft in the low demand scenario
is not significant for either the flights with low uncertainty (U =978,p =0.47,r =
0.01), or the flights with high uncertainty (U = 4020, p; = 0.357,p, = 0.715,r =
0.03). A similar result is found for the high demand scenario (U = 2116,p =
0.38,r = 0.03/U = 6686,p = 0.21,r = 0.06). The results of the low demand sce-
nario show a large difference in variance between the low uncertainty and high
uncertainty aircraft. For the aircraft with high uncertainty, this variance is larger
when the uncertainty is not shown and smaller when uncertainty is displayed.
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Figure 4.30: Relation between uncertainty and applied buffer with respect to trailing aircraft
at 60 minutes before landing. U, represents the initial standard deviation of uncertainty of
the flight.

No significant difference due to the visualisation of uncertainty was found for
the low uncertainty aircraft in the low demand scenario (U = 742,p = 0.04,1r =
0.25). Similarly, no difference was found for high uncertainty aircraft in this sce-
nario (U = 3671,p = 0.18,r = 0.12). The difference in variance in the spacing
buffer with the leading aircraft in Figure 4.29 is not present in the spacing buffer
with the trailing aircraft in Figure 4.30. For the high demand scenario, no signif-
icant effects of the visualisation of uncertainty were found either for either low
or high uncertainty aircraft (= 2017, p = 0.45,r =0.08/ U =6668,p = 0.41,r = 0.06
respectively).

As shown in Figures 4.29 and 4.30, the size of the spacing buffer has no clear
relation with demand, display, or the uncertainty of the aircraft under control.
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However, the variation of the buffer appears to be dependent on all three, in par-
ticular for the spacing with the leading aircraft. The variation in the buffers in the
high-demand scenario is smaller than the variation in the low-demand scenario. In
the high-demand scenario, limited options exist to provide spacing in most cases
hence not allowing for a large variety in spacing choices.

When demand is low, variation does depend on both the aircraft’s uncertainty
and the display of that uncertainty. At low, but visible uncertainty the strategy of
the participants seems to vary strongly. Some participants provide large buffers to
the low-uncertainty flights, whereas other participants provide smaller margins.
Apparently, this choice also depends on the visualisation of uncertainty.

4.9.2 Workload

21— - 2 — .
%
g 0f 1 of i
)
3
N . L
—2 - - =2 —= n
1 | | |
N/D u/D N/D u/D
N=148 N=149 N=151 N=151
(a) 160s spacing (b) 200s spacing

Figure 4.31: ISA workload during the second experiment.

As with the previous experiment, the introduction of uncertainty visualisation
increased the participants’ perceived workload. The increase was significant but
with a small effect size for both scenarios (z =4.92,p <0.01,r =0.29/2 =4.39,p <
0.01, r = 0.25). As expected, the lower demand scenario leads to a lower perceived

workload.

4.9.3 Conclusions on the second experiment

The objective of the display is to allow users to decide between setting an RTA
immediately versus waiting until more is known about the risk that prediction
errors disturb a planned schedule. By visualising uncertainty, the operator was
expected to better understand the risk of erroneous predictions for each particular
flight. This should enable delaying decisions for flights with high uncertainty.
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Participants did delay RTA decisions when uncertainty was displayed. However,
the results of the second experiment do not demonstrate a clear difference in
the number of RTAs when uncertainty is visualised compared to when it is not.
Hypothesis H1 is therefore rejected.

Understanding the uncertainty in a prediction could also help in assigning
spacing buffers. Providing larger buffers around uncertain ETAs could ensure that
prediction error does not lead to a spacing violation at landing (Hypothesis H2).
The experiment did not clearly demonstrate such an effect of the visualisation of
uncertainty. In the low-demand scenario, the visualisation of uncertainty allowed
all participants to plan a schedule that ensured sufficient separation at landing.
However, this improvement is likely at the cost of more deviation than necessary
for the optimal solution.

The experiment did show several changes in strategy depending on the display
and the scenario demand:

1. Participants tended to wait longer before committing an RTA when uncer-
tainty was displayed. This effect is particularly notable in the high-demand
scenario.

2. When uncertainty was displayed, the participants issued more RTAs to air-
craft with low uncertainty.

3. The strategy for assigning a buffer between aircraft varied between subjects,
especially in the low-demand scenario. When uncertainty was not shown,
the variance mainly applied to the uncertain ETAs (i.e., the aircraft with high
uncertainty). With the uncertainty display, the variance shifted to the low
uncertainty aircraft.

Finally, as with the previous experiment, adding the uncertainty visualisation
to the display tends to increase workload. The participants indicated that recognis-
ing spacing conflicts was harder when uncertainty was displayed. Furthermore,
deciding on an appropriate strategy based on the uncertainty required more effort.

4,10 Discussion

Neither experiment was able to demonstrate the expected effects of the visualisa-
tion of uncertainty or the a priori total delay. Several factors introduced too much
variation for any effect to be notable. However, the experiments did demonstrate
some effects of these additions. This section discusses the experiments’ validity
and the display’s applicability in actual operations.
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4.10.1 Effects on planning performance

The objective of displaying the uncertainty associated with an ETA is to enable
more prudent decision-making. These changes aim to reduce the number of
corrections to achieve sufficient spacing with minimal delay. The hypotheses,
therefore, expected less excess deviation, less underspacing, earlier decisions and
a lower number of RTA changes.

Both experiments failed to provide a definite conclusion on spacing perfor-
mance. The type of visual aid did not significantly affect the amount of excess
spacing or underspacing. Similarly, the number of RTA changes depended more
on the scenario, not on the displays.

The participants requested RTAs later when uncertainty was provided. The
participants explained that the block-wise display provided a more obvious signal
for a need for deconflicting aircraft. This form of the occupancy indicators stacked
more clearly than the wider occupancy expectation curves.

At high demand, the number of options to resolve spacing issues is too limited
for uncertainty information to be useful in the decision-making process. Both
experiments showed more substantial effects of the different visual aids at lower
demand. The second experiment, in particular, showed more spacing errors and
more excess adjustments with visual aids. The experiment also showed that the
presence of uncertainty information changed the variation in buffer strategies
between participants from the higher uncertainty flights to the lower uncertainty
flights.

When decisions are based on the visualisation of uncertainty, the participants
need a good understanding of the effects of uncertainty on the resulting schedule.
In the first experiment, the participants explained that understanding that effect
proved difficult. The changes to the second experiment did not lead to the expected
improvement in performance either.

4.10.2 Expert display for expert users

Training in the second experiment did include an explanation of possible strategies.
However, resulting strategies between participants did still show considerable
variation (see Figures 4.22 and 4.23). It may well be that operators need a better
understanding of the scheduling problem itself before information on uncertainty
provides additional benefits.

Prior work on Ecological Interface Design (EID) stressed that that approach
aims to develop interfaces for the control of complex systems by expert users of
those systems [12], [13]. Bennet and Flach propose that, since the system is com-
plex, the interface also has to represent that complexity. Only then does it provide
all information on the controlled system that could be of value in the decision-
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making process [13]. In the case of our experiments, the participants may first have
to grasp the intricacies of managing arrival times in uncertainty before elements
on the display are meaningful to their decisions. Besides asking operational ex-
perts as participants, users may need further training to understand the unfamiliar
presentation of, perhaps familiar, concepts, as suggested by Jamieson [14].

4.10.3 Validity compared to actual operation

During both the first and second experiment, the uncertainty was introduced by an
error based on a fixed cumulative error based on the aircraft’s uncertainty. With an
uncertainty that decreases linearly with remaining time to fly, this error decreases
linearly as well. In actual operation, the error can change instantly or linearly
(see Chapter 3). Furthermore, the error does not necessarily change in the same
direction. The application of the actual uncertainty as modelled in Chapter 3 will
be addressed in Chapter 6.

The gradual deviation of an aircraft from its indicated ETA meant that par-
ticipants could space aircraft and then see how the situation would develop. At
no point would the sequence change suddenly. In reality, many changes will be
stepwise (see Section 3.4.4). A few participants did recognise the error’s linear
behaviour and actively corrected for it (i.e., providing a buffer in the direction
opposite to the error). A future experiment should apply a more realistic error
model with more instantaneous and non-linear changes. Such a model could
force participants to consider that an aircraft can change to anywhere within its
predicted uncertainty envelope.

The application of accelerated-time simulation to the AMAN obfuscates one of
the major problems of such a long-term planning process: Such substantial delays
between decision and actual result make it harder to keep track of the original plan
and to notice deviations from that plan. An experiment would see a real-time test
with such delays for a valid comparison. However, this would require multi-day
experiments with similarly long training sessions.

4.10.4 Extending the scope

Looking back at the abstraction hierarchy in Figure 4.9, some elements were ad-
dressed in these experiment. However, the coverage is far from complete. This
section will discuss four limitations in the current display: The possible effects of
the sequence on capacity, the applicability to an airport with multiple runways,
the actual possibility and cost of an adjustment of arrival time, and the effects on
the upstream controller’s workload.

The current concept does not yet address sequencing. Depending on the airport,
sequence optimisation can be a valuable means to increase capacity by using
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the variation in spacing time between different aircraft types (see Section 2.2.2).
However, determining a suitable spacing distance for presentation is not trivial:
When the uncertainty on the ETA is large enough to span multiple aircraft, the
sequence itself is uncertain. When the sequence is unclear, the pairs of in-trail
aircraft cannot be determined. Without a determined pair, the spacing interval
itself cannot be fixed. Therefore, the resulting demand graph will have to take
uncertainty in the required separation into account.

The lower right of the abstraction hierarchy in Figure 4.9 shows several as-
pects of the system which influence the available capacity. Especially at airports
where runway combinations are varied to accommodate varying demand—such
as Amsterdam—timely decisions will enable early trajectory decisions for arriving
aircraft and early departure decisions for departing aircraft that compete for the
use of the same runway. A key problem in providing meaningful representation of
multiple resources (i.e., runways) is that a distinction needs to be made between
global excesses in demand (i.e., more aircraft than the airport can handle) versus
local excesses (i.e., too little spacing at one runway). The first can be directly shown
on the time line by raising the capacity limit to the limit of the complete airport.
Visualising demand and capacity per specific runway requires knowledge of which
aircraft uses which runway.

The current approach assumes that aircraft can and prefer to make an equal
adjustment in faster and slower speed. In reality, however, the available speed
change may not be that flexible. Furthermore, adjustments may be available
through other means (e.g., take-off delay, route adjustment). This would make
the available speed envelope much more dependent on individual aircraft. Also,
the display does not yet indicate the cost of a change, and, thus, the efficiency
of the manoeuvre. A five-minute delay can be achieved with a minimal change
in speed—and efficiency—if performed two hours before landing. A 30-minute
change, however, requires considerable path changes, which may cost considerably
more fuel for the same gain in time. Similarly, the cost of a delay depends on the
commercial operation of the airline and is unlikely to be equal for each operator or
even for each flight.

This chapter did not evaluate the spatial relation between inbound aircraft. The
routes of the inbound aircraft may impact the possibilities for achieving a certain
sequence. Furthermore, the complexity of achieving that sequence—and thus
task demand for the upstream controllers—also drives the quality of an AMAN
sequence. Inclusion of those parameters requires extension of the HMI with a
spatial relation which—most likely—requires a plan view of the traffic situation as
also found in Section 2.5.5.
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4,11 Conclusion

The current AMAN displays support planning an arrival sequence as long as the
underlying ETAs are sufficiently accurate. Errors in predicted arrival times result in
unreliable Scheduled Time of Arrivals (STAs). Corrections are needed when flights
deviate from the planned arrival time, which increases workload and reduces flight
efficiency. The current AMAN approach is, therefore, to limit the planning horizon
to that at which uncertainty is sufficiently small.

The proposed display aims to show the uncertainty to the operator such that it
may form an integral part of the operator’s decision-making process. By showing
the uncertainty as its PDF and the resulting expectation, the display aims to provide
both the uncertainty and the effect of that uncertainty on the higher level objectives.
This will facilitate extending the AMAN horizon.

Initial experiments demonstrate that such additional information is only of
value when the schedule offers sufficient room for spacing based on uncertainty
to take place. The hypothesised improvements in efficiency were not seen, how-
ever. This is mainly due to the complexity of the display, the underlying planning
problem, and the difficulty of testing novel interfaces experimentally.

4,12 Recommendations

Further experiments will be necessary to investigate the potential effects of visual-
ising prediction uncertainty. These experiments should, first of all, allow for more
training per participant to allow a more in-depth understanding of the dynamics
of an arrival plan based on erroneous prediction information. Secondly, the nature
of the error should be more realistic such that a plan may suddenly become unsuit-
able rather than slowly degrade. This behaviour would put a higher significance on
the risks associated with planning uncertain flights. Finally, experiments should be
performed in real-time simulations to introduce the effects of long delays between
action and effect.

The next steps in developing the interface itself should focus on improving
support. The current display only provides information on the quality of the sched-
ule in terms of spacing. The display does not indicate the costs of changes and,
therefore, the actual quality of the solution.

Finally, the display should be developed to widen its applicability of the display
to more situations. These include support for wider variation in available solution
space, multiple runways and varying spacing intervals.
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CHAPTER

VISUALISATION FOR MULTIPLE RUNWAYS

The proposed visualisation of arrival times in Chapter 4 supports operations for
a single metering point (e.g., one runway). Furthermore, although the display
visualises demand and capacity, it does not indicate the efficiency of the selected
planning. This chapter proposes an extension of the display that provides support
for multiple runways, shows the balance between demand and capacity, and
indicates the quality of the actual planning. The basis of this chapter is an
existing publication. This may cause some repetition of previous chapters.

The study in this chapter was performed in tandem with the experiments de-
scribed in the previous chapter. Therefore, parts of the chapters may overlap.
Similarly to the last chapter, this work developed in parallel with the work in
Chapter 3. The experiment in this chapter uses a simplified uncertainty model
that has no relation to the model proposed in Chapter 3. This allowed for a more
controlled experimental setting and limited dependency on progress in both
streams.

This chapter is based on the following publication:

Paper Title Supporting runway planning by visualizing capacity balances of
arriving aircraft streams

Authors J. de Wit, M. Tielrooij, C. Borst, M.M. van Paassen and, M. Mulder

Published in IEEE Conference on Systems, Man, and Cybernetics (pp. 2989-
2994), October, 2014, San Diego CA, USA
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5.1 Introduction

After a small decrease in 2013 due to the economic crisis, air traffic volumes in the
EU steadily increased during 2014-2019 [1]. As a result, especially larger airports in
the EU have to manage a large increase in arriving and departing traffic while avoid-
ing congestion at the airport and in its surrounding airspace. A similar situation
existed in the 1990s during the development of the first operational requirements
for an Arrival Manager (AMAN) [2]. The AMAN concept aims to support Air Traffic
Control (ATC) in sequencing and scheduling a stream of arriving aircraft into the
airport.

Some Air Navigation Service Providers (ANSPs) regard AMANSs as essential
tools to support the Air Traffic Controller (ATCO). In these regions, AMANSs are
mainly used to regulate the traffic flow into the Terminal Maneuvering Area (TMA)
surrounding busy airports and to balance the inbound flow of aircraft and the
available landing capacity. In other regions, AMAN systems are only used as a
traffic awareness tool and provide no interaction with the inbound flow. Finally, at
many, mainly smaller, airports, AMANS are not used at all [3].

Although suited for the task, the currently available AMAN systems are fairly
basic: all display aircraft labels at their respective Estimated Times of Arrival (ETAs)
on a time line. Chapter 4 of this thesis proposed a new AMAN interface which
presents arrival time uncertainty in addition to more conventional parameters.
This uncertainty information might further support ATCOs in planning decisions
since it allows them to anticipate potential errors in the ETAs of aircraft.

However, when conflicting interests arise between aircraft using the available
runway capacity (i.e., arriving and departing traffic), ATC will need to decide on the
active runway configuration. The process of runway planning concerns deciding
which runway configuration to use by balancing the available capacity and the
required capacity (i.e., demand). In this way, runway planning contributes to the
efficiency of the arrival stream by ensuring that all arriving aircraft can land on
time. Furthermore, efficient runway planning also contributes to efficient use of
runway capacity by transferring available capacity to departing traffic whenever
possible!.

This chapter presents the state-of-the-art of AMAN systems and identifies the
absent support for runway planning. Based on these findings, it proposes an
extension to the display presented in Chapter 4 to support the runway planning
decision by explicitly visualising the use of runway capacity and the potential
imbalance between available capacity and demand. Two metrics are developed
that provide insight into the balance between available capacity and demand,
which is the primary driver in the runway planning decision-making process.

'Runway planning is not to be confused with runway assighment. Runway assignment is the
process of assigning aircraft to runways. Supporting this task is considered a topic for future research.
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This project focuses on the case of traffic that arrives at Amsterdam Airport
Schiphol. At this large airport in The Netherlands, five runways are available, and
the traffic demand consists of several distinct peaks of arriving and departing traffic.
Furthermore, legislative restrictions prescribe and limit the use of the available
runways [4]. This combination results in several changes from a configuration of
two landing runways and one departing runway to a configuration of two departing
runways and one landing runway [5]. Therefore, Air Traffic Control the Netherlands
(LVNL) faces a runway planning decision multiple times daily. Although the study
focuses on Amsterdam, several other airports also have multiple runways and
varying traffic densities over the day. Therefore, those airports likely face similar
runway planning decisions.

The chapter is structured as follows. Section 5.2 briefly repeats relevant the state-
of-the-art of AMAN systems from Chapter 2, discusses the arrival management
process, describes the uncertainty-based AMAN, and analyses how these support
the runway planning process. Section 5.3 describes metrics to qualify the balance
between adjusting arrival times and adjusting runway capacity. Based on these
metrics, the section then proposes the extended interface of the proposed runway
planning support tool. The proposed interface has been tested in a human-in-
the-loop experiment described in Sections 5.4. The results of this experiment are
presented and discussed in Sections 5.5 and 5.6, respectively.

5.2 State-of-the-art

In 2010, EUROCONTROL conducted a comprehensive review of the implementa-
tion status of AMAN systems in Europe [2]. This review lists the AMAN products
on the market or in development at that time. The review furthermore provides an
overview of the dispersion of the various products across Europe. Most of these
AMAN systems are still in use today, and Table 5.1 summarises the capabilities
of, respectively, Maestro, OSYRIS, 4D-Planner, IBB, OPTAMOS, the CTAS - Traffic
Management Advisor (CTAS-TMA), and the newly developed AMAN proposed in
Chapter 4, concerning runway planning.

These capabilities all involve determining and visualising the assigned runway,
the Estimated Time of Arrival (ETA) and the Scheduled Time of Arrival (STA) of
aircraft at the runway, the Time to Loose (TTL) advisories given to aircraft when a
delay is required to assure proper spacing of aircraft, and the Time to Gain (TTG)
advisories when aircraft need to speed up [2], [6]-[16]. The remainder of this section
presents a more detailed overview of how the state-of-the-art AMANSs perform on
the various aspects of runway planning. It then discusses some rules of thumb
used for runway planning, revealing how ATCOs tend to use their AMAN in the
current operation.
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Table 5.1: Capabilities of state-of-the-art AMAN systems with respect to visualising Esti-
mated Time of Arrival (ETA) and Scheduled Time of Arrival (STA), Time to Loose (TTL) and
Time to Gain (TTG), and assigned runway (RWY).

System ETA/STA | TTL/TTG | RWY
MAESTRO - v v
OSYRIS v v 4
4D-Planner - v 4
IBP v v v
OPTAMOS - - v
CTAS-TMA v v v
New AMAN v v -

5.2.1 Visualising arrival times

Most of the operational AMANSs (e.g., Maestro, OSYRIS, 4D-Planner, OPTAMOS, and
CTAS-TMA) show one or more vertical time lines on which aircraft labels display
the flight number, and in some cases, the required TTL or TTG [2]. The bottom
of each time line represents the current time. The position of each label along
the time line indicates the ETA or STA of the corresponding aircraft. The current
AMAN at LVNL, the Inbound Planner (IBP), also uses such a vertical time line,
but primarily lists a textual representation of all aircraft, including flight number,
assigned runway, and ETA at the runway threshold [2].

ATCOs can perform the spacing task by inspecting the space between aircraft
labels along the time line using the current time line displays. However, the tradi-
tional systems do not explicitly visualise the spacing in terms of the use of available
capacity. Instead, the use of capacity and associated potential delays only become
evident after—in most cases automated—initial scheduling. Such an initial plan-
ning is only possible when the predicted arrival times are sufficiently accurate. If
the runway decision is required at a longer time horizon, an initial schedule will be
needed at that horizon. If the ETAs have a too high uncertainty, initial scheduling
is not possible. The controller then has to perform the cognitively challenging task
of deciding whether the available runway capacity is sufficient to accommodate
all aircraft without exactly knowing when these aircraft arrive.

The new AMAN (Figure 5.1) described in Chapter 4 provides such an a priori
view on how the current spacing of aircraft affects the available capacity. It shows
the expected runway occupancy and the potential delay necessary to resolve the
shortage of capacity, while not requiring the aircraft to be planned or to be predicted
accurately.
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Figure 5.1: Presentation of expected excess demand, and the time required to resolve these
problems by delaying aircraft as explained in Chapter 4.

The blue areas show the expected occupancy of available landing capacity.
These areas show the expectation that arriving aircraft use the available landing
resources at any given time. The expected occupancy of each aircraft is cumulated
to indicate the expected need for capacity at any given time. When this expectation
exceeds the available capacity (i.e., the green dashed areas above the red capacity
line), an excess in expected occupancy is present in the arrival stream. Assuming
delay as the only strategy, the excess expected occupancy can only be resolved
when an equal amount of expected free runway has passed. This moment can be
determined in time, resulting in an expected delay for the involved aircraft.

Chapter 4 described the initial tests of the new display in an accelerated-time
experiment with student participants. This experiment did not yet show a benefit
of the presentation of uncertainty. Based on input from the participants, the
complexity of the display, combined with limited training, may have obscured
any effect of the displays themselves. However, the experiment suggested that
visualising a priori cumulative delay helped subjects provide sufficient separation
without increasing the number of corrective actions.

The uncertainty presentation indicates the need for a runway configuration
change to resolve capacity shortages. However, it does not yet support deciding
between a runway configuration change and adjusting the arrival time. When
aircraft are inbound to an airport, they are assumed to have a certain optimal arrival
time: Delay is mostly regarded as a negative factor, whereas flying faster to arrive
earlier leads to a higher fuel burn. When assuming the ETA to be the optimal arrival
time, most AMANSs visualise the deviation of this time for individual aircraft through
the TTL and TTG advisories. These are the consequence of automatically applied
scheduling. However, none of the AMAN systems present an overall value for the
deviations from the original ETA, making it hard to judge the overall efficiency in
the arrival stream. It could well be that all aircraft are spaced appropriately, but a
different sequence or spacing would result in a better operational performance.
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5.2.2 Runway planning support

The proposed AMAN only visualises traffic to one distinct runway. Hence no run-
way planning support is available at all. Other AMANSs considered in this research
indicate on which runway arriving aircraft are scheduled to land, as assigned by
approach control, based on the active runway configuration and the direction
from which the aircraft arrive. Some systems use different time lines for different
runways (e.g., Maestro, OSYRIS, 4D-Planner, OPTAMOS), whereas other systems
use different areas in the interface to list traffic for different runways (e.g., IBP).

As discussed previously, both arriving and departing traffic may require runway
capacity at the airport. Assuming single modes of operation, ATC should minimise
the use of runways for arrivals to prevent delays on departures. Hence, to achieve an
optimal arrival planning that considers the different traffic flows, usage of runway
capacity is an important parameter. Although runway assignment is visualised in
the various interfaces, the already applied automatic scheduling and assignment
may hide how the current runway assignment affects the available runway capacity.
Consequently, any inefficient use of runway capacity is difficult to detect. Mental
processing of the information is required for this purpose, which generally takes
longer and could increase the ATCO workload.

5.2.3 Runway planning rules of thumb

Two interviews were conducted with ATCOs responsible for arrival management
at LVNL. A live demonstration of IBP, the AMAN in use at LVNL, and a structured
interview afterwards revealed that creating a good arrival planning is a cognitively
challenging task. Moreover, it became apparent that these controllers use several
rules of thumb to supplement the information shown on their AMAN. For example,
specifically for runway planning, one such rule states that a TTL advisory of four
minutes or more warrants using another runway configuration to increase available
capacity. Hence, it is the ATCO who integrates the information into the decision
to change the configuration, not the AMAN. Suppose the display would show
the ATCO the available capacity and the demand. In that case, a more accurate
decision could be made and a runway planning closer to the optimum may be
achieved.

5.2.4 Concluding remarks

Most systems present the ETA, the required TTL/TTG, and the assigned runway.
Those systems support the runway assignment process by showing the assigned
runway for each aircraft. However, none of the current systems indicate the total
deviation from the optimal arrival times and, therefore, the solution’s efficiency.
Furthermore, the systems do not explicitly visualise the efficiency of using the
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runway and require the ATCO to infer the balance of capacity and demand from
the TTL/TTG. This balance is the critical control parameter that governs the runway
planning problem.

5.3 Runway planning support tool

Before assigning flights to a runway, ATC will have to decide on the runway con-
figuration to be used. State-of-the-art AMAN systems do not directly support the
runway planning decision. Although most systems support visualising traffic as-
signed to multiple runways, none explicitly supports the controller in deciding
whether and when to change the active runway configuration. Hence, a mental pro-
cess is required to integrate the information into a decision, which could increase
the workload of the ATCO, and the decision taken will most likely be sub-optimal.
Runway planning concerns the decision which runways to use for arriving traffic.
The new AMAN should at least support the use of multiple runways and support
the decision when to use these runways.

5.3.1 Performance metrics

When multiple runways are available for landing, the runway planning decision (i.e.,
when to open or close the secondary runway) needs to be considered. Following
the findings in Section 5.2, three metrics are defined to drive the runway planning
decision: Absolute Total Deviation (ATD), Unused Runway Time (URT), and Total
Time Deviation (TTD).

The ATD is defined as the sum of the absolute TTL and TTG advisories resulting
from arrival management actions, as assigned to all individual arriving aircraft.
This metric assumes that any deviation from an undisturbed arrival time decreases
flight efficiency. In its current form, the ATD also assumes that a specific duration
of delay is equally inefficient as the same duration that the aircraft arrives earlier
than scheduled.

The URT is defined as the time that a runway is reserved for arrivals but not
used to land aircraft. This metric is based on the assumption that every second a
runway is reserved for arrivals but not used, the runway is unavailable for departing
traffic and causes one second of unnecessary departure delay. For this research,
itis assumed that one runway is dedicated to accepting arriving traffic, and one
runway is in alternating use for either arriving or departing traffic, as is the case at
Amsterdam.

The purpose of the interface is to support the controller in deciding whether
to use additional runway capacity—and possibly generate unused runway time—
or to let aircraft deviate from their optimal arrival times and thereby add to the
total arrival time deviation. When the balance between capacity and demand
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is presented as the balance between ATD and URT, the quality of that balance
can be modelled as the sum of these two (TTD). An optimal solution would then
minimise the sum. This approach assumes that one second of idle runway is equally
undesirable as one second deviation from the scheduled arrival time.

5.3.2 Interface description

Figure 5.2 shows the interface of the new AMAN augmented with runway planning
cues. It is an extension to the AMAN interface for a single runway described in
Chapter 4. The projected arrival schedule is shown on a horizontal axis representing
time. Aircraft symbols on this axis travel from the right to the left, where the right-
hand side indicates the outer prediction horizon and the left-hand side represents
arrival at the runway.

The new interface consists of three time lines. The lines represent the total
airport capacity—top—and the time lines of two individual runways. The available
capacity for both runways is one unit, as indicated by the red horizontal line. A
possible shortage of capacity on one runway might be resolved by changing the
arrival times of aircraft in the arrival stream for that runway or by assigning aircraft
to the other runway. The grey area in this figure represents the time that the second
runway is not used for arriving aircraft. Hence it is available for other purposes
such as departures.

The top time line shows the total available capacity and the total expected
occupancy for all active runways (i.e., the airport). The total occupancy time
line reveals whether the available capacity at the active runway configuration is
sufficient or a configuration change is required. When the occupancy level exceeds
the available capacity, and this problem cannot be resolved by issuing TTL or TTG
advisories, the only remaining solution is to change the runway configuration.

5.3.3 Supporting runway planning

The total airport picture allows direct visualisation of the efficiency of the presented
solution as a function of time. The operator can immediately detect the size and
sources of inefficiencies by showing the cumulative contributions to the ATD and
URT. The cumulative totals at the prediction horizon indicate the total efficiency
of the current schedule.
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Figure 5.2 visualises the ATD as a green line on the graph. For clarity, the figure
shows the origin of each increase in deviation on the primary runway time line.
On this line, some aircraft have a TTL or TTG advisory, as indicated by the arrows
underneath the aircraft symbols. The rise in the green graph corresponds to the
absolute amount of deviation given to the aircraft below. The rise spans the time in
which the arrival time has been shifted. The rise ends at the new position of the
aircraft symbol. At every point along the arrival stream, the green graph shows the
total arrival time deviation of the planning up to that point.

The red graph on the total occupancy time line in Figure 5.2 provides a graph-
ical representation of the URT. The rises in the graph correspond to the unused
capacity—the area not covered by blue expected occupancy—of the runway time
lines below. For clarity, these areas have been shaded in pink in Figure 5.2.

Usually, at least one runway handles arriving traffic at Amsterdam. During
operations with a single landing runway, the URT would increase when no aircraft
uses the runway. This increase would decrease the quality of the balance of demand
and capacity while no demand is present. Therefore, URT is only counted when
the controller decides to reserve additional runway capacity for arrivals. In this
way, the unused runway time becomes an indicator of the efficiency of using an
additional runway.

The TTD, and therefore the quality of the total balance, is indicated by an
orange indicator on the right vertical axis of the total occupancy time line. The bar
indicates an optimal planning when it is at the origin and lower quality as it moves
higher. Since the bar indicates the sum of two graphs, the magnitude of the two
components may be lost to the observer. Therefore, a coloured vertical line reveals
the magnitude of the smallest of the two contributions. The line connects the
graph with the largest component of ATD or URT to the marker for the TTD. The
colour of the line matches that of the smaller component. When the line is green,
deviations from the optimal arrival times provide the smallest contribution to the
total performance deviation (i.e., the contribution of ATD is smaller in Figure 5.2).
When the line is red, the more substantial part of the total deviation is caused by
these deviations in arrival times. This total performance deviation indicator aims
to support the ATCO in making the trade-off between deviating aircraft from their
optimal arrival time or using an extra runway.

5.3.4 Expected Benefits

The AMAN with visualisation of uncertainty as proposed in Chapter 4 provides an
a priori view of the potential delay in solving a predicted schedule. By combining
this view with the ability to change runway capacity, the new display should allow
runway configuration decisions even when the arrival times are uncertain. Using
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the combined information, the runway configuration decision may be taken earlier
than currently feasible.

The approximate timing of the runway decision can be based on the overall
expected delay available from the new AMAN. However, the exact timing of a
configuration change then depends on the final schedule. The presentation of the
quality of the schedule can support fine-tuning the choice between adjustment of
arrival times and the time of the configuration change. By providing such support,
the workload of the ATCO is expected to decrease. At the same time, the efficiency
for airspace users, both arriving and departing, is expected to increase.

5.4 Experiment

The display was tested in an initial experiment with 12 novice participants. The pur-
pose of the human-in-the-loop experiment was to test the effect of the visualisation
of total arrival time deviation, total unused runway time, and total performance
deviation on the quality of the runway planning decision.

5.4.1 Method

Similar to the experiments on the basic display concept described in Chapter 4,
the new visualisation was tested in an accelerated-time human-in-the-loop simu-
lation. Participants were tasked with planning traffic to a fictional airport with two
available runways in the experiment. The primary objective to be achieved was
to provide sufficient spacing between consecutive aircraft at arrival (i.e., the left
side of the time line). The secondary objective was to minimise the total deviation
(TTD).

Initially, only one runway was available. As with the basic display, the controller
could assign Required Times of Arrival (RTAs) to the inbound aircraft to provide
spacing. Additionally, in this experiment, the controller could open and close a
secondary runway and assign aircraft to that runway.

5.4.2 Participants

As with the basic display concept (see Section 4.6.1), the display is not necessarily
specific to aviation. Secondly, the simulated Air Traffic Management (ATM) concept
is currently not operational, i.e., active controllers will not have any experience
with such a concept. Therefore, initial validation of the display not necessarily
requires operational ATCOs.

Twelve participants have taken part in the experiment. All participants were
students or faculty from the faculty of Aerospace Engineering and had no experi-
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ence and, at most global domain knowledge of arrival management. Five subjects
had taken part in the initial experiment on the basic display [16]>.

5.4.3 Scenarios

Three scenarios were designed to provide an equal amount of necessary runway
changes and comparable complexity. The scenarios were run at 30 times actual
speed to provide sufficient task load and measurement data. Each scenario lasted
ten minutes, representing five hours of arriving traffic in real-time.

Traffic in the simulation contained three distinct traffic peaks in which the
use of a secondary runway was unavoidable. All aircraft were assigned a default
runway to which the flights would be assigned when both runways were available.
The distribution of the aircraft was generated using the algorithm described in
Section 4.6.1 with an average spacing of 200 seconds between flights and a 20-
second buffer. Deviation from the regular distribution followed from a normal
distribution with a 200-second standard deviation over ten aircraft. The schedule
contained a continuous flow of aircraft to the main runway. Peak demand was
simulated by generating traffic on the secondary runway during the peak period
using the same algorithm. During a complete run of a scenario, between 69 and 74
flights would land.

The experiment used the same model for ETA uncertainty as used in the first
experiment described in Section 4.6. The model consisted of a normal distribution
with a standard deviation that decreased linearly to zero as aircraft approached
the airport. The initial standard deviation was randomly assigned between 50 and
200 seconds.

Prediction error was based on the uncertainty to ensure consistent behaviour
of the flights. The error was selected as a random point between 0.1 and 0.9 on the
cumulative density function of the aircraft’s uncertainty.

5.4.4 Experiment variables
Independent variables

The first independent variable was the status of the runway planning Decision
Support Tool (DST) (i.e., whether it was turned on or off). With the DST on, the
lines showing ATD and URT and the indicator of their sum were visible.

A second independent variable was the scenario under test. The three scenarios
were generated to have comparable complexity and task load. As demonstrated in
previous experiments, however, the scenario may have a considerable effect on
the experiment outcome (see Section 4.7.1). Table 5.2 shows the six conditions

2This experiment was developed and executed in tandem with the two experiments described in
Chapter 4.
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executed in this experiment, covering all combinations of DST status and scenario.
The experiment conditions were applied using a Latin square design to balance
and reduce the effects of training and fatigue.

Table 5.2: Experiment conditions based on combinations of independent variables.

Condition | DST status | Scenario
A On 1
B On 2
C On 3
D Off 1
E Off 2
F Off 3

Dependent measures

The primary dependent measure in this experiment is the TTD as a consequence
of arrival management. Since this deviation is the sum of ATD and URT, the latter
two were measured during the experiment to determine the total performance
deviation. Per scenario, the minimum performance deviation has been calculated
beforehand. An optimisation algorithm assessed the spacing for each aircraft and
subsequently determined the schedule with the smallest TTD. This value is then
used as the baseline against which the measured data is compared.

In a successful implementation, the controller’s workload should not increase
when the runway planning DST is active. The workload has been measured using
an Instantaneous Self Assessment (ISA) [17] on a continuous visual analogue scale
that popped up every thirty seconds. A sound was produced to prompt for a reply
when the bar appeared, and after five seconds, the outline started blinking. Both the
ISA response and the response time were measured. The analogue scale appeared
above the time line and did not occlude the display or the buttons. Although
participants were instructed to respond to the ISA as soon as possible, their primary
attention lay with the planning task.

5.4.5 Setup and procedure

The simulation was provided on a PC with a 24-inch screen and mouse interaction
only. Participants used headphones to reduce disturbance from outside noise and
to provide the audible cue for the ISA measurement.
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Figure 5.3: Experiment display with multiple runways.

Subjects were able to select aircraft using the mouse. On selection, the aircraft
symbol, its uncertainty and the contribution to the expected use of capacity were
highlighted. A different RTA could be probed by dragging symbols. Aircraft could
also be assigned to the other runway by dragging the symbol to the runway. As-
signing aircraft to the other runway could only be performed at times when the
runway was opened.

The secondary runway was opened by clicking and dragging the capacity at the
desired time. Operationally, the opening and closing of runways and the associated
shifting of traffic patterns take time. A changed runways status had a minimum
duration of 20 minutes to emulate this constraint.

Both for RTAs and runway status, any change was deemed provisional until
explicitly confirmed by clicking a button on the screen labelled Confirm using
the mouse. A second button—Ilabelled Cancel—allowed removal of the probed
changes and to the last saved state.

Earlier experiments on the new AMAN display showed considerable training
effects. To reduce such effects in this experiment, participants first followed a
step-by-step method explaining the various components of the interface. Sub-
sequently, participants performed twelve complee training runs with increasing
traffic complexity using one display version. After completion, the same procedure
was repeated for the other display type.

5.4.6 Hypothesis

The baseline display in Chapter 4 aimed to support planning arrival times such that
the spacing requirement is met with minimal deviation through RTAs. However, the
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display did not indicate the amount of deviation imposed on flights. Through the
introduction of a second runway, an optimal balance has to be achieved between
deviating aircraft from their ETAs and reserving a secondary runway without using
it.

The objective of the performance deviation indicator is to support improving
the total performance deviation. This deviation—ATD + URT—is measured, and
the sum is expected to decrease when the information is provided. The main
experimental hypothesis is, therefore:

Visualisation of the performance deviation indicators leads to less devia-
tion from the optimal scenario value, thus improving the overall runway
planning decision.
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Figure 5.4: Difference of TTD against expected TTD for all 12 participants. The bottom graphs
provide the same box plots with each participant’s individual contributions, including the
individual changes in performance deviation.

In this and all following figures, the label Off represents the display without the deviation
indicators and On represents the display with those indicators.
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5.5 Results

Figure 5.4 shows the distribution of the total performance (ATD + URT) when the
last aircraft landed. In this and all subsequent figures, the difference performance
is expressed as a percentage of the theoretical optimal performance for the scenario.
The figure provides the overall distribution of the performance in the top graphs
and the individual participants’ performance in the bottom graphs. The bottom
graphs allow visual inspection of change per participant. The colour and marking
of each of the lines indicate an individual participant. A high outlier is visible in
all but one condition. The plots show that those outliers all belong to a single
participant.

This section further explores the effects of displaying the ATD and URT on the
participants’ performance. The analysis is based on a graphical presentation of
the results. Any differences are analysed using a Wilcoxon signed-rank test at a
significance level of 0.05 [18].
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Figure 5.5: Difference with expected arrival time deviation (ATD).

5.5.1 Total deviation

Especially in Scenarios 1 and 2, most participants achieved a better total perfor-
mance when using the performance indicator. This improvement is shown in
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Figure 5.4 in the bottom row by the descending lines. In Scenario 3, several partici-
pants performed better while others performed worse. While total performance
tends to improve with the deviation indicator, the difference is not significant
(z=1.71,p, = 0.087, r = 0.20).

TTD is the sum of ATD and URT. To further explain the different effects, Fig-
ures 5.5 and 5.6 show performance for each individual contribution. Figure 5.5
shows that most participants tended to assign far less arrival time deviation than
expected in Scenarios 1 and 2. In Scenario 3, the use of the deviation indica-
tor leads to a smaller variation. For all scenarios, and in particular, for Scenar-
ios 2 and 3, the assigned deviation decreases. The difference is not significant
(z=1.18,p = 0.239,r = 0.14).

Figure 5.6 shows that the participants made more use of the additional runway
than expected in the optimal solution for all scenarios and in particular for Scenario
1. The graphs also show that the outliers that are seen in Figure 5.4. As the bottom
row of figures show, these are mainly due to the relatively high amount of excess
use of the additional runway by one participant. In Scenarios 1 and 3, the display
with deviation indicator decreased the variation in URT between participants.
However, no clear effect in URT due to the presented visualisation exists (z =
0.39,p = 0.694, r = 0.05).
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Figure 5.6: Difference with expected unused runway time (URT).
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The better-than-expected performance shown in Figure 5.5 and the worse-
than-expected performance in Figure 5.6 indicate that the subjects prioritised
avoiding deviation (ATD) over avoiding the use of the secondary runway (URT).
Furthermore, the effect of the presence of the deviation indicator appears to be
dependent on the individual participant.

Differences in strategy may be based on prioritising on of the two components
of the total performance.In Figures 5.7 and 5.8 a subset of participants has been
selected based on the change in performance for, respectively, ATD and URT. In
both figures, only those participants are included for whom performance improved
for either the ATD or the URT when using the deviation indicators in at least two
scenarios. Since some participants improved on both ATD and URT, these groups
are partially overlapping.

Figure 5.7 shows the performance for the participants who showed an im-
provement in ATD. As expected, ATD improves while URT shows little change. In
Figure 5.8, the participants with an improving URT are selected, which leads to an
expected improvement in URT. For this group, the performance on the amount of
deviation in ATD mostly increased.
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Figure 5.7: Performance changes for subjects with improving ATD in at least two of the three
scenarios.
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Figure 5.8: Performance changes for subjects that improved URT in at least two of the three
scenarios.

5.5.2 Deviation consistency

Figures 5.9 and 5.10 present the dynamics of the ATD and URT over time in the
three scenarios. These figures illustrate the increase in deviation from optimal
performance for all 12 participants, as shown in the top-left graph of Figure 5.9.
Effectively the heat maps show the degree of concentration of the 12 graphs of the
individual participants for each scenario and each case. This concentration shows
to what degree these participants performed similarly.

The heat maps support the observation that visualisation of performance devi-
ation in the AMAN interface tends to decrease the variance of the total arrival time
deviation and total unused runway time, particularly for the ATD. Throughout the
scenarios, the spread of the data points increases when the performance deviation
indicators are inactive (see the left- hand plots in Figures 5.9), whereas the spread
remains more concentrated when the performance deviation is visualised in the
interface. In other words, the presence of the performance deviation indicator
tends to lead to a more homogeneous performance among participants.

173



174 CHAPTER 5. VISUALISATION FOR MULTIPLE RUNWAYS

5,000
4,000
3,000

2,000

Scenario 1: ATD [s]

1,000

5,000

4,000

3,000

2,000

Scenario 2: ATD [s]

1,000

5,000

4,000

3,000

2,000

Scenario 3: ATD [s]

1,000

Off: time [h] On: time [h]

Figure 5.9: Density plot of relation between actual time of arrival and cumulative ATD at
that point in the simulation.
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that point in the simulation.
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5.5.3 Spacing

The visualisation of ATD, URT and TTD are designed to improve spacing by im-
proving the efficiency of the selected solution. The additions are not designed
to reduce spacing violations. Similar to the discussion in Chapter 4, improved
planning performance is only meaningful when not increasing spacing violations.
Figure 5.11 provides the number of times that two aircraft landed too close after
each other (i.e., the number of violations). Figure 5.12 provides the sum of the
underspacing (i.e., indicating the severity of the violation).
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Figure 5.11: Number of spacing violations at landing.

The number of spacing violations per scenario varies between 0 and 9. In each
scenario, between 69 and 74 flights landed. Of these violations, 50% were less than
12 seconds and 90% less than 60 seconds of the required 200 seconds. The display
type has a small effect on the number of spacing errors, as shown in Figure 5.11.
The number of violations increases somewhat in Scenario 1 when the deviation
indicator is provided. In Scenarios 2 and 3, the number of violations decreases,
with several participants able to avoid any spacing violation in Scenario 3. No
significant differences are found, however (z = 0.05, p = 0.964, r = 0.01).

The total amount of spacing violations shown in Figure 5.12 is not dependent
on the display. The error distribution mimics the distribution of the number of
spacing errors except for two outliers in Scenario 2. Since the errors for those
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participants are not shown in Figure 5.11, these outliers most likely represent a
single large spacing error. The differences seen in Figure 5.12 are also not significant
(z=0.65,p = 0.518, = 0.08).
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Figure 5.12: Total number of spacing violations at landing.

5.5.4 Control strategies

While not significant, Figure 5.6 indicates some changes in URT when the perfor-
mance indicator is visible. Table 5.3 indicates the total number of changes to the
runway configuration by all participants. The table shows how often the secondary
runway was opened or closed by the participants and at what position on the
timeline this action occurred. The scenario’s each contained three peaks for which
the secondary runway should be opened, and closed once traffic reached low levels
again. The combination of three peaks in each scenario and twelve participants
implies an expected total of 72 runway changes (opening and closing) per scenario.

The first observation is that the participants applied more changes than those
72 in each scenario. Furthermore, when the deviation indicator is on, more actions
are performed at the left-hand side—shorter before arrival—of the time line and
less at the right-hand side. Apparently, participants opted to delay their choice in
runway changes when the deviation indicator was provided.
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Table 5.3: Distribution of the runway changes. The total number of changes, the number of
changes on the left-hand side of the time line (0-60 min) and on the right-hand side (60-120
min) are shown. The value between parentheses indicates the number of changes in which
the secondary runway was closed.

Scenario Ooff On

Total <60min >=60min Total <60min >=60min

Scenario 1 | 74 (33) 19 (9) 55 (24) 81(45) 36(19) 45 (26)
Scenario2 | 88(36) 24(14)  64(22) | 97(49) 38(19) 59 (30)

Scenario3 | 85(43) 31(13) 54(30) | 92(45) 33(13) 59(32)

A second observation is that participants performed more runway actions
closely before arrival when the deviation indicator was provided. Especially the
latter observation is counter to the objective of the new display; it is intended
to allow earlier changes to improve efficiency. Participants indicated that one of
the objects for these actions was to improve the score when it was sure that the
secondary runway was no longer needed.

Figure 5.13 further details the runway opening and closing actions with respect
to the horizon on the time line. The figure splits the result between group of
the participants with a strong improvement on ATD versus those with a strong
improvement on URT. The figure shows that the secondary runway was closed
more often when the indicator was provided. While both groups have a comparable
number of runway openings, the group with an improved URT more often decided
to close the secondary runway, especially on the left-hand side of the time line.
The deviation indicator may have prompted the participants to close the runway
when it no longer proved necessary.

Figure 5.14 provides the same graphs as Figure 5.13 but focuses at the RTAs.
Here, the RTAs have been separated by their effect on the ATD: The figure distin-
guishes between whether the action increased or decreased the ATD. The two left
columns show the change in behaviour of the participant group which showed
an improvement in ATD. The number of times that these participants increased
the ATD is lower when the deviation indicator is visible. The number of times that
these participants reduced the ATD has not changed. These results suggest that
participants who improved on ATD used the additional information to reduce
the number of deviations from the optimal arrival time. The second participant
group—for which the URT improved—shows no clear changes in planning be-
haviour regarding the ATD.
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Figure 5.13: Distribution of openings and closures of the second runway on the time line.

The graph shows the average number of runway changes per participant at a given point on
the time line, and the cumulative total at that position

5.5.5 Workload

Figure 5.15 shows the normalised workload ratings of all participants. The boxplots
show no indication of any differences in subjective workload with or without the
additional display information. This suggests that the display has no effect on the
workload experienced by the participants in the experiment.
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5.6 Discussion

The deviation from optimal total performance over all scenarios decreases when
showing the deviation indicator. The difference is a non-significant effect, however.
The central hypothesis—that using the deviation indicator would reduce the total
performance deviation—can not be proven. The results from the experiment
further demonstrate a substantial variation between subjects and also between
scenarios.

Many participants appear to have used the two individual components of the
deviation indicator, ATD and URT, to control one of these components rather than
focus on overall performance. This focus on one performance element may have
caused a lack of focus on the other element.

As with the experiments in Chapter 4, a considerable variation in performance
is seen. Several metrics developed for this experiment—such as the amount ATD
and URT—could be used to provide more directed training in working towards the
planning objective.

The participants indicated that the deviation indicator mainly shows where
deviations from performance occur. Rather than focusing on the total performance
shown on the right side of the display, participants looked at the locations along the
time axis where the deviations increased. The orange and green lines in Figure 5.1
indicate locations of potential optimisation. The total deviation, i.e., the sum
of ATD and URT, is an unknown parameter to novice users of the new display.
The acceptable vertical location of the total indicator has to be learned through
experience. Secondly, the optimal total deviation depends on the actual traffic
situation, as bunches of traffic will lead to—and ultimately require—much more
deviation than a regularly spaced flow of flights.

Especially when considering ATD performance, the spread between partici-
pants decreases when the deviation indicator is available. In particular, the results
show a reduction of the extremes. It appears that those participants mainly bene-
fited from the visualisation of potential performance improvements. As such, the
display could support inexperienced users in learning to recognise those opportu-
nities for optimisation.

The three scenarios were constructed to provide comparable complexity and
required performance. Each scenario required three distinct periods in which
the optimal solution required using the secondary runway for an equal number
of flights. In the experiments in Chapter 4, large differences in performance re-
mained. In this experiment, the differences are not as pronounced in terms of
spacing performance. However, considerable differences still exist in the two new
performance criteria, ATD and URT. These differences in scenario complexity may
well still have generated a confound in the experiment results.

A possible explanation for variation in complexity is found in the timing of

181



182 CHAPTER 5. VISUALISATION FOR MULTIPLE RUNWAYS

the traffic: the three waves of high traffic load—for which the secondary runway
was required—were timed differently in each scenario to avoid pattern recogni-
tion. However, the difference in timing may have contributed to the differences
in performance since participants could have reacted to the difference in time
between waves (i.e., intervals might have been too short or too long). As with
the experiments in Chapter 4, observations during the experiment revealed that
participants did not recognise scenarios at all, not even the training scenarios,
which were repeated four times in total. This lack of recognition suggests that the
variable timing of high traffic load was not necessary.

The current display concept is based on single use of the runways only. De-
parting aircraft are currently modelled as the time interval that the runway is not
reserved. This assumption has two limitations. First, a runway can only be used
for a departure when sufficient time is available for the aircraft to enter the runway
and take off. Changing the configuration, therefore, is only meaningful when the
change provides a natural multiple of such departure intervals. Secondly, many
airports use runways for departures and arrivals simultaneously. Both limitations
may be addressed by explicitly visualising departures on the time line. A number
of the current operational systems already provide such arrival/departure support,
which could be included in calculating the balance between demand and capacity.

The current demand and capacity model assumes that one second of delay
is equally unfavourable to one second of arriving earlier and to one second of
departure delay. However, the presentation using a line could work with more
detailed models, as long as the contributions of ATD and URT can be meaningfully
cumulated. Future work could investigate developing a more appropriate model.

Finally, the proposed display does not support the ATCO in choosing between
different runway combinations. Especially at airports such as Amsterdam airport,
many different combinations are available. Moreover, the selection is based not
only on demand but also weather, runway availability, and legislative restrictions.
To provide full support, such information should be included in the display.

5.6.1 Recommendations

Future research should focus on whether the observed decrease in variations due
to the presence of decision support presented in this chapter can be confirmed.
A similar human-in-the-loop experiment should be performed with more equal
scenarios that put a lower workload on the controller. To that purpose, scenarios
could be constructed with a better spaced initial arrival stream and run at a speed
closer to real-time.

A larger number of participants with preferably a higher level of experience
would provide more accurate and useful results, especially when a clear strategy
for using this type of interface is explained beforehand. The choice of whether
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to explain the strategy and measure performance differences or not to explain a
strategy and look for strategy differences should be made explicitly to obtain the
desired outcome. When repeating the experiment described in this chapter, a clear
strategy could be provided to the participants beforehand in order to increase their
understanding of the task.

Finally, attention should be given to support of the runway assignment process,
which is expected to result in an improved runway planning quality. For example,
a future interface could provide a suggested assignment of aircraft to the available
runways, which the controller only needs to accept if they agree. In this way, the
controller’s focus can be directed to optimising the runway planning.
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CHAPTER

SYNTHESIS

The proposed displays in the last two chapters were demonstrated using a the-
oretical uncertainty model. This chapter applies the real-life uncertainty from
Chapter 3 to evaluate the application of the display in actual operation using
data from actual flights. Using the visualisation, this chapter then explores
improvements in the uncertainty model and the diagram to support working
with uncertainty in arrival management.
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6.1 Introduction

Chapter 2 reviewed the current arrival management operation, its systems and its
Human-Machine Interfaces (HMIs). A key finding was the presence and effects of
prediction uncertainty on the process. The chapter proposed a future approach in
which uncertainty would form an input to the decision-making process. Chapter 3
developed a method to predict the uncertainty of the arrival time using the available
knowledge of a flight’s progress. To use this information, Chapter 4 proposed an
HMI that visualises the uncertainty in arrival time and its effect on the expected
demand on a runway. Chapter 5 then extended the display to support decisions
on opening a secondary runway and introduced a metric and visual presentation
of the desired balance between demand and capacity.

Both Chapter 4 and 5 use a simulated arrival time uncertainty. The uncertainty
was modelled as a normal distribution with a standard deviation that decreased
linearly with decreasing prediction horizon. The chapters already recognise the
difference between this distribution and the actual distributions found in flight
data as described in Chapter 3.

This chapter aims to combine the predicted real-life uncertainty with the pro-
posed display. By applying this combination, this chapter will evaluate the findings
from the four previous chapters; It will discuss the suitability of the modelled uncer-
tainty for operation and the suitability of the proposed display using that modelled
uncertainty.

This chapter will use a theoretical schedule of flights with their flight state
matching the real-life distributions in the dataset. The next section describes the
theoretical schedule. Section 6.3 evaluates the presentation of real-life uncertainty
from Chapter 3 on the proposed display. Section 6.4 then evaluates the validity and
meaning of the resulting occupancy expectation under actual uncertainty. Finally,
Section 6.5 discusses these results.

6.2 A hypothetical schedule

To evaluate the display using the predicted uncertainty from Chapter 3 we could use
a sample of the collected Flight Update Message (FUM) data used in that study. As
this is a dataset from actual operations, it contains many types of disturbances due
to peaks in flight schedules, traffic mix variations, and missing data. Furthermore,
Amsterdam rarely has a period of two hours in which a single runway is used except
during the low traffic volumes at night. Therefore, this chapter uses a fictitious but
representative sample with its principal properties derived from the actual data.
This schedule is used throughout the chapter to visualise the effects of potential
modifications. The schedule assumes that an aircraft is predicted to arrive every 2.5
minutes with an occupancy interval of two minutes for each aircraft. This interval
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provides a 30-second buffer if all aircraft arrive at their predicted Estimated Time
of Arrival (ETA). While synthetic and by no means reaching the runway capacity at
Amsterdam, this allows for a more straightforward evaluation of the display given
the high uncertainties found in the FUM data.

The flight state is randomly taken from the distribution of flight states from
the data in Chapter 3 at a given point on the prediction horizon, as indicated in
Figure 6.1. This figure shows the fractional distribution of flight states at a given
prediction horizon (i.e., the time line presentation’s horizontal axis). As with all
figures in this chapter, the colours match their flight state.

The distribution of states of flights that are predicted to land immediately (i.e.,
0 minutes on the horizontal axis) best explains this figure:

* 84% of flights have a confirmed airborne (AA) state.

* 13% of flights are assumed to be airborne (TA). Those flights are not yet about
to arrive, but their arrival time estimate has not been updated.

e Finally, 3% of flights have other states (FI, SI, or Other). No information
has been received for these flights, and, most likely, these flights have not
departed.

As the prediction horizon increases (i.e., further to the right along the horizontal
axis), a lower fraction is confirmed to be airborne and replaced by other states.
Most notably, only a flight plan is available (FI) for an increasing share of the flights.

Figure 6.2 shows what the proposed interface would look like according to the
theoretical schedule. This time line uses the Johnson distributions from Chapter 3.
The distribution of the flight states against the horizon (the horizontal axis) is as
expected: many airborne (AA) flights close to arrival (green) and many flights
for which we only have a flight plan at the right-hand end of the time line (FI,
purple). The first eight flights have a predicted arrival within 20 minutes. Since the
analysis in Chapter 3 only starts at a prediction horizon of 20 minutes, these flights
do not have an estimated uncertainty. The first two flights that are expected to
arrive have flight state TA (light blue). In reality, it is unlikely that those flights will
arrive at the indicated time, but as their planned departure time has long passed,
EUROCONTROL has assumed these to be airborne.

The occupancy indicator of the later flights shows no gaps between flights. The
ETAs of the flights are spaced regularly and at intervals larger than the hypothetical
two-minute spacing requirement. According to the prediction, the flights would
fit on the runway, but the uncertainty in arrival time leads to a possibility that
minimum spacing could be violated. The variation even leads to a locally predicted
excess of demand around 12:50.

The ETAs in Figure 6.2 represent the reported ETAs. The Probability Density
Functions (PDFs) of the error distributions have a bias, mostly toward a delay.
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Figure 6.1: Distribution of flight states as a function of predicted time to fly (the prediction
horizon).
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Figure 6.2: Hypothetical time line with uncertain ETA based on the FUM data.

It would be possible to adjust the location of the triangles to the median of the
distributions to show the most likely arrival time. This would in effect “correct” the
ETA for the most likely error. As this work is focused on the uncertainty of the ETA,
such a correction is out of the scope of this work.

6.3 Presentation of uncertainty

The analysis of uncertainty in Chapter 3 shows that, despite modern trajectory
prediction capabilities, the current aviation system is not yet able to provide ETAs
to an accuracy at which it is possible to define a sequence for an entire two-hour
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horizon. The ambiguity in the sequence is visible in the time line of the hypothetical
scenario (see Figure 6.2). This section will further investigate this finding and
discuss methods to reduce that ambiguity.

Section 6.3.1 discusses the amount of uncertainty shown on the time line.
The next section addresses the variation in the uncertainty. In Section 6.3.3 an
initial exploration is done to investigate the possible effects of the use of Airport
Collaborative Decision Making (A-CDM) data on the uncertainty.

6.3.1 Amount of uncertainty

The PDFs of multiple flights overlap, especially at a larger prediction horizon. This
overlap implies that those flights can theoretically have a trajectory that would
make them arrive simultaneously if Air Traffic Control (ATC) would not separate
them. In the fictional time line, all PDFs of the flights due to arrive within 20
minutes or more overlap with at least one other PDF. At the rightmost end of the
time line, two hours before arrival, a PDF for a flight in FI state overlaps about
20 others. Showing individual PDFs becomes problematic, as the overlap causes
clutter on the proposed diagram. The uncertainty level is too large for an operator—
or an automated system—to be helpful.
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(a) Uncertainty limited to the central 95% of the distribution.
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(b) Uncertainty limited to the central 90% of the distribution.

Figure 6.3: Effects of applying a smaller confidence interval.

One of the options to address the overlap is limiting the minimum likelihood at
which the PDF is shown. One could argue that the flight’s potential arrival below
a certain threshold becomes operationally irrelevant. Whereas, Figure 6.3(a) has
been limited to 95% of the spread of the PDF, Figure 6.3(b) uses a likelihood of
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90%. As expected, more narrow peaks are visible, and the peaks also become more
pronounced. The predicted excesses are more clearly defined.

6.3.2 Variation in uncertainty

For many flights in the two-hour horizon, the only available information is the
filed flight plan (FI). The effect of this lack of information can be demonstrated by
comparing two flights in Figure 6.4. The figure shows that the ETA of a flight with a
Filed (FI) state (the left purple triangle) is at 13:00. However, its PDF indicates a 95%-
likelihood of arrival between 12:44 and 13:12. The (purple) occupancy expectation
starts at the start of the PDF and shows that the flight could occupy the runway
anywhere from 12:44 until 13:14. This interval gives an uncertainty of 30 minutes
at 60 minutes before arrival.
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Figure 6.4: Two flights on the fictional time line with different Johnson distributions.

Simultaneously, the uncertainty of some airborne flights is much smaller, even
at a long horizon. A flight with an airborne state (AA) at 13:50 (the green triangle
on the right), 100 minutes from the current time, has an 95% likelihood of arriving
in an interval of about 13 minutes. The occupancy expectation runs from 13:45
until 14:00. If no other arrivals would be expected around the expected landing
time of such an accurately known flight, its landing could be scheduled, even if
earlier arrivals could not be. This timely information would allow a predictable
operation for that particular flight.

These two examples demonstrate the considerable variation in uncertainties
that can exist on the display at a single moment in time. In this example, any action
on the first aircraft would be sensitive to corrections. However, this fact alone does
not prevent the display from being practical. For example, a reasonable operational
scenario would be the end of an evening where the last flights of a busy period will
need planning on a short horizon. However, ATC can already plan later flights in
the more quiet night.

6.3.3 Reducing uncertainty and variation through A-CDM

Further reduction of the uncertainty would enable planning at a further horizon. As
the previous sections demonstrate, many flights have no further information than a



6.3. PRESENTATION OF UNCERTAINTY

flight plan. Figure 3.12 in Section 3.4 shows that the shape of the distribution in the
Filed (FI) state does not change significantly with the prediction horizon. Chapter 3
explains that the factors that introduce uncertainty follow from events rather than
gradual disturbances. As long as we cannot predict those events, uncertainty will
not become smaller. The FUM data do not capture events that lead to deviations
in the Filed state.

Chapter 3 suggests the use of Airport Collaborative Decision Making (A-CDM)
information as a source. A-CDM information in the dataset shows potential ben-
efits of using such additional information in two ways: Earlier information on
the—unconfirmed—departure of the flight and more accurate predictions of the
arrival times of flights with such an unconfirmed departure state (TA). This subsec-
tion will perform an initial exploration of the effects of this data using the time line
and our fictitious schedule. Note that this section only uses the knowledge that
A-CDM information is available to the EUROCONTROL Network Manager (NM).

The first effect is visible in Figure 6.5. This version of the analysis—shown
earlier in Figure 3.5—separates flights based on the availability of A-CDM data for
those flights. The graph shows a much larger fraction of flights that are assumed to
be airborne (TA). These messages provide a supplementary estimate of the ETA
between the filed (FI) state and the airborne (AA) state.

The different distribution of messages is also visible in the distribution of flight
states against horizon, as seen in Figure 6.6. A much smaller fraction of flights
from airports that provide A-CDM information has a FI state at a given horizon.
Figure 6.7 shows the same distribution of flight states as Figure 6.1, but a much
lower fraction of flights has an FI state at each horizon. The most likely explanations
for this difference are that A-CDM data allows the NM to predict a flight’s time of
departure better, and that the message set contains an explicit message confirming
take-off [1]. NM can, therefore, more confidently assume that a flight is airborne
without radar confirmation.

Note, however, that at horizons beyond 45 minutes, the share of flights with an
AA state is lower for flights from an A-CDM airport. This is because the increased
share of confirmed airborne flights includes the flights that depart beyond the
two-hour horizon and have had more time to be detected as airborne.

A second effect of the A-CDM information is that the TA state estimates are
more precise than those for the FI state. Also, these estimates are less uncertain
than those for flights with a TA state but do not come with A-CDM information. This
difference aligns with the objective of A-CDM to improve departure predictability
and, hence, predictability of the whole flight.

The difference in accuracy can be demonstrated by comparing the distributions
for both sets of flights. Figure 6.8 provides an initial analysis of the distributions.
The graph shows that the uncertainty for flights with A-CDM information is smaller,
particularly at the left-hand side of the distribution representing flights that arrive

191



192 CHAPTER 6. SYNTHESIS

T
f ||||
& 10,000
8
=
3
3] 5,000
@ N“““NN““NN““NN|||||||||||||| I
g |
SR ...||||||||II||I||IIlIIIIIIIIIIIIIIIII!!!!!!!!!!!!!!!..!!!!!!!!!!!!!!!!m!u
180

0 60

Time to predicted arrival [min]

(a) Message count versus predicted time to fly for flights without A-CDM

data.
H i
iy

0 60 120 180

Time to predicted arrival [min]

Number of messages [-]

EotherMr1lIsiElTAl AA

(b) Message count versus predicted time to fly for flights with A-CDM
data.

Figure 6.5: Distribution of message types with and without A-CDM information. Note that
the number of flights with A-CDM information in the bottom plot is much smaller—hence
the lower total.

earlier than predicted.

The fact that flights originate from an A-CDM airport affect the uncertainty in
two ways: less flights with FI state in the left half of the time line and less uncer-
tain predictions for the TA state. Figure 6.9 shows the effect of the double-edged
improvement of accuracy by generating the same time line using the distribution
of flight states according to Figure 6.7. The first notable difference is the larger
number of flights with a TA state (blue) and fewer flights with an FI state (green).
Secondly, the lack of flights with an FI state around the 60-minute mark decreases
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Figure 6.6: Effect of A-CDM on share of flight states versus prediction horizon. The dashed
line is the share of flights with A-CDM information. The colours correspond to the flight
states in the previous graph.

uncertainty, leading to more distinct peaks and reduced expected excess demand.

The data in this analysis are from 2013 and 2014. Two years after this study—in
2016—the number of connected airports in Europe was 18 [2, p. 3]. That number
has risen to over 54 in 2020 [3, p. 31], allowing for a far more detailed analysis.
Furthermore, this initial exploration did not explore the information in the A-CDM
status. Repeating this analysis based on current data and using the A-CDM states
themselves would be worthwhile.

Even more systems provide estimates or information on the flight’s arrival time
during a flight’s progress. The last components in that chain are the Trajectory
Predictors (TPs) in the AMAN itself. Besides providing more extensive information
in a single data source, these other sources could be combined. Such an approach
could provide the ETA with the associated uncertainty of the most accurate source
as these become available.
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Figure 6.7: Distribution of flight states as function of prediction horizon with A-CDM data.

6.3.4 The limits of uncertainty

If an arrival management process is to support a high-capacity operation, the
intervals between consecutive flights should be as close to the required minimum
as possible. In such a full schedule, a planning error would require re-planning
many flights to accommodate an incorrectly planned flight.

The above analysis shows that much uncertainty continues to exist, and a
considerable component of that uncertainty is based on events before departure.
Prediction capabilities can certainly still improve, as they have done in the past.
Data sharing, such as A-CDM, may support more information for the prediction
as events unfold. However, preventing those events would require removing un-
certainties from the operation.

As recognised in Chapter 3, the second route involves improving our ability to
work with uncertainty when possible. Even if planning on the full extent of the
time line is not possible, the display concept may support dynamic adjustment of
the horizon.
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Figure 6.9: Effect of A-CDM data on the fictional schedule.

6.3.5 Working with uncertainty

Uncertainty increases with the prediction horizon. As shown in the hypothetical
time line in Figure 6.1, at some point on the horizon, the PDFs overlap and be-
come too wide to be of use to an operator. Beyond that point on the horizon, the
hypothetical use of the display for planning a sequence would not be practicable.
The exact point at which this is possible depends on the local uncertainty of the
sequence. The uncertainty will change depending on the state of the flight and the
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time of day. This dependency on the horizon implies that a hypothetical suitable
working horizon may change over time.

A human operator or automated system could benefit when uncertainty is low
and apply caution when uncertainty is high when aware of the actual workable
horizon. To do so, the arrival time distributions can provide the likelihood of a
change in the sequence. A way of doing so is by determining the likelihood that a
flight in a sequence will be overtaken.

For every flight, the probability of such a change in sequence is the complement
of the probability that any of the flights behind it will not overtake that flight (see
Equation (6.1)).

j=n
Prirst = P (1) 1 (1 - Cj(t)) (6.1)
j=i+l

Here Py, is the probability for aircraft i at time ¢ to arrive before any of its
planned followers. This is a function of its own probability to arrive at that time
P; (1) and the probability C;,) that a follower j has arrived by that time.

The probability of a swap in sequence P;,,,,,, is the complement of integrating
Equation (6.1) over time. This integration represents the probability that aircraft
i arrives before its planned followers regardless of the time it arrives (see Equa-
tion (6.2)).

t=0
Pswapi =1- Pfirst,-(t)dt (6-2)
o0

Figure 6.10 shows the probability of a swap in sequence for every flight on the
time line on the bottom graph. In this sequence, a swap is highly likely (0.8) from
12:45 onward. The cause of this high probability is the aircraft with a TA state (blue)
that is likely to be delayed according to its distribution. This flight is followed by two
flights with an AA state (green), which have lower uncertainty and less predicted
delay.
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Figure 6.10: Probabilities of exceeding capacity and swap of position.
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Note that Equation (6.1) and Figure 6.10 show the probability that each in-
dividual flight will be overtaken by its planned followers. It underestimates the
likelihood of any sequence swap before that point in the sequence. The total run-
ning probability can then be approximated by the product of the inverse of that
graph. This product represents the cumulative probability that a swap will have
occurred at that point. The mentioned flight at 12:45 has a probability of a sequence
swap of 0.8. The graph in Figure 6.10 then remains between 0.2 and 0.8. Therefore,
the product will likely be very close to 1.0 soon after 12:45.

The graph in Figure 6.10, possibly combined with a running product, provides
an example of a dynamic calculation of the limit of the planning horizon. Further
research on this subject may be of value in both automatic decision systems and
interfaces for human operators.

6.4 Presentation of occupancy

The proposed display aims to incorporate a visualisation of the mathematical
concept of uncertainty into the operator’s decision-making process. By integrating
the uncertainty, the display also provides an indicator of the balance in demand
and capacity. However, translating the mathematical concept into a usable display
is far from trivial.

The width of the uncertainty is often more extensive than the width of the
landing interval. Such high amounts of uncertainty introduce a problem with the
meaning and validity of the occupancy expectation and, therefore, the resolution
indicator. This problem follows from two aspects: the fact that the sequence
is undefined and the fact that an expectation value seldom indicates certainty.
Therefore, this section discusses the presentation and validity of the occupancy
expectation.

6.4.1 Uncertainty of sequence

When the flights’ PDFs overlap considerably, the aircraft sequence is unknown. In
addition, the required interval between consecutive aircraft follows from their wake
turbulence categories (see Section 2.2.2). Thus, if the required spacing depends on
which one of two aircraft lands first, the actual required interval is unknown. Of
course, this problem exacerbates when multiple aircraft have overlapping potential
arrival times. As Figure 6.2 shows, such a scenario is a realistic possibility with the
current level of uncertainty.

Solutions for this problem may be sought in defining the required interval using
less precise means. An example would be to calculate an average separation for
the traffic mix. This approach would form a dynamic bridge between the current
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concept of declared capacity—often in flights per hour and specified for an hour—
and the actual spacing based on the final approach planning sequence.

6.4.2 Meaning of occupancy expectation

If the arrival time is known, the required capacity can be represented on a time
line as a block. This approach from Chapter 4 allows visualising demand and
capacity. By doing so, the diagram can support the operator in managing this
balance. However, when a PDF represents the arrival time, the presentation of
occupancy becomes an expectation value. An occupancy expectation exceeding
the capacity does not necessarily imply that the runway will be occupied. Similarly,
when the expectation does not exceed capacity, there is no guarantee that no
conflict will occur.

The transition from a pure occupancy to an expectation also reduces the validity
of the resolution indicator. Since the expectation assumes that a flight could arrive
anywhere within its PDF, the occupancy distributes from the start of that PDF to
its end plus the required interval. This spreading of the occupancy means that the
planning problem can occur anywhere on that distribution.

To demonstrate, we can use the example of two overlapping PDFs wider than
the runway occupancy interval for these aircraft. In that case, the maximum oc-
cupancy expectation of each of the aircraft will not reach half of the capacity.
Therefore, the combined occupancy expectation would never exceed the runway’s
capacity. Since demand does not exceed capacity, the resolution indicator would
not appear. However, as the PDFs overlap, the aircraft could arrive simultaneously,
which means that the potential conflict only resolves when both landing intervals
have passed. This mechanism makes the resolution indicator an expectation as
well.

Using the occupancy expectation of each flight, it is possible to calculate the
probability that demand exceeds capacity: The occupancy expectation represents
the probability that an aircraft will occupy the runway at a given time. For one
runway, the probability of exceeding the capacity is equal to the probability of more
than one aircraft occupying the runway simultaneously. Equation (6.3) calculates
this probability by taking the complement of the probability that either none or
exactly one aircraft occupies the runway:

PO>1(t) =1- POuircmft(t) - Plaircmft(t) . (6-3)

The probability of zero aircraft is equal to the product of the probability that no
flights have arrived yet:

i=0
POaircraft(t) = H (1 - Oi ([)) (64)
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The probability of exactly one aircraft is equal to the sum of all flights’ probabil-
ities to be the only one occupying the runway at that time. The latter is equal to the
occupancy expectation of that aircraft times the complement of the occupancy
expectations of all others:

j=1,i%i

i=1
Plaircruft(t) = Z Oi (1) H (1 - Oi (t)) (6.5)

Figure 6.10 shows this probability as the flight graph under the time line. As
the graph shows, demand may exceed capacity from 20 minutes onward. The
probability of a conflict remains at about 20% over the entire remaining line, with a
peak of about40%. The latter peak matches the point when the occupancy indicator
also shows an excess in demand. This peak shows that—while the occupancy
expectation is greater than capacity—it is more likely than not that no conflict will
occur.

Both the occupancy indicator and the resolution indicator become expecta-
tions in a display that uses uncertainty. More research is needed to determine
whether operators can understand and use the indicators, knowing that these are
expectations. The graphs in Figure 6.10 may well help with this.

6.5 Discussion and conclusion

This chapter combines the prediction of uncertainty from Chapter 3 with the display
developed in Chapters 4 and 5. By doing so, it aims to validate the display in an
actual operational context.

6.5.1 Suitability of the display concept

Implementing actual uncertainty derived from the data from 2013 strongly reduces
the visual meaning of the presentation through the occupancy indicator. Two
properties of the real-life flight data are responsible for this reduction: The amount
of uncertainty and the variation in that amount.

The uncertainty in the ETA is much larger for most flights than a typical landing
interval. Therefore the PDFs of these flights overlap. The individual contribution
of a flight can no longer be distinguished from the diagram. The variation of
uncertainty between different flights is quite considerable. Even if a particular
flight has a small uncertainty, it is likely to overlap with a flight with very high
uncertainty. This reduces the value of any planning action on a predictable flight.

The high number of aircraft that have an overlapping PDF also reduces the
meaning of the occupancy indicator. A visualised excess of expected occupancy or
a lack of excess does not necessarily indicate the probability thereof. The related
delay indicator follows from the visualised occupancy and has the same problem.
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6.5.2 Potential improvements

Several routes for improvement of the concept have been explored. These routes
address both the amount of uncertainty and the visualisation and use of the infor-
mation.

A significant contribution to the amount and variation of uncertainty is due
to aircraft that are still on the ground. This matches the observations in Chap-
ter 3. The flight state in the FUM data provides no information on the progress
toward departure. Preliminary use of A-CDM information in the recorded dataset
reduces the uncertainty at the intermediate horizon. Since far more airports are
now providing A-CDM information, the benefit of this approach is likely to have
improved.

While the occupancy expectation is not a complete representation of the likeli-
hood of a planning conflict, the underlying probabilistic information does allow
the exact calculation of that probability. This probability is no longer a visual repre-
sentation of the balance between demand and capacity. However, it can help in
deciding on the need for corrective action.

The uncertainty varies per flight but typically increases with the prediction
horizon. The prediction horizon at which the use of the display becomes infeasible
will, therefore, change over time. It is possible to calculate the probability of a
planning error using information on the uncertainty. This calculation could allow
a dynamic decision horizon based on the nature of the traffic situation. Such an
approach could fit into a concept where, when nearby a departure is about to
leave, the planning horizon is—temporally—adjusted to cope with that flight’s
high uncertainty [4].
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CHAPTER

CONCLUSIONS

This chapter reflects on the material presented in the previous chapters by combin-
ing their results and conclusions. In doing so, it aims to develop an overarching
view of the requirements for arrival management systems, how they deal with
prediction uncertainty and how relevant information can be displayed. The
chapter also discusses the difficulties of evaluating novel interfaces designed for
an operation that does not exist yet.
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7.1 Expanding the arrival management horizon

Current arrival management concepts for capacity-constrained airports are mostly
limited to the Area of Responsibility (AOR) of each individual Air Navigation Service
Provider (ANSP). Future operational concepts, such as those that are proposed
in Single European Sky ATM Research (SESAR) and Next Generation Air Traffic
Management System (NextGen), foresee an increase in the planning horizon to
improve the long-term efficiency and predictability of operations. Depending on
the concept, future horizons are expected to be at 200-500 NM from the airport,
well beyond one hour of flying time [1], [2]. In the European Union (EU) the
expansion to 180 NM from the airport has recently (2021) been codified in law
through Common Project One [3].

Currently, the horizons at which Arrival Managers (AMANS) are used to monitor
and influence traffic are to typically 20 to 30 minutes from the airport—or 150-200
NM flight distance [4]. These present-day horizons are limited because of three
factors:

1. The availability of information on the predicted arrival time of aircraft, due
to the geographical limits of surveillance,

2. the authority to influence the flight’s trajectory, currently limited by the AOR
of the relevant ANSP, and

3. the reliability of the predicted arrival times.

The first two limitations are to be addressed through sharing information on the
flight’s progress and constraints on arrival time set by the destination ANSP through
System Wide Information Management (SWIM) [3], [5]-[7]. The uncertainty in a
predicted arrival time limits the horizon at which decisions on runway assignment,
routes, sequences and landing times remain effective. Earlier decisions have a
higher chance of requiring revisions downstream, reducing the efficiency of the
flight overall.

Finally, these concepts see a role for the human controller as automation man-
ager, not the automation monitor [5, pp. 45]. If a controller is made responsible
for arrival management, they will need suitable tooling to monitor and control
that process. When the horizon increases, more processes and constraints will
become part of that operator’s work domain. The current Human-Machine Inter-
faces (HMIs) provide limited information on the constraints of the processes or
the degree to which objectives are met.
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This thesis aimed to develop such a (semi-automated) decision support for
air traffic controllers performing the arrival management task under prediction
uncertainty. To do so, it tried to achieve two objectives (Chapter 1):

* Todevelop amethod to determine the uncertainty associated to an Estimated
Time of Arrival (ETA).

* To develop an HMI that allows the operator to perform arrival management
in the presence of uncertainty in the ETAs.

This chapter first discusses the identified impact of uncertainty on the arrival
management process and the proposed method to determine that uncertainty
during operations. Secondly, it describes the development of the HMI by evaluation
of the current HMISs, the proposed visualisation of uncertainty on such an HMI, the
results of testing the display in human-in-the-loop experiments and a discussion
on the suitability of such a visualisation in real-life operation. Finally, the chapter
concludes with recommendations and conclusions, looking back at the study.

7.2 Uncertainty as information

Key to arrival management is the ability to predict the arrival time of a flight ac-
curately. Such trajectory prediction (Section 2.4) takes a flight’s current state and
intent and models how the aircraft will progress to its destination. Section 2.4.7
described how assumptions are made at all steps of the prediction process. While
necessary to make any prediction, any inaccuracy in assumptions increases the
probability of an error in the arrival time. A plan based on an incorrectly predicted
arrival time may require replanning—and associated adjustment of trajectories—
at a later point in time. If the solution was optimal before re-planning, such an
adjustment causes deviation from that optimum.

This section evaluates the effects of uncertainty on the working horizon. It
then describes the proposed method to predict uncertainty during live operation.
Finally, it discusses further potential for development of this technique.

7.2.1 Uncertainty and the effective working horizon

With an increased prediction horizon, the chance of prediction errors increases
in two ways: errors in flight modelling have a longer time to affect the prediction,
and more modelled processes become part of the flight’s trajectory. The accuracy
of the prediction of aircraft trajectories has improved considerably and is still
improving (Section 2.4.7). In Europe, however, many flights are shorter than the
prediction horizon (Section 2.2). While planning their arrival time, many aircraft
will not have left their departure airport. At this point, trajectory prediction has to
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include manoeuvring on the ground and processes during boarding. The scope of
processes to be modelled then rapidly increases, making it unlikely that complete
modelling is possible.

To accommodate for prediction uncertainty, present-day arrival management
operations mostly use a static horizon before which no planning is performed.
This horizon is often determined through experience by evaluating at which point
re-planning occurs too often. Since the horizon is static, it does not account for
variation in uncertainty over time. However, such variation is likely, for example
due to traffic patterns in which the fraction of long-haul (lower uncertainty) and
short-haul flights (higher uncertainty) varies.

A static horizon may at times be too conservative when predictions are far
more accurate. In such a case, the potential benefit of arrival management is not
fully realised. At other times, for example during adverse weather conditions, the
horizon may be far too optimistic. Then the necessary re-planning would cancel
out potential benefits.

7.2.2 Predicting uncertainty

Since the uncertainty governs the working horizon, it is a crucial attribute in the
work domain of arrival management. If such information is available, it may be
used in risk-based approaches: Deciding on when to take action based on the risk
of that action being counterproductive. This approach requires the uncertainty of
the prediction to be known or estimated.

Several concepts have been developed that predict the uncertainty as part of the
process of predicting the trajectory (Section 3.2). Such simultaneous calculation
of uncertainty supports a tailored forecast of each prediction’s potential error.
However, these techniques come at higher computational costs per the trajectory
prediction process. Furthermore, each user of uncertainty information will either
need to receive the uncertainty information with the trajectory prediction or make
its own trajectory prediction to get the uncertainty information.

Many studies have been performed on the accuracy of different trajectory pre-
dictors [8]-[11]. Chapter 3 turned this process around: By analysis of the accuracy
of the prediction, we may be able to obtain an estimate of the uncertainty of that
prediction. By doing so, trajectory prediction and uncertainty prediction are discon-
nected. Through this disconnection, the method also provides room for expansion
based on the available information.

By analysing the errors in the Flight Update Messages (FUMs) it is possible
to develop empirical error distributions for the prediction of arrival time, given
the properties of the flights (Chapter 3). This estimate of flight progress from the
EUROCONTROL Network Manager (NM) provides the flight plan and updates on
the flight to the relevant ANSP, and it often yields the first available estimate on a
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flight’s ETA. As such, it is a good example of an external prediction that is locally
used as a source of information.

The data from 2013 and 2014 show that the shape of the error distribution
mainly depends on:

* Flight state, describing whether the flight has taken off (or is assumed to
have done so). This corresponds to the recognised problem of predicting
trajectories for aircraft that are still on the ground.

* Prediction horizon. This corresponds to the duration that modelling errors
can have an effect.

* Time of day. This factor most likely relates to the impact of traffic density and
type of operation on potential deviations from the initial trajectory.

The versatile Johnson distribution [12] allows for capturing the differently
shaped distributions using four parameters. By doing so, the variety in distri-
butions may be tabulated to allow for fast online uncertainty estimation. Such an
online technique will support use in real-time applications such as HMIs for air
traffic controllers.

Calculating the probability of runway occupancy (Section 22) allows for the cal-
culation of two further metrics: Sequence stability, expressing the likelihood of a se-
quence swap (Section 6.3) and the probability of a planning conflict (Section 6.4.2).
These metrics could support active adjustment of the arrival management horizon
based on the uncertainty at that moment.

7.2.3 An expandable method

The demonstration of the empirical method is based on available data from 2013
and 2014. However, the approach is independent of the data source. This indepen-
dence allows application of other data sources. Just the knowledge that a flight
originates from an Airport Collaborative Decision Making (A-CDM)-enabled air-
port improves the estimated accuracy of predictions for that flight (Section 6.3).
This is without exploring the differentiation in A-CDM-states provided in the FUM
data.

The FUMs were selected for their availability. Currently (2022), the NM’s ETFMS
Flight Data (EFD) contains much richer information to which the same method
could be applied. Through the implementation of SWIM, far more predictions
will become available as more parties share their prediction of the arrival time.
Finally, the method could also apply to an ANSP’s own trajectory prediction system
providing an early route toward using uncertainty information.
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7.3 Displaying arrival management and uncertainty

In Chapters 4 and 5 a method was proposed to visualise the uncertainty in the
presented arrival time and its impact on the plan and the operator’s decision-
making. By doing so, the ubiquitous AMAN time line was extended to provide
more information on the arrival management work domain.

This section first discusses the current HMI and the identified shortcomings
with regard to the operation. Addressing a number of those shortcomings allows
for relating the uncertainty to the effects on the work domain. The section then
describes the result of the human-in-the-loop experiments. The last part of this
section reflects on the results of the experiments to discuss whether the task of
an air traffic controller at long time horizons is not different from the task at the
shorter horizon.

7.3.1 Supporting the human operator

The current HMIs all show a time line with the aircraft label connected to its planned
arrival time. This display provides a good indication of the current plan but little
of the constraints to which that plan is a solution. When, as is common at the
moment, an automated system generates such an initial plan, the human operator
has limited ability to follow the automation’s rationale in this plan.

Using Rasmussen’s Abstraction Hierarchy [13] Section 2.7 explored the work
domain of arrival management and its representation on the current HMIs. The
most notable missing attribute of the work domain is the required spacing between
aircraft. While often resolved internally by an automated spacing algorithm, the
constraint itself is not presented.

7.3.2 The work domain as a diagram

In Chapters 4 and 5, a diagram was developed using a method inspired by Ecological
Interface Design (EID) to reveal the content and structure of the work domain. A
fundamental basis of the diagram is the presentation of the required spacing as
an area representing demand. By doing so, the higher level goals of demand and
capacity can be related to the lower level spacing constraints between flights. In
effect, the method merged the concept between two types of displays often found
in flow control and arrival management: The AMAN time line and visualisations of
demand and capacity using histograms (See Section 2.5.6).

Chapter 5 took the display further toward showing the objectives of the arrival
management process. In this version, a secondary runway was introduced with the
objective of minimising the use of that secondary runway. By equating deviation
from an optimal arrival time against the use of a secondary runway, the quality of
the trade-off between demand and capacity goals is made available to the operator.
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7.3.3 Visualising uncertainty

The mathematical construct of an error distribution is technically simple to visu-
alise since it is a 2D curve. The widths of these Probability Density Functions (PDFs)
(up to 30 minutes) relative to typical landing intervals (2 minutes) cause the dis-
tributions to overlap (Section 6.3). The visual representation of the uncertainty
of the arrival time itself is, therefore, difficult to read. Through the representation
of demand as an area, the impact of uncertainty on the first objective of arrival
management—spacing aircraft to fit on the runway—becomes much more salient.
Participants in the experiments all understood that more spacing was required
when the cumulative demand exceeded capacity (Chapter 4).

Looking back, Section 6.4 noted that the stacked demand curves do not fully
constitute an expectation value. A demand curve that is higher than the capacity
line does not indicate that a spacing conflict is certain. Similarly, a spacing conflict
can still occur when demand does not appear to exceed capacity. However, the
demand curves do provide an opportunity to calculate the likelihood of such a
spacing conflict (Chapter 6).

Finally, the demand curves also provide a mathematical path to determine the
working horizon objectively. Using the cumulative probabilities that a flight has
arrived, the probability of a sequence swap may be calculated. This probability
against time indicates the relationship between horizon and sequence stability
(Section 6.4).

7.3.4 Evaluating an expert display for expert users

Neither the two experiments with a single time line (Chapter 4) nor the experiment
with a display for multiple runways (Chapter 5) demonstrated an advantage of
visualising uncertainty. Participants indicated difficulty in understanding the
concept of uncertainty as presented on the display. A key problem here is the
complexity of the work domain itself when uncertainty is introduced. In systems
without uncertainty, the operator has to develop a mental model of the system to
forecast how it will evolve given its current state. When uncertainty is introduced,
the operator has to develop a different type of mental model: How it could evolve
and how likely that is. In retrospect, the proposed risk indicators in Chapter 6 may
well be the missing content from the work domain with uncertainty.

The resulting display is complex due to the fact the work domain itselfis complex
[14]. Since the work domain is complex, experiment participants have to become
real experts in managing the system. While the prototyped interface may certainly
not be the best way to visualise uncertainty in arrival management, any display
would require novice users to receive considerably more training to fully benefit
from novel interfaces.
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Using the inspiration from EID did result in an indicator for higher-level per-
formance: The quality of the trade-off in the goals of demand and capacity. In
experiments, a non-significantimprovement in performance was seen (Section 5.6).
More importantly, the differences in performance between participants reduced
as the worst performers benefitted most.

The need for sufficient data points introduced two deviations from the typical
situation in which information on the uncertainty would be of value in arrival
management (Section 3.7). First of all, most flights need close spacing when ca-
pacity is constrained. Creating buffers to accommodate uncertainty will lead to
delays at the back of the queue. In current operations, the principle of First-Come-
First-Served is often close to the ‘practical optimum’ at high traffic densities due to
the lack of control space. Second, using faster-than-real-time simulation in our
evaluations avoids the significant time delays between operator decisions and their
consequences that would occur in a real two-hour arrival management process.
This quick feedback between action and response allows for comparing the devel-
opment of the situation against the operator’s plan. In an actual operation, such a
comparison would require the operator to retain a mental model for two hours.

7.3.5 Solving the right problem

With the display designed for a two-hour horizon and uncertainty as large as was
found in Chapter 3, it could be argued that the task defined in the experiment is
different from the task that is to be supported by the display. If uncertainty is as
large as demonstrated, perhaps the task at longer horizons is more that of flow
control. This process manages the number of aircraft arriving within a certain
timespan but focuses less on individual flights.

Flow control in current operations is mainly limited to restricting departures.
In European operations, flow control is executed by the NM on request of the ANSP.
The ANSP sets a capacity for a certain airspace or airport. This capacity is set for a
particular period and expressed in movements per hour. Subsequently, the NM
predicts traffic load per sector and restricts departures when that load exceeds the
available capacity. After departure, no further flight plan adjustments are applied
in relation to this traffic load. Once the flight enters the destination ANSP’s AOR,
the arrival time will become a relevant control parameter again.

Two gaps exist between flow control as applied by the NM and arrival manage-
ment:

* A gap in time horizon between the issuance of a departure slot and the time
at which an aircraft is in the arrival management horizon,

* agap in the controlled parameter between movements per hour for a given
period and the exact landing time of a particular flight.
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The proposed display bridges the gap in time. Furthermore, the aforementioned
merge of the time line concept and the demand graph provides the visual repre-
sentation of the transition from flow to individual flights.

However, the experiment only allows adjusting individual flights. Given the
uncertainty of individual flights, adjusting flights one-by-one may not be the best
type of action for an operator. A good example of a different strategy is the one
recently (2017) introduced by the UK ANSP in which all inbound aircraft are re-
quested to reduce speed by the same amount when overall demand is too high
[15].

7.4 Recommendations

Uncertainty is unlikely to disappear altogether but can be estimated, modelled,
and predicted using an empirical approach. The information on uncertainty may
support strategies that allow for deviation at longer horizons while working towards
more detailed solutions at short horizons. Furthermore, it allows dynamic planning
horizons that adjust based on the actual operation. Such strategies may well be
of interest in resolving the complexities of Trajectory Based Operation (TBO) in
dense airspaces with shorter flight distances.

The uncertainty analysis in this thesis is based on a limited, and at the cur-
rent time of writing (2022), perhaps even obsolete, dataset. It is worthwhile to
explore more recent datasets and information sources. This research could address
a more detailed classification of flights, for example, according to their A-CDM sta-
tus. The research could also address prediction sources such as EUROCONTROL's
EFD, downlinked information from aircraft, and perhaps even internal prediction
capabilities developed within an ANSP.

The synthesis of the display and the data prompts a novel information item
and a way to calculate that item: The stable sequence horizon. It is recommended
that the proposed determination of the horizon is validated. Furthermore, the use
of such a dynamic horizon in operations needs to be explored.

The experiment results showed no significant effects. However, many confound-
ing factors remain. The most important factor is the operator’s understanding of
the display and the work domain. A redesigned experiment may well be more
conclusive. The first recommendation for such an experiment is to provide much
more training to each participant. A second recommendation is to use prediction
errors with dynamics closer to actual operations to prevent the prediction error
from becoming predictable.

Finally, it is worthwhile to consider the place of automation in arrival manage-
ment at such horizons. As this dissertation shows, the complexity of the problem
grows rapidly with longer horizons. It could be argued that solving the problem
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itself may well become too complicated for a human operator. In that case, au-
tomation would need to be developed to perform the arrival management task. In
such a concept, knowledge of the risk of sequencing errors may help in dynamically
adjusting the constraints of the automated planning approach.

If automation is to be applied, the role of the human operator transforms into
that of a system monitor. If the system is too complex, a fully shared representation
of the work domain cannot exist: The human operator will never be able to under-
stand the lower level details of the problem for two-hour time horizons. However,
a shared world model at a higher level could possibly be designed to allow the
operator to determine the overall performance of the system and understand the
full rationale of the automation. It is recommended that the proposed diagram
is further studied as a route towards understanding the expected performance of
arrival management at those two-hour horizons.

7.5 Conclusion

It is very unlikely that all disturbances in the planned trajectory of a flight will
ever be predicted or removed. This especially holds for the part of the trajectory
at the gate before departure. Hence, arrival management at longer horizons will
always involve uncertainty. If arrival management is to be performed at a two-
hour horizon, management of uncertainty will be an ever-present element in the
decision making process.

By analysing historic prediction errors, it is possible to predict the uncertainty
in a prediction of arrival time. Such a forecast allows online determination of the
uncertainty per flight. The empirical method applies to predictions irrespective of
the origin of the prediction and therefore works in a scenario where another ANSP
provides the prediction. Since the parameters of the distribution are tabulated per
class of prediction, the method is not computation-intensive and would work in
an online environment.

Displaying the uncertainty on a time line diagram is complex. Experiments
showed some performance improvement, but the results were not significant. The
key issue in the experiment is building up participants’ expertise in operating
a novel display in a novel operation. The visualisation using the expectation of
occupancy does provide a route toward indicating an effective arrival management
horizon, given the uncertainty of the flights in the sequence.

The high uncertainty in the analysed dataset would limit the value of such
a display at the proposed horizon in a scenario where the arrival management
process is based on sequencing and merging flights. Reduction of uncertainty
would probably improve the possibilities. However, a more likely route would be
to adapt the process to better align with the gradual transition from flow control at
longer horizons to arrival time control at smaller time horizons.
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