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Abstract

Socio-technical systems consist of deeply interconnected and interdependent social entities and technical systems
that collaborate to achieve a global goal. The individual characteristics and behaviours of each involved actor and their
interactions define the resulting overall emergent system behaviour. Due to increased complexities in socio-technical
systems traditional safety risk assessment strategies are found to become less suitable to predict, to reveal and to
understand emergent system behaviour. In recent years there has therefore been a shift in the way how safety in
complex socio-technical systems is perceived. The relatively new safety management paradigm called resilience
engineering focusses on the ability of socio-technical systems to cope with varying conditions by applying everyday
performance. Recent studies related to resilience engineering insist on the need for more structured modelling
approaches for analysis and quantification of resilience in socio-technical systems. This study contributes to this need
by presenting a quantitative agent-based modelling and simulation approach. The suitability of such approach for
more profound analysis and quantification of resilience in socio-technical systems has been studied in the context of
conventional approach operations during a sudden and unexpected bad weather disturbance. The formal agent-based
model that has been developed for this resilience study especially emphasized the role of executive controllers in
achieving and maintaining resilience. The adaptive strategies that are considered for this purpose are multiple
vectoring strategies, the initiation of holding operations and go-arounds. The resilient capacities of conventional
approach operations have been quantified using the emergent outcomes of these adaptive strategies. Considering the
obtained simulation results and gained insight there can be concluded that quantitative agent-based modelling and
simulation is a suitable, structured and powerful approach for more profound analysis and quantification of resilience
in socio-technical systems.

Keywords: Agent-Based Modelling and Simulation, Resilience, Resilience Engineering, Air Traffic Management,
Anylogic, Quantification, Complex Socio-technical Systems.
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1 Introduction

1.1 The call for resilience in the ATM domain

In the past decades air traffic movements have increased significantly and continuously, both in the air and on the
ground [10]. These increased traffic numbers challenge current air traffic operations and airspace infrastructure. A lot
of research has therefore been devoted to increase safety, efficiency, capacity, access, flexibility, predictability and
resilience in air traffic management (ATM). One of the major challenges of future air traffic growth is the lack of
capacity available at airports, which is in general limited by the runway system [10]. The traffic densities at and around
airports can nowadays easily be observed using a simple online flight tracking service. Especially major airports will
show a relatively large number of aircraft being on arrival and approach during peak hour conditions. These specific
flight phases are an example of operations that are susceptible to disturbing events. The expected future growth in
the number of flights will even further increase the risk of such challenging and disrupting occurrences both in the air
and on the ground. Because of increasing complexity in ATM there is a need to understand these risks and its
implications on the operations in the ATM domain.

In recent years there has been a shift in the way how safety is perceived. While safety is traditionally viewed as the
absence of unwanted outcomes such as errors and accidents (Safety-1), recent trends insist on the necessity to
understand and support how safety is actively produced (Safety-Il) [21]. From a Safety-Il perspective, the purpose of
safety management is to ensure that as much as possible goes right and that everyday work achieves its intended
purposes. This new safety management paradigm is called resilience engineering and aims to enhance the ability of a
complex socio-technical system to succeed under varying conditions and to perform in a way that produces
acceptable outcomes.

In recent years the concepts resilience and resilience engineering have gained significant interest in a large number
of domains [22, 34]. This increased interest is found to be closely related to the increased complexity and the inherent
risks of modern socio-technical systems. The complexity in socio-technical systems is the result of a large number of
deeply interconnected social entities and technical systems. The nonlinear and low-level correlations between the
involved actors result in global system behaviours that can be described as being emergent and unpredictable.
Because of this complex and emergent system behaviour it is a challenging task to identify the cause of failing or
affected system behaviour using traditional risk management strategies. Resilience engineering on the other hand
attempts to describe the way how complex socio-technical systems deal with failures and disturbing events and with
that its resilient capacities. The concept of resilience (in socio-technical systems) is however relatively new and is
therefore still under study.

In the past decade resilience studies have increasingly been conducted in the context of ATM, which are generally
related to the funded research projects as conducted by Eurocontrol [9], Resilience2050 [33] and SESAR Joint
Undertaking [31]. These studies relate to the contributions of resilience engineering in the field of ATM and are found
interesting because of the rapid development of ATM within the last couple of years. In the context of ATM resilience
has been defined as the intrinsic ability of a system to adjust its functioning prior to, during, or following changes and
disturbances, so that it can sustain required operations under both expected and unexpected conditions [9].
Resilience engineering is herein seen as a promising concept to analyse, understand and enhance the resilient
capacities of the socio-technical ATM system.

The resilience study that is covered in this report builds further upon recent studies that indicated the need for
more structured modelling approaches for analysis and quantification of resilience in socio-technical systems. One of
the most recent studies in this context is performed by Stroeve and Everdij [43]. They presented agent-based
modelling as a suitable and structured approach for analysis of resilience in socio-technical systems. They developed a
qualitative agent-based model to analyse the resilient capacities of conventional approach operations during a sudden
and unexpected bad weather disturbance. However, only high level analysis results can be obtained by applying such a
qualitative agent-based modelling approach. Stroeve and Everdij acknowledge the uncertainties in their obtained
simulation results and indicate that further research is desired. They indicate that a more profound analysis of
resilience in socio-technical systems can be achieved using a quantitative agent-based modelling and simulation
approach. The resilience study that is covered in this report builds further upon the need for quantification and
analysis of resilience in socio-technical systems. The research activities that have been performed do all contribute to
the following research objective:
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“To quantify, analyse and understand the resilient capacities of conventional approach operations during a sudden
and unexpected bad weather disturbance using a quantitative agent-based modelling and simulation approach”

This resilience study aims to deliver more profound results and insights in the resilient capacities of the socio-technical
ATM system, which could not be delivered by the qualitative study of Stroeve and Everdij. Secondly, this study
demonstrates the usefulness of quantitative agent-based modelling and simulation for resilience engineering in
combination with the AnyLogic simulation software.

1.2 Report structure

The contents of this thesis report are structured as follows:

e Section 2 - Literature review: from theory to practice: provides all necessary background information, related
research topics and current state-of-the-art with respect to the research objective;

e Section 3 — Research objective, scope and methodology: describes what the research is trying to achieve and
what the main activities have been to answer the research questions;

e Section 4 — Case study — Rome Fiumicino airport: describes the operational scope of the case study by providing
all related information about the used approach procedures, type of operations and involved approach sectors;

e Section 5 - Model description: describes the agent-based model that has been developed to study the resilient
capacities of conventional approach operations;

e Section 6 — Model verification: describes the verification processes that have been performed during and after
model implementation;

e Section 7 — Model validation: describes the model validation process that has been performed;

e Section 8 — Experiments: describes the experiment set-up, the conducted experiments and the obtained
simulation results that altogether define the simulated resilient capacities of the modelled approach operations
during a bad weather disturbance;

e Section 9 — Discussion, conclusions and recommendations: describes the relevance of the followed quantitative
agent-based modelling and simulation approach in the field of resilience engineering, presents the conclusions
that have been drawn regarding the research questions, and presents recommendations for future research.
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2 Literature review: from theory to practice

This chapter provides all necessary background information that familiarises the reader with the related research
topics and current state-of-the-art related to the field of resilience (engineering). This information serves as the basis
for the resilience related research that has been conducted during this research project. The research objective that is
specified in the next chapter is therefore defined by the research gaps that are introduced in this chapter.

The resilience study that is covered in this report can in short be summarized as “the quantification of resilience in
the complex socio-technical ATM system using an agent-based modelling and simulation approach”. This formalisation
contains some key topics that define the contents of the research objective and the research methodology. This
chapter will therefore provide some brief descriptions and related state-of-the-art to introduce the reader to the
following topics:

e Complex socio-technical systems

e The concept of resilience

e Resilience engineering

e  Properties and characteristics to express resilience

e Resilience assessment metrics

e Quantitative approaches for modelling resilience in complex socio-technical systems

e Agent-based modelling and simulation approach to study complex socio-technical systems

e Agent-based modelling and mental simulation for resilience engineering in air transport

The information that is provided in each section will familiarize the reader with the different topics that are
considered in this research project. While reading through the descriptions of these topics the reader will notice that
the contents shift from a theoretical perspective towards a practical perspective. This chapter will end with the
practical field of resilience engineering, in which agent-based modelling and simulation is identified as a promising and
structured approach for the analysis of resilience in socio-technical systems.

Complex socio-technical systems

Air Traffic Management (ATM) is defined as the dynamic, integrated management of air traffic and airspace including
air traffic services, airspace management and air traffic flow management through the provision of facilities and
seamless services in collaboration with all parties and involving airborne and ground-based functions [25]. ATM
consists therefore of many interacting and interdependent actors, such as air traffic controllers, pilots, and many
related systems that collaborate to achieve safe, economic and efficient flight operations. The combination of the
dynamic interactions between such human operators and technical systems within air transport can be described as a
complex socio-technical system. A socio-technical system is defined to be a system consisting of deeply interconnected
social entities and technical systems [45]. Complexity on the other hand relates to the highly nonlinear correlations
between different low-level system behaviours, states, dynamics and interactions, which eventually emerge in
unpredictable global behaviours [5, 32].

The concept of resilience

The concept of resilience has gained significant interest over the years due to increasing complexity of socio-technical
systems and its inherent risk due to this complexity [1]. Resilience is in general understood to be the degree and ability
of an entity or system to return to its original state after a disturbance, i.e. the ability to withstand a disturbance and
to recover from it [22]. Despite this general definition there are many other definitions of resilience as applied in
various domains and disciplines, which prevents the establishment of a uniformly agreed definition [16]. The number
of definitions that exist nowadays do however share many similarities. Bergstrom et al. found these similarities in
terms of “the ability to adapt to or absorb disturbing conditions” and “the ability to keep the system within its
functional limits” [1]. Erik Hollnagel, an internationally recognised specialist in the field of resilience engineering,
defines a system to be resilient “when it can sustain required operations under both expected and unexpected
conditions by adjusting its functioning prior to, during, or following events” [21].
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Resilience engineering

Resilient performance is achieved and maintained by the work and results of resilience engineering. Resilience
engineering (RE) aims to enhance the ability of a complex socio-technical system to adjust its functioning to sustain
required operations notwithstanding disturbance, disruption and change [18, 42]. RE as part of Safety-Il looks for ways
to enhance the ability of systems to succeed under varying conditions and to remain productive [20]. The focus in
Safety-Il is therefore on the system’s ability to perform in a way that produces acceptable outcomes and to ensure
that things go right. In this sense Safety-Il differs significantly from traditional risk management strategies (Safety-l),
which focus on reducing the likelihood of disturbing events and reducing the potential adverse consequences of such
events.

Properties and characteristics to express resilience

The resilient performance of socio-technical systems can be expressed by a number of properties. In general all

(intelligent) properties that help a system cope with disturbances, either in advance or afterwards can be interpreted

as a resilience characteristic. The most common resilience properties as found in literature seem to converge to the

capacities to absorb, to adapt and to recover, of which the ability to adapt is seen as the most important capacity

within resilience [16, 22, 44, 46, 50]. The three commonly used resilience properties or capacities can in general be

described as follows:

e absorptive capacity: the degree to which a system can absorb disturbances to minimize the consequences;

e adaptive capacity: the ability of a system to adjust to disturbances and undesirable situations, which becomes
required when the absorptive capacity can no longer hold the disturbance;

e recovery/restorative capacity: the ability of a system to return to a normal or improved state in a relatively short
period, dependent on what is defined as desirable control and operations;

The adaptive capacity is also emphasized in two of the four conceptual perspectives of Woods [50]:

e graceful extensibility: the ability of a socio-technical system to adapt and to stretch in order to cope with surprise
events. The amount of graceful extensibility determines the system performance and adaptive capacity when
confronted with the boundaries of the normal and disturbed operational envelope;

e sustained adaptability: the ability of a socio-technical system to preserve the adaptive capacities despite changed
conditions or system performance and properties over time.

Resilience as graceful extensibility and resilience as sustained adaptability are two dimensions that are still not well-

understood due to the complexity of socio-technical systems nowadays. These dimensions are therefore still under

study and part of state-of-the-art research [51].

Hollnagel defines the ability to adjust a key feature of a resilient system. These adjustments can be either reactive

(something has happened; response to an occurrence) or proactive (something has to happen; be anticipatory) [19,

20]. Based on the work of Hollnagel, RE has proposed that the following four abilities (cornerstones) are necessary for

resilient performance [19, 22]:

e the ability to respond: the system knows how to respond to a state change due to a disturbance, and knows what
to do by adjusting its mode of functioning;

e the ability to monitor: the system can monitor those aspects within the system internally and the environment
externally which can (potentially) affect the system’s performance;

e the ability to learn: the system learns to handle disturbances based on experience;

e the ability to anticipate: the system knows what to expect and is able to anticipate on disturbances based on
gained knowledge.

These four abilities are the minimal requirements for a system to have a resilient performance. The ability to adapt, in

which a system is able to adjust or modify itself based on certain conditions, is seen as a combination of the abilities to

respond, learn and monitor.
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Resilience assessment metrics

Assessment metrics and methods have been developed that aim to analyse, assess and model the resilient capacities
of complex socio-technical systems. Within the resilience assessment methodologies one can distinguish qualitative
and quantitative approaches [22]. The qualitative assessment approaches seek to explain and understand resilient
behaviour in words and therefore exclude numerical values. Within resilience engineering there are typically
qualitative approaches used to assess resilience of complex socio-technical systems. These qualitative approaches
provide however significantly less level of detail in assessing resilient properties when compared to quantitative
assessment methods. Quantitative assessment approaches assess resilience in a numerical manner. In general, the
majority of these quantitative assessment approaches are based on measuring and comparing the relative impact of a
disturbance on system performance and the time it takes to recover. The notion for this approach is called the
resilience triangle with the two key elements initial impact and recovery time. The initial impact is a measure for the
amount of disturbances a socio-technical system can absorb or withstand before leading to significant changes in its
KPIs. Recovery time is a measure for the duration of the period between the significant reduction in KPIs and the
moment of recovery. The quantitative assessment approaches that are based on this resilience triangle paradigm
generally assess resilient properties of socio-technical systems on the three commonly used resilience capacities to
absorb, to adapt and to recover. Figure 1 provides a typical representation of the resilience triangle paradigm that is
considered. The figure indicates the many resilience characteristics that have been identified in literature and which
are used to describe system performance during and after disturbance [4, 16, 17, 44].

System performance

®
@ time

Figure 1 — Typical representation of the “resilience triangle” paradigm and corresponding properties

®
©
®

Number Description

Stable original state [17]

System disruption [17], absorption

Disrupted state [17], adaptation

System recovery [17], restoration

Stable recovered state [17]

Disruptive event [17], disruption [44]

Resilience action [17]

Original stable system performance [16], desired/normal performance level [44]
Performance at a new stable level after recovery [16], recovered performance [44]
Performance level immediately post-disruption [16], minimum performance [44]
Absorptive capacity [16], absorption factor [44]

Adaptive capacity [16], recovery factor [44]

Time to recovery (used in all metrics)

Recovery rate [27]

Resilience loss [4]
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Table 2 — Characteristics that are often used to assess system resilience as the ratio of recovery to the loss suffered by the system (figure 1)
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Quantitative approaches for modelling resilience in complex socio-technical systems

Literature provides many deterministic and probabilistic metrics for resilience quantification. The majority of these
resilience metrics are based on measuring and comparing the relative impact of a disturbance on system performance
and the time it takes to recover (resilience triangle). These metrics require data however in order to provide
quantitative results. For this reason there is need for more structured modelling approaches that are able to reveal
the emergent properties of complex socio-technical systems and to quantitatively asses resilience as such [43].
Patriarca et al. [30] indicated in their literature review the significance, relevance and continuous interest of the
modelling aspect within resilience engineering in current and future research. Many of their reviewed contributions
are related to the development of reliable and advanced models to measure and assess resilience either in a
qualitative or quantitative manner. These models and measurements are first of all required to understand the
inherent complexities of socio-technical systems and secondly to fill the gap between the theoretical notion RE and its
applicability in practical contexts. The need for more quantitative methods in measuring resilience, such as
mathematical modelling and computer simulations is also argued by Righi et al. [34].

Agent-based modelling and simulation approach to study complex socio-technical systems

Studying complex socio-technical systems is challenging due to the many different actors involved and their
corresponding behaviour, interactions and dependencies. The overall global behaviour emerges as the result of the
individual processes of each actor and their interactions. In order to capture such emergent behaviour a bottom-up
approach is required where only the low-level interactions between the social entities and technical systems are
specified and not the system as a whole. Literature that is related to the resilience engineering topic considers agent-
based modelling and simulation (ABMS) as a structured and promising approach to capture the emergent, dynamic
and interdependent behaviour of complex socio-technical systems [3, 36, 43, 47].

An agent-based model is composed of a number of autonomous decision-making entities, called agents, that
operate in a specific environment [28]. The overall behaviour and performance of the modelled socio-technical system
emerges as the result of the individual agent processes and their interactions [45]. Agent-based approaches have
therefore emerged as the key method to understand the interdependencies and interactions between system
components in complex socio-technical systems. Because of this, agent-based modelling and simulation has also
proven to be very suitable in modelling for instance human behaviour, decision-making and performance variability [2,
3, 28].

Agent-based modelling and mental simulation for resilience engineering in air transport

The notions resilience and resilience engineering have gained significant interest in the air transport sector as well [9,
14]. This interest resulted in the development and implementation of RE Guidance as part of the SESAR Safety
Reference Material (SRM) [31]. The objective of the developed RE Guidance is to analyse and improve resilience
within ATM by the use of resilience engineering principles. The proposed RE activities by SESAR were meant to
examine how socio-technical system design is capable of handling and adjusting to varying conditions and based on
that knowledge how such socio-technical system design can be improved. The development of the RE Guidance led to
an interest for more structured means for attaining a deepened understanding of socio-technical systems and for
gaining further insight in its resilient capacities. In line with this interest Stroeve and Everdij [31, 43] developed a
qualitative agent-based model to demonstrate the added value of such approach for the analysis of the adaptive
capacities and with that the resilient properties of the socio-technical ATM system. The analysis of these adaptive
capacities was performed by reasoning in a qualitative manner how relevant states or indicators change over time due
to the interactions in the agent-based model. These so-called mental simulations were related to the implications of a
sudden and unexpected bad weather disturbance at the airport. A shortcoming of mental simulations is however the
fact that such approach only provides high-level results. This is because of the difficulty to take into account the many
low-level interactions and dynamics in complex socio-technical systems. Stroeve and Everdij acknowledge these
uncertainties that still exist in their qualitative simulation results and indicate that further research is desired. They
indicate that a more profound analysis of the resilient capacities of disturbed approach operations can be achieved by
performing computer simulations of a formal quantitative agent-based model.
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3 Research objective, scope and methodology

The previous chapter provided an overview of the relevant literature, trends and the research gaps related to
resilience (engineering) and the modelling and quantification of resilience in complex socio-technical systems. Based
on this obtained knowledge the objective of this resilience study can be defined. This chapter will therefore describe
the defined research objective, the corresponding scope of the study, the related research questions and the followed
research methodology.

3.1 Research objective

By considering the state-of-the-art research and the corresponding topics that have been covered so far the following
research objective is defined for this research project:

“To quantify, analyse and understand the resilient capacities of conventional approach operations during a sudden
and unexpected bad weather disturbance using a quantitative agent-based modelling and simulation approach”

Following this objective, this resilience study is expected to deliver more profound results and insights of resilience in
the socio-technical ATM system, in comparison with the results and insights that are obtained using a qualitative
agent-based modelling approach [43]. The followed quantitative agent-based modelling and simulation approach and
its obtained results are used to contribute to the need for more profound analysis and quantification of resilience in
socio-technical systems.

3.2 Research scope

The research objective of this research project aims to achieve a (more) profound analysis of the resilient capacities of
conventional approach operations. In order to establish proper research questions that support the defined research
objective one should be familiar with the type of operations and the emergent patterns that are of interest. This
section will therefore describe the research scope that is considered for this resilience study.

Approach operations

The specific air traffic application that is considered in this study are conventional approach operations of multiple
traffic streams towards a single runway. As already described in the literature review such air traffic application can be
described as a complex socio-technical system where many human operators and technical systems collaborate to
achieve safe and efficient approach operations. This specific system comprises a number of air traffic controllers,
supervisors, the multiple aircraft on approach, the involved flight crews and various related CNS systems. Each of
these actors (subsystems) has a specific responsibility and behaviour within the considered approach operations. The
actions and decisions of each actor (may) influence the behaviour of the other involved and interconnected actors.

Varying condition

The specific disturbance that is considered in this study is a sudden and unexpected bad weather scenario at the
airport. This disturbance is selected from a larger list of identified disturbances in ATM [37, 39 40]. Such bad weather
disturbance results in a contaminated runway and reduced visibility during final approach. A contaminated runway
will in turn adversely affect the braking performance of aircraft. This affected braking performance in combination
with a reduced visibility will eventually cause the runway capacity to decrease. As the result of this reduced runway
capacity the throughput capacities that are maintained in the multiple approach sectors have to be adjusted
accordingly.
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Adaptive strategies

The main strategy that a controller will apply to adjust its maintained throughput capacity is the initiation of a
vectoring strategy [15]. Aircraft are herein instructed to deviate from their standard approach route until a sufficient
spacing between the aircraft is achieved. Aircraft will eventually be instructed to resume their original approach
operations if the spacing has been increased sufficiently. Other strategies that can be applied to reduce the
throughput capacity due to the reduced runway capacity are for instance the initiation of holding operations, speed
and/or altitude instructions (not common), and go-arounds.

Emergence

The main emergent phenomena that is of interest in this study is the way in which arrival and approach operations are
affected and emerge as the result of changed weather conditions at the airport. More specifically, this resilience study
is interested in the type of actions and strategies (i.e. vectoring, holding, go-arounds) that are applied by the
controllers in both normal and disturbed conditions, the resulting trajectories that will be flown when these strategies
are applied, the duration of each (to be) applied strategy, the dynamic evolution of the traffic situation in the
approach sector, and the resulting workload and performance of controllers. These emergent phenomena are defined
by a number of interdependent factors. These factors are for instance traffic density, size of the capacity reduction,
adaptive capacities of the controller, initial spacing, the ground speed of the involved aircraft, etc. The experiments
that are to be conducted aim to expose and to capture these emergent phenomena.

Resilience

The ultimate goal of this study is to gain quantitative insight in the resilient capacities of approach operations during a
sudden and unexpected bad weather disturbance. These resilient capacities are defined by a number of system
properties that allow to cope with the specified disturbance in an adequate manner. This study will therefore explicitly
emphasize those aspects that are considered to have a significant impact on the resilient capacities of disturbed
approach operations. In order to do so one should already have an initial hypothesis about the factors that affect
these resilient capacities, the way in which approach operations will emerge as the result of a sudden reduction in
runway capacity, and the indicators that define these resilient capacities. The resilient capacities of disturbed
approach operations are in this study expressed in terms of the emergent phenomena that are discussed in the
previous paragraph. Resilience in the context of approach operations is considered to be a relative property. Approach
operations are defined as being less resilient when more controller actions are required to cope with the disturbance,
and when aircraft in turn have to travel larger distances during their arrival/approach due to vector-, holding- and go-
around operations. All the aspects that are to be modelled will have a direct (hypothetical) relation to the resilient
capacities of the system under study.

3.3 Research questions

The research scope in the previous section introduced the type of insight where this resilience study is interested in
and the way in which this insight is to be obtained. The following research questions are set up in order to make the
objective even more concrete and to provide more guidance to what is expected and wanted as the deliverables of
this research project:

1) How do conventional approach operations emerge as the result of a sudden and unexpected bad weather
disturbance and to what extent can these emergent operations be described as being resilient?

This research question aims to explore and capture the type of operations that become required in order to adjust the
throughput capacity in the approach sectors. It is expected that vector operations, holding operations and go-arounds
will be instructed to increase the spacing between aircraft and in turn to reduce the throughput capacity. As the result
of these unexpected instructions the workload of the involved controllers is expected to increase. The multiple aircraft
that are currently on approach during the disturbance are likely to be in approach for an additional time period. The
resilient capacities of the obtained emergent behaviours can be defined and quantified by a number of related
performance indicators (to be introduced in section 8.1). The extent to which the resulting operations can be defined
as being resilient is dependent on the patterns that will be observed in the obtained simulation results.



MASTER OF SCIENCE THESIS REPORT

2) To what extent are executive controllers able to maintain resilient approach operations during the sudden and
unexpected bad weather disturbance?

Within the complex socio-technical ATM system it is clear that the executive controllers fulfil an essential role in
achieving safe and efficient air traffic movements during both expected and unexpected conditions [40, 48, 49]. The
contents of the speed, altitude and/or heading instructions as provided by the executive controllers define for a large
part the resilient capacities of disturbed conventional approach operations. From the perspective of resilience
engineering this study should be related to the everyday performance of controllers and the corresponding outcomes
of this performance. The work-as-done of controllers is for this reason considered an essential part of this resilience
study. The individual skills, practices and properties of each modelled controller agent together with the cooperative
and anticipative setting among the controller agents will eventually determine how the approach operations will
emerge both before and during disturbance. When considering the resilient properties as proposed by Hollnagel, an
executive controller is able to monitor, respond to, learn from, and anticipate on a disturbance. The controller
behaviour that will be modelled should therefore take into account these four essential cornerstones. Woltjer argues
that resilience from the controller’s perspective can be addressed in two ways: the psychological processes which
addresses the controller’s ability to handle disturbances and secondly the cognitive processes that are required in the
actual controlling of air traffic. One should therefore be familiar with the operator’s actual performances and
practices, procedures and techniques.

3) How can the socio-technical ATM system be adapted to improve the resilient capacities of conventional approach
operations in the context of a bad weather disturbance?

This research question aims at finding improvements in handling conventional approach operations based on analysis
of the previous two research questions. Adjusting or extending a specific strategy could have a positive effect on the
resilient capacities of the socio-technical approach operations. The proposed improvements will mainly consist of
high-level recommendations regarding e.g. improved adaptive strategies or control mechanisms.

4) What is the added value of a quantitative agent-based modelling and simulation approach for resilience
engineering over a qualitative agent-based modelling approach?

This research question aims at comparing the obtained quantitative simulation results with the results of the
qualitative analysis of Stroeve and Everdij and concluding on the usefulness of the used ABMS approach during this
research project. Stroeve and Everdij provided qualitative conclusions based on their conducted mental simulations of
how certain KPIs would change over time in the context of disturbed approach operations. Because quantitative
agent-based models are able to provide more profound analysis, this research question is expected to provide
verification of the concluding qualitative graphs of Stroeve and Everdij and is besides expected to provide more insight
in the resilient capacities of disturbed approach operations.

5) How does AnyLogic contribute to the implementation and simulation of formal agent-based models?

Anylogic is used as the platform for the implementation and simulation of the formal quantitative agent-based model.
This research question aims to explore the beneficial features of AnyLogic for relatively large-scale and
computationally demanding agent-based resilience studies. AnyLogic provides a structured architecture and a set of
modelling elements that can be used to specify and implement agent properties.

3.4 Research methodology

This section provides brief descriptions of the research methodology that has been followed to find answers to the
research questions that have been posed in the previous section. The descriptions below indicate the main activities
that have been performed during the resilience study.
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Understanding related resilience studies

The previous chapter provided the relevant literature, trends and the research gaps related to resilience (engineering).
One should be familiar with these topics (i.e. resilience quantification and analysis) to make sure that this resilience
study contributes to the state-of-the-art. Since this resilience study builds upon the qualitative study of Stroeve and
Everdij the contents of their study are properly studied. This activity allows to familiarize with the scope of their study,
their developed agent-based model, their conducted mental simulations and their obtained qualitative simulation
results. This information is needed to make sure that the quantitative agent-based approach as followed in this
resilience study considers a similar scope as the one that has been considered by Stroeve and Everdij. In addition, one
should be familiar with the concept of resilience and its corresponding properties in order to draw proper conclusions
about the resilient capacities of conventional approach operations during disturbance.

Understanding related theory and procedures

One should be familiar with the working environment, the procedures and conditions that apply during arrival and
approach in order to provide valid conclusions about the resilient capacities of the socio-technical system under study.
This specific phase therefore relates to the gathering of information that describes controller performance and
actions, approach procedures, airspace structure, responsibilities, aircraft performance, etc. Especially the
documentation of ICAO and Eurocontrol has often been used for this purpose [8, 11, 12, 23, 24, 25, 26].

Understanding the functionalities of AnyLogic (Java)

Anylogic is used for the implementation and experimentation phase of this agent-based resilience study. For this
reason one should be familiar with the type of modelling elements that are provided by AnyLogic, the functionalities
and limitations of the software package, the applied Java language, the way in which simulation results are stored and
exported, etc. The AnylLogic tutorials of professor Nathaniel Osgood have found to be very useful to become familiar
with the basics of Java and the powerful features of AnyLogic in the context of agent-based modelling and simulation
[29].

Model development

This activity concerns the development of the formal agent-based model. The quantitative agent-based model will in
particular emphasize the cognitive skills of the executive controllers and the flight dynamics of the multiple aircraft
that are involved. In this way the developed agent-based model is able to provide sufficient and realistic conclusions
about the resulting emergent behaviour of approach operations during deteriorated weather conditions. The
specification of the formal agent-based model will effectively incorporate the modelling elements that are provided by
Anylogic, such that an efficient implementation of the model can be achieved.

Model implementation, verification and validation

This activity involves the implementation of the formal quantitative agent-based model in AnyLogic, the verification of
the implementation and the validation of the resulting simulation output. Efficient implementation is supported by
the specification of the formal model using AnyLogic modelling elements. Because of these structures the
development and the implementation of the agent-based model can be considered as a parallel process. Model
verification has been applied as an iterative process that is performed in parallel with the implementation of the
guantitative agent-based model.

Model simulation and analysis

After the model has been fully formalised, implemented and verified a number of parameter variation experiments
are conducted to gain insight in the resilient capacities of approach operations during a bad weather disturbance.
These type of experiments aim to capture the emergent phenomena of interest (as introduced in section 3.2) before,
during and after disturbance. These obtained characteristics can then be used to express the resilient capacities of the
approach operations.

10
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4 Case study - Rome Fiumicino airport

A sufficiently large and busy airport should be considered in order to properly capture the effects of a sudden and
unexpected reduction in runway capacity as the result of a bad weather disturbance. For this reason it has been
decided to analyse the resilient capacities of arrival and approach operations at Rome Fiumicino airport. A second
argument for considering this specific airport as the case study is the fact that multiple other related resilience studies
have also been performed in the context of Rome Fiumicino operations. The specific type of procedures and the
resulting operations that are considered in this study are however comparable with those that are applied at other
(busy) airports, such as Frankfurt am Main Airport, Hamburg Airport and Dubai International Airport.

The developed formal agent-based model is meant to simulate the effects of a bad weather disturbance on the
arrival and approach operations at Rome Fiumicino. The reader should therefore be familiar with the type of approach
procedures and operations that apply at this airport to understand the aspects that are taken into account in the
formal agent-based model, and secondly to be able to interpret the obtained simulation results. This chapter will for
this reason describe the operational scope of the Rome Fiumicino case study by providing all related information
about involved approach sectors, observed operations and considered approach procedures.

4.1 Approach sectors

The case study considers the northern approach sector of Rome Fiumicino. This northern approach sector consists of
the three smaller approach sectors TNW, TNE and ARR. Figure 2 shows a schematic overview of these approach
sectors in relation to the IAPs that are considered. Section 4.3 will provide more detail about the IAPs and the
corresponding waypoints that are considered in the operational scope of the case study. Each airspace sector is
controlled by one executive controller, i.e. the TNW, TNE and ARR approach controllers and the TWR controller. The
approach controllers are herein supervised by the Supervisor APP, while the TWR controller is supervised by the
Supervisor TWR.

e NE sector: sector positioned north of the TNW and TNE sectors. The NE sector is used to build up and pre-
sequence arriving traffic, which is eventually handed over to the TNW and TNE sectors at waypoints XIBIL and
RITEB respectively;

e TNW sector: defines the northern TMA of Rome Fiumicino between XIBIL and USIRU;

e TNE sector: defines the northern TMA of Rome Fiumicino between RITEB and ESALU;

e ARR sector: represents the airspace section (TMA) in which the sequences of arriving traffic as received from the
TNW and TNE sector will further be refined using radar vectors. The ARR sector allows aircraft to prepare for final
approach towards runway 16L at Rome Fiumicino. Aircraft are handed over to TWR around 6 NM before the
runway threshold;

e TWR sector: represents the CTR of Rome Fiumicino, i.e. the relatively small circular airspace section around the
airport containing aircraft that are on final approach for runway 16L at Rome Fiumicino.
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Figure 2 — Schematic overview of the northern approach sectors of Rome Fiumicino airport
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4.2 Runway system

The operational scope of the case study considers two incoming streams of approaching traffic towards runway 16L.
Runway 16L is the preferred runway for landing at Rome Fiumicino and is approved for CAT II/11l operations (figure 3).
With a length of 3902m it is of sufficient size to accommodate large wide-body aircraft. Runway 16L has multiple HSTs,
of which HST DG and DH are most preferred after landing. Because of these HSTs the ROT is minimized and the
runway capacity is maximized. Reduced separation procedures are applicable for runway 16L. Runway 16L does not
contain any noise abatement procedures for arrival. At Rome Fiumicino there is a traffic peak three to four times a day
with a maximum of 80 departing and arriving aircraft per hour. In such situations parallel runways are used.
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Figure 3 — Runway 16L at Rome Fiumicino

4.3 Instrument approach procedures

This section describes the instrument approach procedures (i.e. arrival, initial approach, intermediate approach and
final approach) for runway 16L at Rome Fiumicino, and more specifically for aircraft that approach the airport via the
northern approach sectors. These specific arrival and approach procedures are part of the operational scope of the
case study.

4.3.1 Arrival segment

Aircraft that are on approach for runway 16L at Rome Fiumicino are initially arriving via the fixed profiles of multiple
STAR procedures, which mark the transition between the en-route segment and the approach segment. The XIBIL2A
and RITEB2A STAR procedures appear to be the default arrival procedures for aircraft that originate from the north
and which are destined for runway 16L. These two STAR procedures serve therefore as the fixed and prescribed arrival
procedures in the operational scope of this study. The charts of both arrival procedures can be seen in appendices A.1
and A.2. STAR procedures assist the work of approach controllers by providing a structured means in guiding aircraft
towards the runway. Historic flight tracking data has been used to examine in what way these procedures assist the
controllers in their work. The circa 150 obtained data files visualize the flight trajectories that aircraft have flown
during their arrival and approach towards runway 16L. These data files are chosen such that they describe flight
trajectories at various dates and time points. This is done to confirm that the visualized flight trajectories represent
the standard and general procedures for normal arrival operations at Rome Fiumicino.

By examining the plotted trajectories, three types of observed operations can be distinguished. Two of these
observed operations can be characterized as just normal. They only differ in the number of aircraft that are currently
on arrival/approach. The last type of observed operations can be characterized however as less efficient and
structured when compared to the first two types of observed operations. This third type of operations requires on
average a longer flight time. The three types of clustered operations and the observed characteristics of each type of
operation will be described below. This information is used and required to model and implement realistic approach
operations that correspond with the daily operations at Rome Fiumicino, either in normal conditions or during
disturbed operations.
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Figure 4 — Historic flight trajectories towards runway 16L at Rome Fiumicino

Arrival segment flown using direct-to’s

The first type of clustered historic flight trajectories consider the operation of direct-to’s, which directly connects the
entry points of the STAR procedures with the IF (figure 4a). Direct-to’s are in the AIP called clearance limits, which
means that aircraft are cleared to directly fly to a certain point in space (i.e. IF). This specific type of vector is only
flown when a small number of aircraft is currently on approach. The operational scope of this resilience study does
therefore not consider this type of vector, since this study is only interested in the emergent behaviours as the result
of a relatively large traffic density in the approach sectors.

Arrival segment flown using STAR procedures

The second type of plotted flight trajectories can be characterized by the fact that they all overlap a significant part of
the corresponding STAR procedure (figure 4b). The majority of all flights that have been observed can be described by
this specific type of operation. Each aircraft is herein flying the lateral profile of the STAR procedure, which prevents
the necessity of providing heading instructions. Speed and altitude instructions however remain still required when
these specific STAR procedures are flown. This is also clearly visible when one analyses the speed and altitude profiles
of the plotted flight trajectories, which shows a relatively large variety of speeds and altitudes during arrival.

As can be seen in figure 4b the lateral profile of each STAR procedure is in general not completely flown till the IAF.
Each aircraft leaves the lateral profile of the STAR procedure at a different location. This strategy is applied by the
controller to merge the multiple traffic streams that are approaching Rome Fiumicino via the two (or more) STAR
procedures. The relative location at which aircraft are instructed to terminate the STAR procedure provides
information about the traffic density in the surrounding airspace sections of Rome Fiumicino. Aircraft are for instance
required to operate a relatively larger part of the STAR procedure when these surrounding airspace sections contain a
relatively large number of aircraft. This specific merging technique is called tromboning, which will be further
explained in section 4.3.2.

Arrival segment flown using vectors, holding operations and go-arounds

The third type of clustered historic flight trajectories considers the trajectories that are typically flown during
disturbed operations (figure 4c). These trajectories can be described as a combination of vector operations, holding
operations and go-arounds. The trajectories that are shown in figure 4c were captured during a sudden capacity drop
at Rome Fiumicino airport. The reason for this capacity reduction is however unknown. During capturing it was clearly
visible that the inter-aircraft spacing had to increase. By analysing this figure there can be seen that aircraft are
vectored away from the lateral profile of the STAR procedures, that the holdings at fixes GOPOL, RAVUX and RITEB are
used and that go-arounds are initiated. These strategies are applied by the controller to lower the throughput capacity
in the airspace sections and to lower the number of aircraft that are directed towards the runway.

The last two categories of operations (i.e. STAR, vector, holding and go-around) are considered part of the operational
scope of this resilience study.
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4.3.2 Initial approach segment

The initial approach segment is defined as the segment between the IAF and the IF. In this flight segment aircraft are
instructed one or multiple vectors until they have intercepted the localizer of runway 16L. The specific strategy that is
applied at Rome Fiumicino in the initial approach segment is called tromboning, which allows to properly sequence,
merge and space multiple streams of approaching traffic towards the IF. The application of this tromboning technique
at Rome Fiumicino can clearly be seen when looking at the flight trajectories in between the rectangular and
symmetrically trombone shaped segments of the STAR procedures (figure 4b). These specific segments consist of a
number of equally distanced fly-by waypoints that are used by the controller to modify the published procedures by
either stretching or shortening. This technique is therefore in essence quite similar with the characteristics of the
Point Merge technique [13]. Figure 5 visualizes a typical example of the tromboning sequencing technique as applied
at Frankfurt am Main airport, having a similar structure as the trombones that are used at Rome Fiumicino. Aircraft
are in such approach procedure cleared to proceed directly to a certain waypoint, which is in the case of Rome
Fiumicino mostly the IAF or IF. These direct-to’s allow the controller to guide and merge the multiple approaching
aircraft in an efficient manner towards the IF (or IAF), which allows to establish a relatively high throughput capacity in
the respective TMA section.
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Figure 5 — Visualization of the tromboning sequencing technique as applied at Frankfurt am Main airport

There could be situations in which the trombone segments of the STAR procedures become saturated (i.e. they are
completely flown). Saturation may especially occur when a large number of aircraft is currently on approach, or when
relatively large separation distances are applied. The merging practice of the controller becomes more challenging
once the trombone segments become saturated. This is because the required spacing between the to be merged
aircraft does not increase sufficiently anymore. A controller therefore aims to enlarge the trombone segments using
vector instructions such that aircraft can still be properly merged towards the IF. These specific vectors are also
visualized in figure 4b, i.e. the flight trajectories that are located north of the trombone segments. A more formal
definition of the term saturation is provided in the next chapter.

4.3.3 Intermediate approach segment and final approach segment

The last part of the IAP, i.e. the intermediate and final approach segments can be described by a straight trajectory
between the IF and the runway threshold. The chart of the used approach procedure can be seen in appendix A.3. The
intermediate approach segment marks herein the horizontal flight segment of the IAP between the IF and the FAP.
Aircraft are in this segment adjusting their airspeed and configuration to prepare for final approach. The horizontal
orientation of aircraft during the intermediate approach segment allows aircraft to intercept the glide path of the ILS
from below, from where the final approach begins. The final approach segment at last can be described as the
segment in which the alignment and descent towards runway 16L are made. The final approach towards this runway is
in general performed using PA.
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4.4 RNAV

The IAPs for Rome Fiumicino are based on the functionalities of RNAV. RNAV is a method of navigation that enables to
fly any desired trajectory within the coverage of navigation aids. These trajectories are flown relative to waypoints, i.e.
geographical locations of points that define a RNAV route. The IAPs for Rome Fiumicino are shaped by a number of
interconnected fly-by waypoints. The navigation computers onboard modern commercial aircraft are able to
determine the current position of the aircraft relative to these fly-by waypoints. The autopilot system in turn uses this
situational knowledge to automatically fly the lateral profile of the IAPs. RNAV functionalities may also be used by the
controllers to instruct aircraft to fly a modified arrival or approach procedure. The most common instruction in this
context is the so-called direct-to, which allows aircraft to fly directly towards a desired fly-by waypoint instead of flying
the complete published procedure. The use of RNAV in the approach sectors of Rome Fiumicino can clearly be seen in
the shape of the plotted trajectories in figure 4. The many fly-by waypoints in these airspace sections can be
considered a kind of grid that may be used by the controllers to guide aircraft with an efficient routing towards the
runway threshold. RNAV is because of the essential functionalities as mentioned above therefore considered part of
the operational scope of this resilience study.

4.5 Separation minima

Each executive controller is responsible for maintaining sufficient spacing between aircraft in its respective airspace
section. This separation is maintained by the provision of heading-, altitude- and/or speed instructions. Within the
approach sectors of Rome Fiumicino traditional distance based separation is applicable, where aircraft should be
separated at least 3NM horizontally and 1000ft vertically. This minimum longitudinal separation distance is defined by
the ICAO wake turbulence separation minima, which is a function of the WTCs of the preceding and succeeding
aircraft. Table 3 lists these wake turbulence separation minima for the WTCs HEAVY and MEDIUM. These two WTCs
represent the type of aircraft that are operating at Rome Fiumicino.

Aircraft WTC

Preceding aircraft | Succeeding aircraft | Separation minima
HEAVY HEAVY 4 NM
HEAVY MEDIUM 5NM

MEDIUM HEAVY 3NM
MEDIUM MEDIUM 3NM

Table 3 — Distance-based wake turbulence separation minima (only presented partly) [25]
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5 Model description

This chapter will describe the formal agent-based model that has been developed to study the resilient capacities of
conventional approach operations in the context of Rome Fiumicino operations. Section 5.1 will first provide an
overview of the identified agents and the (type of) interactions that are considered in the model. Section 5.2 will
thereafter describe the simulation environment in which the aircraft agents operate. All the remaining sections will
describe the modelled properties (states and behaviour) of each identified agent and the interactions in and between
the identified agents.

The identified agents, and especially the controller and aircraft agents can be described using a large number of
(cognitive) properties and (internal) interactions. These modelled properties and interactions are needed to cope with
the very unconstrained and dynamic characteristics of approach operations both before and during disturbance. The
formal agent-based model that has been developed can therefore be described as being extensive and complex due to
the many modelled dynamic processes and interdependencies. This chapter will because of these complexities and for
readability reasons only describe the main concepts that are considered in the developed agent-based model. A
complete formal specification of the developed agent-based model can be found in appendix C. The sections in this
chapter will often refer to a particular section in this appendix for more formal context about a modelled feature.

This chapter contains a number of terms that are used to express and to refer to a modelled concept, instruction,
state, or environmental property. These terms are written in italics and are used at multiple locations in this chapter
and the upcoming chapters.

5.1 System identification and decomposition

In order to draw proper conclusions about the resilient capacities of the socio-technical ATM system the agent-based
model should sufficiently resemble the operations that are of interest. This section therefore describes the agents and
the (type of) interactions that are considered in the scope of this resilience study.

5.1.1 Agents

The following agents are identified in the formal agent-based model, together with a brief description of the most
relevant behaviours and properties:

Feeder controller

e Responsible for feeding aircraft agents into the simulation environment according to a specific traffic distribution
and specified generation rate (throughput capacity), such that it represents the (real) delivery of aircraft from the
NE sector to the TNW/TNE sectors (figure 2).

TNW controller (Executive controller c,)

e Responsible for one single traffic stream in the TNW sector.

e Provide speed, altitude and/or heading instructions such that a desired throughput capacity can be maintained.

e Apply vectoring strategy if separation between aircraft is considered insufficient.

e Initiate/terminate holding operations if the traffic situation in the ARR sector requires to do so.

TNE controller (Executive controller c,)

e Responsible for one single traffic stream in the TNE sector.

e Provide speed, altitude and/or heading instructions such that a desired throughput capacity can be maintained.

e Apply vectoring strategy if separation between aircraft is considered insufficient.

e Initiate/terminate holding operations if the traffic situation in the ARR sector requires to do so.

ARR controller (Executive controller c;)

e Responsible for two merging traffic streams in the ARR sector.

e Provide speed, altitude and/or heading instructions such that a desired throughput capacity can be maintained.

e Apply vectoring strategy if separation between aircraft is considered insufficient.

e Merge two incoming traffic streams at the intermediate fix.
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TWR controller (Executive controller c¢,)

e Responsible for aircraft that are on final approach towards runway 16L at Rome Fiumicino.

e Provide landing clearance.

e Instruct go-around if separation is considered insufficient.

Aircraft a; (multiple)

e Dynamically changing position, speed, altitude and heading when flying through the simulation environment.

e Descent and separation characteristics that correspond to HEAVY/MEDIUM aircraft types.

MCP a; (multiple)

e Responsible for the operation of the autopilot of the aircraft a; agent.

e Defined as the collection of systems that assist the flight crew a; agent in (automatically) controlling the trajectory
of the aircraft a; agent.

Flight crew a; (multiple)

e Provide the MCP q; agent with the correct input settings, in accordance with the instructions that are received by
the active controller agent.

Meteo Office

e  Monitor weather conditions.

e Inform Supervisor TWR when weather conditions have changed.

Supervisor TWR

e Define runway configuration and capacity.

e Inform Supervisor APP and TWR controller about a changed runway capacity after having been informed about
changed weather conditions.

Supervisor APP

o Define airspace (throughput) capacity in approach sectors.

e Inform TNW, TNE, ARR and feeder controllers about a changed throughput capacity after having been informed
about a changed runway capacity.

The upcoming sections will provide more detail about the complete set of (behavioural) properties that have been
identified for each agent.

Communication, navigation and surveillance (CNS) systems enable within ATM the exchange of information between
aircraft and controllers (communication), determines the position, orientation and airspeed of the aircraft (navigation)
and allows the controller to observe this specific information (surveillance). Such systems can be considered part of
the scope when one wants to take into account the effects of different working modes or when one wants to describe
the dynamics and stochastics that are involved in the corresponding system processes. The CNS systems are however
not considered part of the formal agent-based model because of the following assumptions:

e Theinvolved CNS systems are at all time working and functioning properly;

e The exchange of CNS information between the controller and aircraft occurs without any delay and noise;

e The aircraft is at all time aware of its current and exact position, heading, airspeed and altitude;

e The radar screen provides at all time highly accurate surveillance data of each aircraft;

5.1.2 Interactions

Figure 6 provides a schematic overview of the agents that have been identified and the interactions between these
agents, and between the agents and the environment. Note that each aircraft agent can be decomposed in this figure
into a MCP and flight crew agent, instead of only aircraft a,. Table 4 provides basic descriptions of the agent
interactions that are considered in the scope of the formal agent-based model. The numbers in this table refer to the
encircled numbers in figure 6. The interactions in table 4 describe the ways through which agents affect each other
during either normal approach operations or in the situation when the weather conditions and the resulting
runway/throughput capacity are changing. These basic descriptions aim to provide the reader with an idea of which
type of interactions are considered, and therefore also the type of corresponding agent behaviours and states. Note
that all communication between the controller agents and the flight crew agents can be described by the interaction
that is visualized between aircraft a, and the TWR controller.
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Nr Interaction between agents, or between agents and the environment

1 Meteo Office notifies normalized/deteriorated weather conditions at the airport

Meteo Office informs Supervisor TWR about changed weather conditions at the airport

Supervisor TWR informs TWR controller about a changed runway capacity due to changed weather conditions

Supervisor TWR informs Supervisor APP about a changed runway capacity due to changed weather conditions

Supervisor APP informs the ARR, TNW, TNE and feeder controllers separately about a changed throughput

capacity due to a changed runway capacity

6 TWR controller monitors traffic situation in the TWR sector and communicates with the flight crew of aircraft a;
if actions (instructions) are identified as necessary, such that safe and efficient approach operations can be
maintained in accordance with the applied runway/throughput capacity

7 Similar context as interaction 6, but applied to the activities of the ARR controller in the ARR sector

8 Similar context as interaction 6, but applied to the activities of the TNE controller in the TNE sector

9 Similar context as interaction 6, but applied to the activities of the TNW controller in the TNW sector

10 Feeder controller monitors traffic situation at the boundary of the NE sector and generates aircraft according to
the specified criteria

11 Flight crew qa; agent provides the MCP a; agent with new input settings after having received a speed, altitude
and/or heading instruction

12 The simulation environment consists of a number of significant points that are observed by the multiple aircraft
and controllers to (primarily) update their situation awareness

13 Weather conditions (including wind conditions) provide an extra dimension to the simulation environment and
can be perceived (in)directly by the Meteo Office, aircraft and controllers

“u b W N

Table 4 — Descriptions of agent interactions that are considered in the defined scope (high-level only)

Capacity modes

The majority of the interactions in table 4 describe the communication between agents about so-called capacity
updates as the result of either deteriorated or normalized weather conditions at the airport. The communication of
capacity updates has been incorporated into the model to simulate the temporary differences between the agents’
awareness about the current runway capacity. The controller and supervisor agents can be aware of two different
capacity modes: the normal capacity mode and the reduced capacity mode. The normal capacity mode describes the
awareness of an agent about a maximum runway capacity. An agent that is acting in the normal capacity mode is
modelled to maintain the nominal throughput/runway capacity. The reduced capacity mode on the other hand
describes the awareness of an agent about a reduced runway capacity. An agent that is switching to a reduced
capacity mode will therefore in reaction start to lower the throughput/runway capacity in its sector. The names of
these two defined capacity modes will often be used in the upcoming sections.

Communication between controller and flight crew

The controller and flight crew agents will often be in contact with each other during approach. The time duration of
this contact is modelled with a lognormal probability distribution, which makes that each contact has a different time
duration. The lognormal probability distribution is kept fixed throughout the complete simulation duration. The
contact between the two agents is at all time initiated by the controller agent, i.e. the flight crew agents will only react
to incoming messages and not seek contact with the controller.
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Figure 6 — Schematic overview of the agents, the environment and the interactions as considered in the formal quantitative agent-based model

5.2 Environment

Approach sectors and STAR procedures

The simulation environment comprises the northern approach sectors of Rome Fiumicino, which have been
introduced in the previous chapter (i.e. TNE, TNW and ARR). By considering these three sectors the simulation
environment is of sufficient size to model the complete arrival and approach segments, which start at the entry point
of each modelled STAR procedure (i.e. XIBIL and RITEB) and end at the threshold of runway 16L. This means that the
NE sector is not considered part of the simulation environment. The dynamics of the arrival operations in the NE
sector are therefore simulated by the modelled behaviour of the feeder controller. The STAR procedures that have
been introduced in the previous chapter serve as the baseline operations during arrival and connect the TNW/TNE
sectors with the ARR sector. Both STAR procedures are collected in the set S, where S = {S,, S,}. Here S, represents the
XIBIL2A procedure and S, the RITEB2A procedure. Within each STAR procedure there is one holding pattern
considered, i.e. H, = {H,} and H,= {H,}.
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Wingex Description

Wws,  Sequence of interconnected fly-by waypoints defining STAR procedure S

Wswo Begin point of the base segment (outbound) of STAR procedure S (XIBIL2A: RF424, RITEB2A: RF444)

wsw End point of the base segment (inbound) of STAR procedure S (XIBIL2A: RF426, RITEB2A: RF446)

wse  Waypoint at which aircraft can re-join and re-operate STAR procedure S (XIBIL2A: GIPAP, RITEB2A: VAKAB)
Wsyo Desired handover point from TNW/TNE to ARR (XIBIL2A: USIRU, RITEB2A: ESALU)

Wsar  Initial Approach Fix (IAF) (XIBIL2A: SUVOK, RITEB2A: EXAMA)

w,:  Intermediate Fix (IF) (OXERU)

Wz Runway threshold (L/RF)

Wysr,  First HST (DG of RWY 16L)

Wi, First HST (DH of RWY 16L)

wsk Vector points that are used to resolve conflicting situations near the lateral profile of the STAR procedure

wy,s Vector points that are used to resolve conflicting situations near the base segment of the STAR procedure
wy sn Vector points that are used to resolve conflicting situations during the merging operations relative to w;

wys Vector points that are used to resolve conflicting situations near w;

Wy, Holding inbound fix (XIBIL2A: GOPOL, RITEB2A: RAVUX)

Wsyo Holding outbound fix

Table 5 — Descriptions of the multiple significant points that are considered in the model
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Figure 7 — Visualization of the multiple significant points that are considered in the model
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Significant points

The airspace sections that are taken into account contain many (three dimensional) points in space that are used to
define the position and orientation of aircraft agents within the simulation environment. All the points that are used
to mark essential locations within the simulation environment are called significant points, denoted by “W;,4ex”- This
notation in combination with some specified “index” is used to indicate the specific function of the significant point
that is considered. Table 5 provides brief descriptions of the significant points that are considered in this resilience
study (where k € N, S€S, H € Hg and N € {1, 2}). More specific detail of these significant points can be found in
appendix C.3.2. The four different types of vector points in table 5 are further clarified in section 5.3.3.4. The locations
of the modelled significant points are visualized in figure 7. This figure shows the map that is used in the simulation
environment, containing the various, merged and on scale arrival procedures.

Trombone segments

The previous chapter introduced the tromboning technique that is applied at Rome Fiumicino to assist the ARR
controller in establishing a proper sequence of merging traffic towards the IF. This merging practice is facilitated by
the shape and the structure of the so-called trombone segments in the XIBIL2A and RITEB2A STAR procedures. The
structure and the functionalities of the trombone segments as applied in the approach procedures for Rome Fiumicino
are for this reason also considered in the formal agent-based model. Each STAR procedures is herein decomposed into
smaller segments, where each separate segment has its own functionality, characteristics and resulting approach
behaviour. The controller agent is able to observe the current location of an aircraft relative to each of these separate
segments. These observations will eventually determine what type of instructions are or become required.

The rectangular shaped trombone segments can be decomposed into the downwind segment, the base segment
and the final segment (figure 8). The downwind segment consists of the legs between w;, and ws,,, which is used by
aircraft to gain the required spacing before the merging practice becomes feasible. The base segment is defined as the
leg between wg o and wg . Aircraft that are positioned on the base segment are therefore no longer flying explicitly
away from w;; and wy,. The final segment at last is defined to be the part of the STAR procedure between wg,, and
Ws i, i.€. the legs that are oriented again in the direction of the airport.

Figure 8 also indicates the term saturation and the corresponding boundary. As already described in section 4.3.2
saturation is defined as the situation when one or more aircraft are positioned on or near the base- and/or final
segment of the STAR procedure. This term is used in the model to indicate the situation when the required spacing
between the to be merged aircraft is more difficult to gain. This is the result of the orientations of the base- and final
segments relative to w;.. Some of the modelled properties of the controller agents are defined by their ability to
observe the so-called saturated trombone segments. The (ARR) controller agent is for instance able to fictitiously
extent the trombone segments using vector instructions once it notifies saturation (figure 8). The next section will
elaborate further on the modelled controller actions that relate to saturation.
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Figure 8 — Visualization of the defined downwind-, base- and final segments in the trombone segments

“

S,,IAF S,R

22



MASTER OF SCIENCE THESIS REPORT

Wind conditions

A wind model has been incorporated to take into account the effects of varying wind conditions (i.e. direction and
speed) on the groundspeed of aircraft during approach. Forecasted wind directions and wind speeds for Rome
Fiumicino have been obtained from windy.com due to the large overall detail and wind data density. The data is
chosen such that the wind direction at sea level enables headwind landings. Each altitude layer has a unique and
‘random’ wind speed and direction. The wind conditions are updated at the beginning of each simulation run. The
formal specification of the incorporated wind model can be found in appendix C.3.3.

Weather conditions

The model considers two types of weather conditions at the airport, either normal weather conditions or bad weather
conditions. The normal weather conditions represent calm weather with good visibility, i.e. aircraft approach and
landing performance is not affected by the weather condition at all. The bad weather conditions can be contextualized
by for instance local thunderstorms, storm cells, snowstorms etc. These bad weather conditions result in a decreased
runway capacity due to contamination and reduced visibility on the runway system. The modelled bad weather
disturbance is only applicable at the airport. The weather conditions during arrival and approach towards Rome
Fiumicino can therefore be described by normal weather conditions.

The two discrete weather states allow to model a sudden bad weather disturbance (and recovery) at the airport
(appendix C.8.1.1). The specific time point at which the weather conditions will deteriorate is chosen such that a
stabilized sequence of approaching traffic can be, and has been established within the simulation environment. A
reduced runway and throughput capacity is applicable during the bad weather disturbance. After some time the
weather conditions will normalize again, and with that the runway capacity. The specific time point at which this will
occur is chosen such that the dynamics and the resilient capacities of the overall socio-technical system due to the bad
weather disturbance can be measured. The normalized weather conditions allow to measure the restorative
capacities of the arrival and approach operations at Rome Fiumicino.

5.3 Executive controller

The model considers four different executive controller agents, i.e. C = {c,, c,, c;, ¢,}. Three of those controller agents

can be described as approach controllers (APP), which are the TNW (c;), TNE (c,) and ARR (c;) controllers. Each of

these approach controllers is responsible for the safe, orderly and expeditious flow of traffic within a specific TMA

airspace section. The fourth identified controller agent is the TWR (c,) controller, which is responsible for aircraft

within a specific area around the airport. The modelled behaviour and properties of the executive controller agents

are described using the following structure:

e Section 5.3.1: describes the number of tasks and responsibilities that have been assigned for each agent;

e Section 5.3.2: describes the model constructs that have been used to contextualize the properties of the
controller agent;

e Section 5.3.3: describes the generic strategies and concepts that have been applied to allow the modelling of
realistic and functional controller actions;

e Section 5.3.4: describes the specific controller instructions that have been modelled;

e Section 5.3.5: describes the specific operational states where aircraft may operate in as the result of the modelled
instructions and which can be perceived by the controller agent;
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5.3.1 Tasks and responsibilities

Each controller has its own specific responsibilities as defined by the airspace section where it is responsible for. This
section will describe the (basic) tasks have been identified and modelled for each executive controller agent.

TNW and TNE controllers

The TNW and TNE controllers are responsible for air traffic within the TNW and TNE sectors respectively. Both
controllers share the same set of tasks, since they are both responsible for the same type of airspace sectors. The set
of identified tasks for the TNW and TNE controllers are:

e  Monitor aircraft spacing in sequence within the TNW/TNE sector

e Monitor traffic situation in general

e Manage throughput capacity, as delivered to the ARR sector

e Coordinate with Supervisor APP about desired throughput capacity

e Handover to ARR controller

e Apply vectoring to adjust spacing between aircraft

e  Provide vector back to route

e  Provide navigation clearance to route or waypoint

e Provide heading (vector), speed and/or altitude instruction

e Initiate/terminate holding operations

e Manage altitude of aircraft within holding stack

ARR controller

The ARR controller is responsible for air traffic within the ARR sector. The set of identified tasks for the ARR controller
are:

e Monitor aircraft spacing in sequence and during merging within the ARR sector
e Monitor traffic situation in general

e  Manage throughput capacity, as delivered to the TWR sector

e  Coordinate with Supervisor APP about desired throughput capacity

e Handover from TNE and TNW controllers

e Handover to TWR controller

e  Establish arriving traffic on the final approach for runway 16L

e Merge incoming traffic from the TNW and TNE sectors

e Apply vectoring to adjust separation between aircraft

e Provide vector back to route

e  Provide navigation clearance to route or waypoint

e Provide heading (vector), speed and/or altitude instruction

TWR controller

The TWR controller is responsible for air traffic within the TWR sector, i.e. for the operations on runway 16L and for
airborne aircraft within the area of responsibility. The set of identified tasks for the TWR controller are:

e Monitor aircraft separation in sequence during final approach

e Manage runway capacity, as delivered at the runway threshold

e Coordinate with Supervisor TWR about desired runway capacity

e Handover from ARR controller

e Handover to GND controller

e Provide landing clearance

e Instruct go-around
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5.3.2 Model constructs

The tasks and responsibilities as identified in the previous section can be contextualized by the contents of a number
of interconnected and interdependent aspects and processes. Each of these specific aspects and processes can be
described by so-called model constructs. This section will describe the model constructs that have been used to
specify the controller agents, and which allow to model the set of identified tasks and responsibilities. The model
constructs that have been used to specify the controller agent and the interactions between them are visualized in
figure 9 below. The structure of these visualized model constructs is based on the situation awareness model of
Endsley [1] and the human operator agent model of Stroeve and Everdij [2]. Input from other agents occurs via the
situation awareness model construct, while output to other agents occurs via the task execution model construct.

Decision making { Task identification ]
A v
[ Situation awareness ] { Task scheduling ]
$ v
Stochastic variability [ Task execution
t i
[ Contextual control mode H Task load ]

Figure 9 — Model constructs of the controller agent and their interactions

The subsections below will provide brief descriptions of the functionalities of each used model construct and the
coherence between these model constructs. More practical context of these model constructs is provided hereafter in
section 5.3.3. This practical context is not provided in this section, since it relates to multiple combinations of model
constructs. A more formal and mathematical description of each model construct is provided in the corresponding
sections in appendix C.4. The modelling elements that are used in this appendix resemble the structure and
interactions as visualized in figure 9.

Situation awareness

The situation awareness of the controller agent describes the perceived traffic situation in its airspace sector, i.e. the
situational information related to a;. The situation awareness of the controller agent is modelled using a set of
statecharts that each describe a specific situation or situational element in terms of observation, reasoning and
memory (appendix C.4.5.1). The updating process of the situation awareness of each controller is modelled with a
stochastic periodic event (appendix C.4.4.1).

The situation awareness of each controller is fed by the information that is provided on its radar screen. A radar
screen provides for each aircraft in a specific airspace section its corresponding position, flight direction, altitude,
airspeed, and aircraft type. This information allows the controller to observe and to determine:

e the separation between aircraft;

e the position and orientation of each aircraft relative to other aircraft and the various significant points;
e the operational state of each aircraft;

e the correct sequence of aircraft;

e the current progress of an aircraft in its flown arrival and approach procedures.

Decision making

The situation awareness of a controller allows it to comprehend the observed situation and to decide what actions are
required. The controller’s decision making is in the model therefore mostly related to the determination of the
feasibility and necessity of the set of identified instructions, which will be described in section 5.3.4. The specific
contents of these instructions are defined by the reasoning and intelligence of the controller agent. Decision making is
for this reason also related to the ability of the controller agent to derive appropriate plans and actions as a reaction
to incoming beliefs. The modelled controller agent is able to determine for each considered instruction (if applicable):
e its necessity (e.g. the need for a vector instruction to resolve a conflicting situation);

e its feasibility (e.g. the ability to determine if an aircraft has to be handed over);

e its contents (e.g. the specific and desired heading direction, altitude and airspeed);

See appendix C.4.4.1 for a formal description of how the necessity and feasibility of each instruction are defined.
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Task identification

Task identification represents the evaluation phase in which the controller periodically checks a number of criteria
that should hold in order to identify a specific task or instruction. Task identification is therefore dependent on the
results of the situation awareness and decision making model constructs. See appendix C.4.5.2 for a formal
description of the modelled task identification process, i.e. the complete set of conditions that should be evaluated
true in order to identify each modelled instruction.

Task scheduling

Task scheduling represents the phase in which the controller evaluates all identified tasks by priority. Task scheduling
follows therefore task identification and is meant to select the task/instruction with the highest priority/urgency from
the complete list of identified tasks. See appendix C.4.5.2 for a formal description of the modelled task scheduling
process.

Task execution

Task execution represents the phase in which the controller is executing (i.e. instructing) the identified and scheduled
task. The controller is herein contacting the flight crew of the aircraft where the instruction belongs to, after which the
specific contents of the instruction are communicated. The contents of each instruction are defined in the decision
making model construct. See appendix C.4.5.3 for a formal description of the modelled communication between the
controller and the flight crew agent, and for a description about the contents of each modelled instruction.

Task load

The task load model construct describes the current task (work) load of the controller. The number or instructions that
a controller has provided in the recent past is used in the model to quantify the workload of the controller. A relatively
large number of recently provided instructions in a short time period represents a high workload, whereas a relatively
small number of instructions represents a less intense or just a normal workload. The task (work) load of the controller
is used to define the specific contextual control mode in which the controller is operating. See appendix C.4.4.2 for a
formal description of how the workload of each controller is defined.

Contextual control mode
Each controller is modelled to act in two different control modes, either in the tactical- or in the opportunistic control
mode. The tactical control mode represents the state of the controller in which it has a relatively large planning
horizon to act, which allows for normal operating and acting performances. The opportunistic control mode on the
other hand represents the state of the controller in which workload of the controller is more intense, which leads to a
relatively small planning horizon. The operating and acting performances of the controller can be considered more
rapid, chaotic and spontaneous and less efficient and accurate when compared to those in a tactical control mode.
The model takes into account different performance characteristics for each control mode. These different
characteristics are expressed in terms of available time to act, recognise and decide, and in terms of the accuracy of
the vectoring practice. See appendix C.4.5.4 for a formal description of the implications of the tactical- and
opportunistic control mode. The controller agent is modelled to operate in an opportunistic control mode if it has
provided more than 20 instructions in the past 10 minutes. The controller agent may again operate in a tactical control
mode if less than 15 instructions have been provided in the past 10 minutes. The used gap between both trigger
values ensures that a controller will not be operating in a specific control mode for an unrealistic short period of time.

Stochastic variability

The stochastic variability in the performance of the controller agent is modelled with normal and lognormal
probability density functions. These functions define the amount of time that is required by the controller agent to
identify, schedule and execute tasks and to update its situation awareness. Secondly, the accuracy of the vectoring
practice is also described by stochastic variability.
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5.3.3 Applied concepts to model basic controller techniques

Each of the four controller agents is assigned its own set of tasks and responsibilities (section 5.3.1). These tasks and
responsibilities are in general meant to manage the complex and dynamic approach operations in a safe, efficient and
expeditious manner. The strategies that are applied by controllers in the context of the number of assigned tasks are
however not very evident. This is because of the many (situational) factors that affect the decision-making process.
Safe and efficient approach operations are the result of the controllers’ ability to comprehend the observed traffic
situation (spatial awareness) and its ability to anticipate on these observations in the right way. The specific contents
of the instructions (i.e. heading, speed and altitude) are therefore highly dependent on the actual traffic situation. For
this reason a number of robust strategies and practices have been applied in the model that allow the controller agent
to perform the number of assigned tasks in a realistic manner and under all type of settings and circumstances. The
subsections below will each address a specific strategy or practice that is considered for the controller agent.

5.3.3.1 Aircraft referencing

The simulation environment contains many aircraft agents. Each aircraft has herein its own unique position in space, a
specific operational state and a varying airspeed, altitude and heading direction. The controller agent uses this
situational information to decide if actions are required, and if yes, what actions to undertake. However, with so many
aircraft present in the simulation environment it is difficult to model actions for each individual aircraft taken into
account the various orientations and future states of the other surrounding aircraft. The majority of the modelled
instructions are directly or indirectly related to separation and spacing. The controller agent should therefore be able
to identify the various aircraft pairings in the simulation environment in order to decide if the corresponding spacing is
appropriate (again). In order to facilitate this type of intelligence the model considers a number of sets and so-called
reference aircraft. These sets and reference aircraft are used to define the multiple sequences of aircraft within the
simulation environment.

a;; Description

a,; the aircraft that is flying in front of a; while operating the STAR procedure or other type of operations near
the lateral profile of the STAR procedure.

a,; theaircraft that is flying in front of a; during the merging and sequencing practice towards w;.

as; theaircraft that is flying in front of a; while operating the intermediate- or final approach segment.

a,; the aircraft where q; is to be sequenced behind relative to wg.

as; the aircraft where q; is to be sequenced in front of relative to wg.

Table 6 — Descriptions of the so-called reference aircraft
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Figure 10 - Visualization of the applied “aircraft referencing” strategy
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The various sets that are used for this purpose are formally described in appendix C.4.1. Each of these sets contains a
dynamic number of ordered aircraft agents that are used to define the specific sequence of aircraft agents in a certain
flight operation or -phase. The applied aircraft referencing strategy makes use of these ordered sets to determine the
multiple aircraft pairings. The principle of this applied strategy is that each aircraft agent (i.e. a;) is referenced
(“connected”) to a fixed set of surrounding aircraft (if applicable) (i.e. a;;, where j € {1,2,3,4,5}), where each reference
aircraft is related to a specific type of operation. The aircraft referencing strategy allows to define the necessity and
feasibility of the modelled instructions in an efficient manner, and allows to control at all times the very diverse and
dynamic flight trajectories that emerge during simulation. Table 6 explains the purpose of each of the five considered
reference aircraft. A typical example of the used aircraft referencing strategy is visualized in figure 10. The upcoming
sections will further clarify the use of this strategy and the purpose of each reference aircraft.

5.3.3.2 Determine aircraft positioning

The ability to observe and to interpret the current traffic situation in terms of the multiple aircraft positions and
orientations is a key property of the controller agent. This position information is required to define the necessity and
feasibility of the identified tasks and to define the contents of the instructions. The multiple interconnected waypoints
of both STAR procedures (i.e. wg ;) have been used to define the situation awareness of the controller agent about the
position and orientation of each aircraft agent in the simulation environment. This situation awareness is defined by
the current waypoint number of each aircraft agent, i.e. the k™ waypoint of STAR procedure S where each aircraft is
referenced to. The waypoint number where an aircraft is referenced to is dynamic and will change over time while the
respective aircraft is moving through the simulation environment. A large part of the arrival operations of aircraft in
the simulation environment can therefore be described by the waypoint numbers, which define the progress of an
aircraft along the STAR profile. Figure 11 visualizes the usage of these dynamically changing waypoint numbers to
specify the position and orientation of an aircraft agent in the simulation environment. Each aircraft is herein

referenced to a specific waypoint.
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Figure 11 - Visualization of the usage of dynamically changing waypoint numbers to relate the position and orientation of aircraft agents to

5.3.3.3 Separation practice

An air traffic control service is defined as a service provided for the purpose of preventing collisions between aircraft,
and expediting and maintaining an orderly flow of air traffic [26]. Both responsibilities are managed by maintaining a
sufficient and safe separation between aircraft. One of the core properties of the controller agent is therefore its
ability to observe the (longitudinal) spacing between the many aircraft and to detect conflicts as the result of loss of
separation. The aircraft referencing strategy is for this reason applied to keep track of the separation distances
between the multiple aircraft.
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Separation distances

Five different types of separation distances are considered in the model that allow the controller agent to detect

separation conflicts and to maintain the desired throughput capacity (figure 12). The applied separation strategy is

identical for each reference aircraft. The five different types of separation distances can be described as follows:

e Actual spacing: the actual (observed) longitudinal spacing between a; and a;;

e Separation minima: the ICAO wake turbulence separation minima between q; and a;;

e Separation buffer (type I): additional separation distance that is added to the separation minima to steer upon a
desired throughput capacity (see section 5.3.3.6), and to model the reduced separation minima that apply during
final approach;

e Desired spacing: the (minimum) spacing between a; and a;; that should be maintained to comply with the desired
throughput capacity;

e Separation buffer (type I1): additional separation distance that is added to the desired spacing to model the
inaccuracies of the controller’s vectoring strategy (see section 5.3.3.5).

separation buffer (type 1) separation buffer (type |) separation minima

¥y = = ¥
| : desired spacing d

|

|

actual spacing

Figure 12 — Visualization of the separation distances that are used to model the separation practice of the controller

Conflicts

The first four separation distances allow the controller agent to detect and to resolve the following types of conflicts
between a; and a;;; (if applicable):

e Separation minima conflict: the situation in which the actual spacing is smaller than the separation minima.

e Desired spacing conflict: the situation in which the actual spacing is smaller than the desired spacing.

Both type of conflicts are resolved using an outbound vector (see next section) or go-around instruction. The
separation minima conflict is assigned a higher priority than the desired spacing conflict.

5.3.3.4 Vectoring strategy (outbound)

The type of vector that is used to enlarge the longitudinal spacing between aircraft is in this report defined as an
outbound vector. These type of vectors become required when the controller agent observes either a separation
minima conflict or a desired spacing conflict. A controller will in such situation instruct the conflicting (succeeding)
aircraft a vector. The direction of this vector should be such that the required spacing can be gained efficiently and
such that the resulting flight path of the (to be) vectored aircraft will not interfere with the arrival and approach
operations of other nearby aircraft. The specific direction of an outbound vector is in practice defined by the
controller’s situation awareness, reasoning and experience. A controller takes herein a lot of related factors into
consideration, such as the current trajectories of nearby aircraft, the estimated future states of the nearby aircraft in
terms of position and type of operation, the structure of the approach procedures that apply, etc. This makes that the
vectoring practice of a controller cannot be explained by just one single and general description. The modelling of an
efficient, realistic and feasible vectoring strategy can therefore be considered a challenging task.

In order to allow for realistic and feasible vector operations the model makes use of strategically placed vector
points. These fictitious points are used by the controller agent to vector aircraft to. The locations of these vector
points have been determined manually and are chosen such that the vector operations to these points are not likely
to conflict with the flown trajectories of other aircraft. This is achieved by allocating the multiple vector points such
that the resulting vector operation will guide aircraft away from the dense airspace sections and away from the
profiles of the modelled IAPs.

The specific vector point that is to be used by the controller agent is dependent on the specific operation and
location of the aircraft that is going to be vectored. Table 7 below provides descriptions of the purpose and the
features of the four types of vector points that have been considered in the model. The locations of these vector
points have already been visualized in figure 7.
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Windex PUrpose and features

Wy, s, Vector points that are used to resolve conflicting situations near the lateral profile of the STAR procedure.
They have been assigned by taking into account the heading directions of each leg within the STAR
procedure, the locations of the waypoints (ws ;) and the structure of the procedure in total. Each
leg/waypoint within the modelled STAR procedures has therefore its own vector point assigned, i.e. w, g . All
these specific type of vector points have default (fixed) coordinates at the start of each simulation run (as
shown in figure 7). However, the coordinates of these vector points are dynamic and will be updated once
and after the controller has vectored an aircraft towards the respective point. These dynamically changing
coordinates allow for so-called “opening” vectors to achieve the desired spacing even quicker. See appendix
C.4.3.2 for a formal specification of this dynamic vectoring practice.

w,,s Vector points that are used to resolve conflicting situations near the base segment of the STAR procedure.
They have been assigned such that they serve as an extension of the trombone segment by fictitiously
shifting the base segment towards the north and in a direction parallel to the downwind segment.

w; sy Vector points that are used to resolve conflicting situations during the merging operations relative to w.
They have been assigned by taking into account the wide variety of operations and the corresponding flight
trajectories in the ARR sector. Two vector points have been assigned for each STAR procedure (i.e. w; g y) to

allow for realistic vector operations in this dense airspace sector. The position of the conflicting aircraft
determines which of the two vector points is to be used.

w;,s Vector points that are used to resolve conflicting situations near w;.. They have been assigned such that the
conflicting aircraft is able to leave the dense ARR sector away from both wg ,; and w;; and in a direction that
is somewhat parallel to the direction of the localizer of runway 16L.

Table 7 — Purpose and features of the four types of vector points

5.3.3.5 Vectoring strategy (inbound)

The type of vector that is used to resume/recover the standard arrival and approach operations once the controller
considers the longitudinal spacing between aircraft sufficient (again) is in this report defined as an inbound vector. All
the modelled inbound vectors are directed towards one of the fly-by waypoints that are contained in the simulation
environment (i.e. ws;, and w;). These so-called direct-to vectors are considered because of the application of RNAV in
the approach sectors of Rome Fiumicino.

Where to instruct an inbound vector to?

An inbound vector is in general the result and continuation of an outbound vector. Most of the modelled outbound
vectors originate from one of the legs of the modelled STAR procedures. Aircraft are herein vectored away from the
STAR profile towards a specific vector point (i.e. w,, s ). These outbound vectors result in very dynamic flight behaviour
due to the many possible directions and trajectories that can be flown. Each vectored aircraft is herein flying a unique
trajectory with a continuously changing position and orientation relative to the various significant points. As the result
of this continuously changing position and orientation the most ‘logical’ waypoint to direct an inbound vector to may
change over time as well. This means that a controller will not necessarily need to stay focused on one particular
waypoint to decide upon the feasibility of an inbound vector. The controller agent is therefore modelled with some
intelligence that defines what waypoint the controller should consider to assess the feasibility on and to direct the
inbound vector to. The output of this modelled intelligence is visualized in figure 13. This figure shows how the
reasoning of the controller in terms of preferred vector direction changes over time as the result of a changing
position of a;. This is because a controller will always opt to vector an aircraft towards a waypoint that allows aircraft
to resume their originally flown STAR procedure in preferably the most fluent and (relatively) fastest way. See the
“Determine the waypoint number k%° during vector outbound STAR operations” phase in appendix C.4.4.1 for a
mathematical description of how this specific type of reasoning has been modelled. The used algorithm evaluates the
position and orientation of the to be vectored aircraft relative to the multiple ws . to decide which waypoint (i.e. wg )
is the most logical for an inbound vector. The algorithm selects the waypoint that allows for acceptable interception
angles and a relatively short inbound vector distance to resume the originally flown STAR procedure.
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Figure 13 — Visualization of how the preferred direction of an inbound vector changes over time due to a changing position of a;

When to instruct an inbound vector?

An aircraft is only instructed an inbound vector towards one of the fly-by waypoints once the controller estimates the
observed spacing between the respective aircraft pairing as sufficient. Secondly, an inbound vector is only instructed if
the to be vectored aircraft is not expected to be in conflict with other aircraft once it will intercept the waypoint. The
feasibility of an inbound vector is therefore also dependent on the ability of the controller to estimate the future
positions of aircraft relative to the waypoint of interest. The provision of well-timed vector instructions is because of
these many related factors and uncertainties a challenging task. The varying wind conditions and the relative
differences between the dynamic states of the nearby aircraft (i.e. airspeed, altitude) do even further contribute to
these challenges. The model does therefore concern the implications of vectoring accuracy, i.e. the performance of
the controller agent in vectoring aircraft towards a specific waypoint and in sequencing aircraft relative to the
respective waypoint.

The vectoring accuracy is modelled as a function of the distance between the to be vectored aircraft and the
waypoint where the aircraft is to be vectored to, and secondly the current control mode of the controller. See
appendix C.4.3.1 for a formal description of this specific function. This function is executed each time when the
controller agent is updating its situation awareness. It calculates and returns the so-called separation buffer (type 1)
using a normal probability density function. The mean of the used normal distribution is kept slightly negative to take
into account the distance that is flown additionally in the time period between defining the feasibility of an inbound
vector and communicating the inbound vector to the flight crew. The exact size of the separation buffer (type Il) is
defined by the size of the used standard deviation in the normal probability density function. The size of the standard
deviation is defined by the two function arguments that are described above, i.e. control mode and vector distance.
The function in appendix C.4.3.1 applies larger standard deviation values in the situation when the performance of the
controller can be described by an opportunistic control mode and when large vector distances apply, which in turn will
result in (on average) larger separation buffers (type Il). Note that the calculated separation buffer (type Il) can both
be positive and negative because of the used values for the mean and the standard deviation. The controller agent
considers an aircraft eventually available for an inbound vector once the actual spacing between the aircraft pairing is
observed to be larger than the desired spacing + separation buffer (type 1l) (figure 14). The specific value of the
standard deviation defines therefore the accuracy of the to be instructed inbound vector, i.e. the size determines the
precision at which aircraft will intercept the fly-by waypoint taken into account the positions of other aircraft. The size
of the separation buffer (type Il) can affect the vectoring accuracy in two ways. A too large (positive) separation buffer
(type 1) will negatively affect the maintained and desired throughput capacity. A too small (negative) separation buffer
(type 1) will on the other hand increase the risk of a desired spacing conflict or a separation minima conflict while
operating the inbound vector or after waypoint interception.
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Figure 14 — Visualization of the application of the separation buffer (type Il) to take into account the inaccuracies and uncertainties of the controller agent
in deciding upon the feasibility of inbound vectors

Each time when the controller agent has instructed an inbound (or outbound) vector to a; the model imposes a time
period in which the controller cannot instruct a new vector operation to a;. This time period makes sure that a
controller will not immediately 1) instruct an inbound vector when it has just instructed an outbound vector, and 2)
intervene when it has just instructed a; a too tight inbound vector towards one of the fly-by waypoints. This modelled
memory prevents therefore the provision of too many vector instructions to the same aircraft in a relatively short
time period. See appendix C.4.5.1.3 for a formal description of the statechart that is used for this purpose.

5.3.3.6 Throughput capacity

Each approach controller is responsible for establishing and maintaining a stable sequence of approaching traffic that
is eventually delivered with a certain rate to the next controller. This rate can be described as the throughput capacity,
which is defined as the number of aircraft that are delivered at a desired location in a given time period. The specific
throughput capacity that is to be maintained in the approach sectors is dependent on the current runway capacity at
the airport, and is defined by the Supervisor TWR and Supervisor APP. A controller is able to change the throughput
capacity in its airspace sector by reducing or enlarging the actual spacing.

The ability of a controller to steer upon a certain desired throughput capacity is modelled using specific time
buffers. A time buffer is defined as a specific time-based separation that is added to the separation minima between a;
and a;;. These time buffers define therefore the size of the to be added separation buffer (type 1), and with that the
size of the desired spacing that should be maintained. By varying these time buffers the model can affect the approach
behaviour and the flown trajectories in the multiple approach sectors. The specific values of these time buffers
determine for instance the necessity of vector operations, define the achieved runway capacity, shape the merging
operations and determine the relative use of the trombone segments. The time buffers are thus also used to change
the throughput capacity in reaction to the changed runway capacity.

Throughput capacity is modelled using fixed time buffers instead of fixed separation buffers to take into account
the effects of varying airspeeds. The separation buffer (type 1) is therefore defined as the multiplication of a specified
time buffer with the groundspeed of the succeeding aircraft. This definition makes sure that despite the varying
airspeeds each aircraft has to fly the same time period before a separation minima conflict takes place. This means
that the controller is provided a normalized time period in which it can detect and resolve conflicts. A relatively larger
speed difference will therefore not result in a relatively higher risk of conflicts. Figure 15 visualizes an example
scenario of how the separation buffer (type I) is calculated and defined using time buffers.

separation buffer (type ) (230 * (45 + 10) / 3600 = 3.5 NM)
separation buffer (type I) (230 * (15 + 10) / 3600 = 1.6 NM)

separation minima (5 NM)
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Figure 15 — Visualization of the application of time buffers to steer upon a desired throughput capacity
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The model considers two different types of time buffers to define the separation buffer (type 1). The first type of
time buffer can be described as the default time buffer. This specific time buffer is the default time-based separation
that is to be added to the separation minima. The default time buffer has the largest effect on the maintained
throughput/runway capacity and is defined by the Supervisor TWR and Supervisor ARR based on the current runway
capacity. Each of the two capacity modes has its own specific set of default time buffer values. Each controller will
apply a different set of time buffer values once it is informed by the respective supervisor agent about a changed
throughput/runway capacity. Figure 15 visualizes a typical example of the use of two different default time buffers to
steer upon a desired throughput capacity in a certain capacity mode. The “15 seconds” default time buffer
corresponds to the normal capacity mode and the “45 seconds” default time buffer corresponds to the reduced
capacity mode. The figure shows that g, is not having any conflict with a;; when the controller is operating in a normal
capacity mode. However, a; is having a desired spacing conflict with a;; when the controller is operating in a reduced
capacity mode. In this latter situation the controller will need to enlarge the spacing between a; and a;; in order to
comply with the desired throughput capacity.

The second type of time buffer can be described as the additional time buffer. This specific type of time buffer is
used to account for the effects of compression between aircraft during approach. Compression, i.e. the reduction of
separation distance over time is the natural result of the decelerating and descending motions during approach.
Separation conflicts may eventually occur if aircraft have not been separated enough initially. Conflicts as the result of
compression are even more likely for aircraft of different type and WTC. These varying flight performances during
arrival and approach result in either “closing” or “opening” separation distances, depending on the WTC of both the
preceding and succeeding aircraft. The additional time buffer is therefore meant to reserve some separation distance
that will be gradually consumed due to varying descending and decelerating motions of aircraft during approach. The
model considers for each combination of WTCs a specific value for the additional time buffer. The “10 seconds” time
buffer in figure 15 represents the additional time buffer that corresponds to the WTCs of a; and a;;. The default time
buffer and the additional time buffer combined will eventually define the size of the separation buffer (type 1), and
thus the size of the desired spacing between a; and a;;. See appendix C.4.1 for the multiple (default/additional) time
buffer variables and parameters that are used in the model.

Each controller applies its own set of time buffers. This means that each approach sector has its own specific and
resulting throughput capacity. Moreover each controller may apply different time buffers to each of the five reference
aircraft. The use of unique time buffers for each aircraft pairing allows to apply different separation criteria to the type
of operation where the aircraft pairing corresponds to. The values of the multiple time buffers are defined such that
the separation buffer (type I) corresponding to a; and a,; is generally larger when compared to other reference
aircraft. These settings allow for fluent arrival operations towards the ARR sector, after which the incoming aircraft
will be merged with the set merging rate. Section 5.10 will elaborate further on how the overall throughput capacity is
managed among the multiple approach sectors.

5.3.3.7 Merging practice

The model considers two types of merging and sequencing practices. The first practice is meant to sequence q; in
between a,; and a;; at wg, to let a; re-join and re-operate its originally flown STAR procedure. The second practice is
meant to merge the two incoming traffic streams via the XIBIL2A and RITEB2A STAR procedures into one traffic stream
at w;: using the tromboning technique. Both practices are based on the same principle that is applied when instructing
inbound vectors. Figure 16 visualizes a representative traffic situation in the ARR sector as the result of both merging
and sequencing practices.

The sequencing practice at wgy is the result of unsuccessful merging operations at and near w;, mostly due to
conflicting situations in this dense airspace section. Aircraft that are causing this loss of separation are vectored
(outbound) towards w;_s. These type of vectors are required since vectors are in practice no longer instructed once
aircraft have already intercepted the localizer course (i.e. after interception of wy). Separation conflicts during the
intermediate- and final approach are generally resolved using go-around instructions only. While operating these
specific vectors towards w;_s aircraft may be instructed a direct-to towards wy, to re-operate the STAR procedure. In
this way aircraft are provided a new opportunity for a successful approach towards wy. This type of inbound vector is
meant to enhance the resilient capacities of the arrival and approach operations that are considered in this study.
Note that these type of operations are in general only flown when an inaccurate merging practice is applied relative to
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w;: or when the throughput capacity in the ARR sector is suddenly decreased and a relatively large number of aircraft
are soon intercepting wy.

,.WIA'S1 0W14,52

Koo 4
57

Ap=a
Figure 16 — Visualization of the merging and sequencing practices in the ARR sector

The second type of merging practice as applied by the ARR controller relates to tromboning. The tromboning
merging technique is only applicable to aircraft that have already passed wg . This condition is considered: to make
sure that aircraft can intercept the localizer of runway 16L in a realistic manner, to prevent conflicting situations with
the sequencing operations that take place at wg, and at last because w;; marks the begin point of the trombone
segments within the XIBIL2A and RITEB2A STAR procedures. The sequence in which aircraft are to be merged is fixed
and defined by the sequence in which they pass wg, i.e. based on a “first come first serve” principle. The merging
practice of the controller is based on the provision of well-timed inbound vectors towards the merging point w;;.
Aircraft that are near wy; are generally instructed only one direct-to towards w;.. This specific vector will be instructed
once the actual spacing between q; and a,; is considered sufficient for a feasible merging operation (e.g. a, and a, in
figure 16). The spacing that is required for a feasible merging operation is especially gained in the situation when a,; is
operating an inbound vector towards w;: and when g is flying the downwind segment of the STAR procedure. The
merging practice of the controller becomes however more challenging once aircraft are positioned on the base- or
final segment (e.g. a,). As a reaction to these saturated trombone segments the ARR controller will start to vector
aircraft towards w;, s. The direction of this vector allows the vectored aircraft (e.g. a,) to further increase the required
spacing with the surrounding aircraft (e.g. a, and a;) to facilitate a feasible merging operation. The outbound vector
towards w;, ¢ is thereafter first followed by an inbound vector towards wg . This is required because aircraft are only
considered available for an inbound vector towards w,; once they are positioned on or inside the trombone segments
of the STAR procedure. This condition is meant to limit the distance that is to be travelled while operating the direct-
to towards w,;, which in turn enhances the predictability of the arrival time of the merged aircraft at w;.. The vector
towards ws,, anticipates already on the merging practice that is still to be performed, which results in the delivery of
pre-merged aircraft pairings at wg,.

5.3.3.8 Holding operations

Two holding patterns are considered in the model that are used by the controller agent as a delaying tactic due to
saturation of the trombone segments in the used STAR procedures. Holding operations are initiated by the TNW/TNE
controllers once they observe this saturation due to the presence of vectored aircraft north of the base segments.
These vector operations will rapidly increase over time if the same amount of traffic is still being delivered to the ARR
sector. The initiation of holding operations by the TNW/TNE controllers enables the ARR controller to eliminate the
number of (vectored) aircraft in its sector. Aircraft will again be released from the holding stack once the trombone
segments are observed to be no longer saturated. Aircraft that have been operating the holding operations the
longest period of time are positioned at the bottom of the holding stack and will be released first.
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Release rates

The model considers two different rates at which aircraft are released from the holding. The first default rate is simply
determined by the desired spacing between a; and a, ;, which makes that aircraft are exiting the holding at a
maximum possible rate. The second release rate however takes the presence of aircraft near the base segment into
account. Aircraft that are near the base segment are likely to saturate the trombone segments of the STAR procedures
(again). The TNW and TNE controller agents are therefore modelled to release aircraft from the holding with an
adjusted (lower) rate to prevent a new possible saturation in the near future. This adjusted rate is modelled using a
multiplier (factor) by which the desired spacing between a; and a, ; is to be multiplied with. This increased desired
spacing results in relatively less aircraft that are delivered to the ARR sector. The release rate will eventually increase
when no aircraft are near the base segments anymore.

Altitude layers

Each holding stack can contain multiple aircraft that are flying at different altitude layers. The controller agent is
modelled to maintain two aircraft at each altitude layer, where each layer is vertically separated by 1000ft. Each time
when an aircraft is released from the holding the controller needs to instruct a number of altitude instructions to
move down the multiple aircraft in the holding stack. Vertical separation in holding stacks is for this reason considered
in the model because of its implications on the workload of the TNW/TNE controllers. Longitudinal separation criteria
are however not considered in the modelled holding stack.

5.3.3.9 Speed and altitude instructions

Aircraft that are operating the XIBIL2A and RITEB2A STAR procedures do still require speed and altitude instructions.
These instructions allow aircraft to descend and decelerate towards a proper altitude and airspeed to initiate the
approach phase. The controller agent is modelled to provide speed and altitude instructions in a structured and
iterative manner. This approach allows aircraft to decelerate and to descend in a stepwise manner along the lateral
profile of the STAR procedure and such that conflicts between aircraft as the result of different speed and altitude
profiles are not likely to occur. The specific contents of the speed and altitude instructions are defined by the known
speed and altitude constraints for each waypoint in the XIBIL2A and RITEB2A STAR procedures. The controller agent is
able to relate the position of each aircraft along the STAR procedure to these “desired” speed and altitude constraints.
The controller will eventually issue a speed and/or altitude instruction if the observed airspeed and/or altitude of an
aircraft are not in proportion with the desired speed and altitude.

current altitude: 8765ft
instructed altitude: 8000ft

altitude constraint: 8000ft current airspeed: 226kt altitude constraint: 6000ft
airspeed constraint: 220kt instructed airspeed: 220kt airspeed constraint: 220kt
A %= N
Y ai YWS,k

Figure 17 — Visualization of a scenario in which the controller agent would need to instruct an altitude instruction

A typical scenario in which a controller would need to instruct an altitude instruction is visualized in figure 17. This
example scenario is meant to demonstrate the logic that has been modelled in defining the necessity of speed and/or
altitude instructions and the contents of such instructions. The used scenario considers an aircraft (i.e. a;) that is
currently descending and decelerating towards its instructed altitude and airspeed. Both the instructed altitude and
airspeed relate to the altitude and airspeed constraints of the previous fly-waypoint (i.e. 8000ft and 220kt). The
controller agent is able to compare both the actual observed and instructed altitude and airspeed of a; with the
altitude and airspeed that a; is desired to fly when considering the current position of a; along the STAR procedure or
within the arrival phase in general. In the scenario of figure 17 the controller agent is aware of the waypoint where q;
is heading to (i.e. wg,) and the altitude and airspeed constraints that correspond to that specific waypoint. The
controller agent combines this information to decide if an airspeed and/or altitude instruction is required. The
scenario as visualized in figure 17 does not require a speed instruction, since q; is already decelerating towards the
airspeed constraint of the next waypoint (i.e. wg). An altitude instruction is on the other hand required, since q; is
currently descending towards an ‘old’ altitude constraint. The controller agent is modelled not to wait in providing
speed and/or altitude instructions until an aircraft is again flying in a steady state condition. In the scenario of figure
17 this means that the controller agent will instruct a; to proceed descending to the new desired altitude of 6000ft.
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The appendices C.4.5.1.5 to C.4.5.1.8 provide the formal description of how the controller agent is modelled to define
the necessity of speed and/or altitude instructions.

5.3.4 Modelled instructions

A number of instructions have been modelled that are used by the controller agents to guide aircraft in an efficient
and safe manner from the entry point of the STAR towards the runway threshold in both normal and disturbed
conditions. These instructions are closely related to and based on the number of tasks that each controller agent has
been assigned (section 5.3.1) and the type of strategies and practices that are considered by the controller agent
(section 5.3.3). Table 8 below provides the instructions that are considered in the model, the controller agents where
each instruction is to be provided by, the index of each instruction (used in the model specification appendix), and
brief descriptions of each instruction. These descriptions contain definitions and theory that has been covered in the
previous section. The next section provides a visualization of typical trajectories that correspond to the different
vector instructions. The modelled instructions are collected in the set I.

Instruction CcE Iingex Description

STAR speed and/or altitude {c,, c,, c;} I, Speed and/or altitude instruction to prepare a; for the initial approach
by guiding a; in a gradual manner along the STAR profile
vector outbound STAR {ci, €5 63} L, I, Vector instruction towards w, g, due to insufficient spacing between a;

and a,; (I,,: vector outbound STAR instruction due to a separation
minima conflict, I, ,: vector outbound STAR instruction due to a desired
spacing conflict)

vector inbound STAR {ci, ¢33 I, Vector instruction towards wg, due to sufficient spacing between a;
and a,;
vector outbound merge {cs} I,  Vector instruction towards wy, s due to saturated trombone segments

and because of an infeasible merging practice due to the relative
locations of a;, a,; and a,;

vector inbound merge {c;} I Vector instruction towards wg,, when the merging practice towards w
is expected to be feasible in the near future due to sufficient spacing
between g; and a, ; and between q; and a,;

vector outbound IF {cs} Ig4, I, Vector instruction towards w;_g y due to insufficient spacing between

a; and a,;. (I,: vector outbound IF instruction due to a separation
minima conflict, I, ,: vector outbound IF instruction due to a desired
spacing conflict)

vector inbound IF {cs} I, Vector instruction towards w, due to sufficient spacing between a; and
a,; for a feasible merging operation at wy

vector outbound trombone {cs} s Vector instruction towards w;_s due to insufficient spacing between a;
and a,; and/or a too large interception angle of the localizer, while a; is
nearing w

vector inbound trombone {cs} Iy Vector instruction towards wg, due to sufficient spacing between a;

and a,; and between a; and a,;, and meant to let a; re-join and re-
operate the trombone segment of its originally flown STAR procedure
as a sequel to the unsuccessful merging operation(s) at w;

handover to ARR {c:, 65} L, Handover of a; from the TNW/TNE controller to the ARR controller at
or near W0

handover to TWR {c;} I;;  Handover of a; from the ARR controller to the TWR controller when a;
is positioned on final approach

handover to GND {c.} I, Handover of a; from the TWR controller to the GND controller after a;
has landed

landing clearance {c.,} I;s  Landing clearance instruction when a; is on final approach and a;; has
already landed

go-around {c,} I, Go-around instruction due to insufficient spacing between a; and a;;
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while a; is on final approach
holding entry {c,, ¢} Iis  Instruction for a; to enter the holding at w; 5, due to saturated
trombone segments and high traffic densities in the ARR sector

holding exit {c,, ¢} L Instruction for a; to exit the holding when the traffic situation in the
ARR sector is observed to be balanced again
holding altitude {c,, ¢} Li;  Instruction for a; to change altitude in the holding stack

Table 8 — List of modelled instructions
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Figure 18 — Visualization of the modelled operational states of aircraft agents, which can be observed by the controller agent
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5.3.5 Operational states

The traffic situation that is observed by the controller agent is contextualized by the operational state of each aircraft,
i.e. the specific flight phase or flight operation that the aircraft is operating. Each aircraft operates in a series of
operational states in the period between generation and landing. The exact series of states is dependent on many
factors that emerge during simulation, such as traffic density, the spacing between aircraft, wind conditions, accuracy
of the predictive capacities of controllers, etc. The various operational states that are considered in the model and the
possible transitions between those states are collected in a statechart. This statechart is visualized in figure 18 below,
together with a visualization of typical trajectories that correspond to the modelled operational states. This statechart
is used in appendix C.4.5.1.1 to model the situation awareness of the controller agent about the operational state of
a;. This section is meant to clarify the type of operations that have been modelled, the coherence between these
operational states, and the resulting trajectories that can be expected and which correspond to each type of
operation. The specific operational state of each aircraft (i.e. type of operation, heading, altitude, speed) is herein
determined and managed by the four executive controllers. Some of the performance indicators that have been
measured during the parameter variation experiments relate to a number of operational states that are depicted in
figure 18. Note the similarities between the names of the operational states and the names of the modelled
instructions.

The use of STAR procedures as the baseline arrival operations is clearly shown by the number or transitions that
enter and leave the STAR state (figure 18). Many of the modelled operational states (such as the vectoring practice
and the holding operations) originate from the lateral profile of the STAR procedure (outbound). Other operational
states, however, do connect again to the profile of the STAR after interception of one of its fly-by waypoints (inbound).
As can be seen by the number of transitions in figure 18 there are a lot of possible state switches modelled between
different type of operational modes. This large number of transitions is required to facilitate the various type of
operations that may emerge during simulation.

The vector outbound trombone operational state consists of two phases. The first phase represents the time
period that is used to allow a; to leave the dense ARR sector. The second phase represents the time period that the
controller may use to decide upon the feasibility of a vector inbound trombone instruction. a; is removed from the
simulation environment if the vector inbound trombone instruction is not found to be feasible within this period of
time. The operational states that describe the intermediate approach, final approach and touchdown follow a known
and standard pattern.

5.4 Feeder controller

The feeder (controller) agent (NE controller) is in the model responsible for the generation of aircraft agents at the
entry points of the XIBIL2A and RITEB2A STAR procedures. The modelled generation practice is such that it resembles
the sequencing practices at the entry points as they would have occurred when the en-route NE sector was taken into
account. The modelled generation practice can be described by the following characteristics:

e The generation rate approaches the desired throughput capacity at the entry points of both STAR procedures;

e The generation rate results at all time in realistic and feasible aircraft generations, i.e. there will be no desired
spacing conflicts just after generation. The feeder agent will only generate an aircraft at the entry point once the
separation with the preceding aircraft is conform the desired spacing (as maintained by the feeder controller);

e The generation rate is adjusted accordingly and instantaneously when the feeder agent is informed by the
Supervisor APP about a changed throughput capacity in the approach sectors;

e The generation rate takes into account the inaccuracies of the feeder agent in delivering aircraft at the entry
point. This spread in inter-arrival times is modelled with a truncated normal probability distribution. The mean of
this distribution is in line with the current maintained generation rate. The distribution is truncated to make sure
that aircraft are not delivered at the entry points with a deviation of more than 40 seconds before or after the
desired generation time point (i.e. mean).

See appendix C.5.5 for a formal specification of the two events that model the generation practice of the feeder

agent. These events make sure that aircraft are generated conform the desired throughput capacity and such that

initial conflicts at the entry points are avoided. As will be seen in chapter 8 the generation rate (i.e. throughput
capacity) is varied during the conducted parameter variation experiments. The experiments consider different settings
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for the generation rate during normal capacity mode and only one fixed setting during reduced capacity mode (i.e. 21
ac-h™).

In addition to these modelled generation characteristics the feeder agent is also responsible for defining the initial
flight conditions and properties of the (to be) generated aircraft agents. These initial conditions and properties relate
to the following characteristics:

e  65% of the aircraft agents will be generated at entry point RITEB, which is based on the distribution that has been
obtained after analysis of the historic flight data. The distribution of the aircraft generations among the entry
points is managed by a uniform probability distribution;

e  80% of the generated aircraft are of type MEDIUM, the remaining 20% are of type HEAVY. The exact WTC is
determined by a uniform probability distribution;

e Eachaircraft is generated exactly on top of the entry point with a fixed altitude, indicated airspeed and heading.
The analysed historic flight data supports the use of these fixed initial conditions;

e  Each aircraft will upon generation immediately start to operate the respective STAR procedure;

e Eachaircraft is upon generation immediately handed over to the TNW or TNE controller.

5.5 Aircraft

Each aircraft a; agent (with i € N;and a; € A) is modelled as a composite agent that consists of the two deeply related
and interconnected subagents: Flight crew a; and MCP a;. The flight operations of the aircraft a; agent are fully
defined by the behaviour and actions of the flight crew a; agent and the functionalities of the MCP a; agent. The flight
crew a; (human) agent is responsible for the operation of aircraft a; and the execution of one of the modelled
instructions (I € II) as instructed by one of the executive controller agents. The MCP a; (system) agent is used in the
model to control the autopilot of aircraft a;, which is able to automatically control (e.g.) the speed, altitude and
heading of the aircraft. (The next two sections will often omit the index “a;” for readability reasons)

The model considers two different types of WTCs: HEAVY (W) and MEDIUM aircraft (W},). Both WTCs are collected
in the set W. By considering these two WTCs the controller agent has to apply different separation minima, which in
turn will affect the to be established throughput capacity. Because of these different WTCs the model has also to
include a minimum of two different aircraft types. The B738 (D,) and B744 (D,) aircraft types are therefore used,
which allow to incorporate different flight dynamics and performances. Both aircraft types are collected in the set D.

5.6 MCP

The Mode Control Panel (MCP) a; agent is responsible for the operation of the autopilot of aircraft a;. The MCP is an
instrument panel with switches, knobs and pushbuttons that allow the flight crew agent to select which parts of the
aircraft’s flight are to be controlled automatically. The MCP agent is therefore defined as the collection of systems that
assist the flight crew agent in (automatically) controlling the trajectory of the aircraft. The MCP agent is used and
operated by the flight crew agent when the aircraft is instructed to change speed, altitude and/or heading. The MCP
agent can however also be set automatically by the FMS when the aircraft is flying the lateral profile of the STAR. The
aircraft agent is during the complete arrival and approach segments flown by the autopilot functionalities as
controlled by the MCP agent. This means that the flight performance of aircraft and the resulting flight trajectories are
fully defined by the MCP agent. The three upcoming sections will provide more detail about the modelled flight
performance, the application of the various significant points, and the modelled functionalities of the MCP agent.

5.6.1 Flight performance

The MCP agent controls the autopilot of the aircraft agent and therefore also its resulting flight performance. The

modelled flight performance of each aircraft can be described by the following characteristics:

e Aircraft are modelled as point masses, i.e. the reduction of aircraft weight due to fuel burn is not taken into
account, as well as (e.g.) drag and thrust forces;

e Aircraft movement is modelled with the following differential equations: x = v - cos(y)cos(y), ¥ = v - sin(y))cos(y),
z'=v-sin(y),v=a)-r,l[)=wand1'7=a;
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e The acceleration of aircraft is modelled using a fixed set of constant acceleration values. Each of these
acceleration values relates to a specific aircraft type, operational state and descending/accelerating state of the
aircraft. Deceleration is only considered during descent and level flight, while acceleration is only considered
during climb (i.e. go-around);

e Each aircraft reaches a stabilized airspeed before approaching the 1000ft above the elevation of the runway;

e The descent performance in terms of vertical speed profiles for different flight levels is modelled using the BADA
performance files. The vertical speed for a given altitude layer is obtained using linear interpolation between the
discrete set of given data points. Different descent performances are considered for the B738 and B744 aircraft
types (appendix C.6.3.1);

e The vertical speed during climb (i.e. go-around) has a constant value for both aircraft types;

e All turning movements have a constant turn radius, and can therefore be described by a circular shape. Circular
shaped turning movements have been modelled to take into account the important effects of time and distance
during such maneuvers, which is especially true for vector operations that require relatively large heading
changes;

e The angular velocity of the aircraft is defined by its ground speed (due to the fixed turn radius);

e The rate of change of displacement of aircraft agents through the simulation environment is defined by their
groundspeed (i.e. the true airspeed of the aircraft plus the wind speed component at the given altitude layer);

e The wind component that determines the groundspeed of the aircraft is defined as the projection of the wind
vector onto the air vector representing the direction of the aircraft through the airmass (appendix C.2.2.8);

e The heading angle equals the course angle, i.e. drift angles as the result of cross wind are not considered;

e Each aircraft type has its own range of final approach speeds and threshold speeds. The specific final approach
speed and threshold speed is for each aircraft agent defined by a uniform probability distribution;

e [tis assumed that aircraft have sufficient fuel to operate the various type of controller instructions.

See appendix C.6.5 for a formal description of how each specific flight performance variable of the aircraft agent is

updated, and therefore how aircraft movement is modelled.

5.6.2 Navigation system

The navigation system as part of the FMS is considered an important subsystem of the MCP agent. The navigation
database of this system contains the geographical locations of the waypoints within the IAPs (i.e. wg; and w;), the
locations of the holding patterns (i.e. wg, and wg ;,) and the location of the runway threshold (i.e. wyz). The MCP
agent uses these geographical locations to determine the position and orientation of the aircraft agent in the
approach sector. This position data is secondly also used to fly the lateral profile of the STARs, the holding patterns
and the final approach towards the runway threshold. The information that is contained in the navigation database
enables the functionalities that are described in the next section.

5.6.3 Functionalities

The MCP agent is responsible for the operation of the autopilot system of the aircraft agent. This autopilot system is
able to automatically control the aircraft agent during the complete arrival and approach segments. The following
functionalities of the autopilot system are considered in the model:

Speed control

The ability to hold a specific (indicated) airspeed, or to change airspeed with a specific acceleration/deceleration until
the aircraft reaches the set airspeed. All speeds are set manually by the flight crew agent after having been instructed
by the controller agent. (appendix C.6.4.1)

Altitude control

The ability to hold a specific altitude, or to change altitude with a specific vertical speed until the aircraft reaches the
set altitude. All altitudes are set manually by the flight crew agent after having been instructed by the controller
agent. (appendix C.6.4.2)
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Heading control

The ability to hold a specific heading, or to turn to a new heading or desired point in space with a certain rate of turn.
When a new heading direction is required and/or desired, the MCP agent is dependent on either manual input from
the flight crew agent or automated input from the MCP agent. The new heading is set manually when the flight crew
agent is instructed by the controller agent to do so. The heading of the aircraft is set automatically by the aircraft’s
FMS when the aircraft is flying the fixed profile of the STAR procedure. The modelled heading control functionality will
always steer an aircraft towards the direction (left/right) that will result in the fastest completion of the required
turning movement. (appendix C.6.4.3)

Interception of fly-by waypoints

The ability to (re-)operate a published procedure or track, such as the STAR procedure or the intermediate approach
by intercepting the respective fly-by waypoint (i.e. ws, and w). This functionality is considered because of the usage
of fly-by waypoints in the arrival and approach operations at Rome Fiumicino (instead of fly-over waypoints). A fly-by
waypoint requires an anticipated turning movement before actually passing the waypoint. Such turn anticipation is
required in order to tangentially intercept the next segment of the route or procedure. The point at which an aircraft
should initiate the turning movement to intercept a specific fly-by waypoint is calculated by the MCP agent. This
interception functionality allows the aircraft to automatically fly the lateral profile of a STAR procedure via the
multiple interconnected fly-by waypoints. (appendix C.6.4.4)

Interception of the glideslope
The ability to intercept the glideslope and to follow the glide path of the glideslope along the localizer course until
touchdown at the runway threshold. (appendix C.6.4.5)

Holding procedure

The ability to automatically enter, operate, and exit the holding pattern. The MCP agent is able to automatically fly
and maintain a holding procedure over the inbound leg towards ws ;, and the outbound leg towards wy y; o. (appendix
C.6.4.4)

5.7 Flight crew

The flight crew a; agent can be described as the two pilots that are operating aircraft agent a;. During the arrival and
approach phases the flight crew agent will be periodically in contact with the controller agent. Within such contact the
flight crew agent is instructed one of the modelled instructions. Most of these instructions are related to adjustments
in the speed, altitude and/or heading of the aircraft. All these type of instructions that changes the aircraft’s state in
terms of position and orientation are performed and controlled automatically by the MCP agent. Upon reception of
such instruction the flight crew agent is thus only responsible for setting the correct input on the MCP. The flight crew
agent is therefore modelled rather simplistic because of the considered autopilot functionalities. All received
instructions are immediately processed by the flight crew agent while being in contact with the controller agent. As
described in section 5.1.2, the duration of this contact is modelled with a fixed lognormal distribution. See appendix
C.7.3.2 for a formal description about the communication between the flight crew and the controller agents and the
way how incoming instructions are processed.

5.8 Meteo Office

The Meteo Office agent is in the model responsible for monitoring the current weather conditions at the airport.
When changing weather conditions have been detected the Meteo Office will immediately inform the Supervisor
TWR. The Meteo Office agent does therefore only serve as a trigger after which a number of related agents will need
to adjust their maintained runway/throughput capacity.
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5.9 Supervisor TWR

The main task of the Supervisor TWR agent is to define the runway capacity. The runway capacity is determined by the
current weather conditions as reported by the Meteo Office. The Supervisor TWR will reduce the maintained runway
capacity when it is informed about deteriorated weather conditions. The runway capacity will be recovered again
when the weather conditions are improving. The Supervisor TWR will inform both the TWR controller and the
Supervisor APP when it has decided to change the runway capacity. The TWR controller is always informed first about
a changed runway capacity.

The model considers for both weather conditions one specific and desired runway capacity. The notion ‘desired’ is
used since the to be achieved runway capacity is limited and dependent on many factors, such as wind conditions, the
accuracy of the merging practices, runway occupancy times, and the type and category of aircraft that are on
approach. Because of these dependencies it is difficult to steer upon (i.e. model) an exact runway capacity that should
be achieved and maintained for a given period of time. In other words, the achieved runway capacity will be the result
of the factors that are described above and is therefore difficult to predict exactly. One of the factors that can be
changed to influence the achieved runway capacity is the desired spacing that is maintained between aircraft. The size
of this separation distance is determined by the variable time-based separation buffer (type |). The Supervisor TWR is
responsible for defining and communicating these time-based separation buffers (type ).

5.10 Supervisor APP

The Supervisor APP agent is responsible for defining the capacity of the multiple approach sectors and for the
coordination of the traffic flow within these sectors. More specifically it makes sure that the throughput capacity in
and between these sectors is in proportion with the current runway capacity. The Supervisor APP therefore monitors
the traffic situation in the approach sector to decide if the achieved throughput capacity is still appropriate. In the
situation of a sudden drop (or recovery) in runway capacity it is obvious that the throughput capacity in the approach
sectors has to be adjusted accordingly. The Supervisor APP will be informed by the Supervisor TWR when the runway
capacity has been adjusted. The Supervisor APP will in reaction to this message change the capacity of the approach
sectors. The changed throughput capacity is thereafter communicated to the feeder agent and the approach
controller agents. These four agents will upon reception of these capacity updates adjust the maintained throughput
capacity in their sectors.

Traffic flow

The traffic flow in the approach sectors is coordinated by the Supervisor APP. The Supervisor APP oversees that the
maintained desired spacings in each approach sector are such that they allow for controlled and expeditious arrival
and approach operations. The Supervisor APP is therefore (first of all) modelled to take into account the effects of
compression between aircraft during approach. In order to anticipate on the effects of compression the controller
agents gradually apply larger separation distances (desired spacings) for aircraft that are positioned further away from
the airport. These increased separation distances are modelled by applying larger time buffers (i.e. separation buffers
(type 1)). The time buffers that are applied by the feeder agent are for instance larger than the ones that are applied by
the TNW/TNE controllers, and so on. The specific values of the time buffers have been assigned empirically by
evaluating the effects of the assigned time buffers on the achieved runway/throughput capacity. A typical traffic
situation that may arise as the result of compression and the use of different time buffer sizes is visualized in figure 19.
This figure shows that the separation distances between aircraft are gradually becoming smaller while aircraft are
approaching the runway threshold. This is first of all due to the natural effects of compression during arrival and
approach and secondly due to the use of different time buffer values by the multiple approach controllers and the
feeder controller.
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Figure 19 — Visualization of typical spacings during arrival and approach as the result of compression and the application of different time buffer sizes
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The Supervisor APP is thus responsible for defining the (qualitative) desired spacings that should be maintained
between aircraft in the approach sectors. These separation distances are used by the Supervisor APP to manage the
capacity in the approach sectors. When the Supervisor APP is informed about the changed runway capacity it will as a
reaction adjust the capacity of the approach sectors. This desired capacity change is modelled by applying different
values for the time buffers that define the size of the separation buffer (type I) between the multiple aircraft pairings.
The shape of the traffic flow and the size of the traffic density and throughput capacity in the approach sectors are
therefore defined by the multiple time-based separation buffers that are applied in the model. Note that the set of
time buffers, as defined by the Supervisor APP, is formally specified in appendix C.4.1 instead of appendix C.10.1. This
is done deliberately to combine all information that is related to the modelled separation practice of the controller
agent in one appendix, which enhances readability and comprehensibility.

Dynamics related to capacity updates

The Supervisor APP will inform the approach controllers and the feeder agent when it has decided to change the
capacity of the approach sector. Each of the these agents will be instructed to increase or to reduce the separation
(i.e. desired spacing) between its aircraft, depending on how the throughput capacity has been adjusted. The four
agents will be informed separately and therefore at a different point in time about a capacity update. Because of
these dynamics there will be a time period in which the feeder agent and the controller agents have a different
awareness about the capacity mode. The sequence in which the controllers are informed about capacity updates will
eventually thus define the way in which the traffic flow evolves within the approach sectors. For this reason the model
contains logic that determines when each agent will be informed about a capacity update. The ARR controller agent is
considered by default the agent that will be informed first about a reduced or recovered capacity update. This is
because traffic that is located in the ARR sector is closest to the runway threshold when compared to traffic in the
TNW/TNE sectors. The TNW/TNE controller agents will be informed next. The controller (i.e. TNW/TNE) with the most
aircraft in its sector will be informed first. The feeder agent will eventually be informed last. In this way the
throughput capacity is gradually changed among the sectors and in a direction away from the runway threshold.
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6 Model verification

Model verification has been applied as an iterative process that is performed in parallel with the implementation of
the quantitative agent-based model. The verification involves both single-agent testing and multi-agent testing to
verify the behaviour of agents and the interactions among agents. The graphical features within AnyLogic have proven
to be very useful during these verification processes. These visualizations allow for instance to verify aircraft
movement over time, to observe how variables evolve over time, to observe the state of each agent at a specific time
point, etc. In this way one can quickly verify if the observed emergent behaviour is in line with the behaviour that is
expected.

Figure 20 shows the main window of the model while running the simulations in AnyLogic. This window can be
considered as a kind of dashboard that combines and visualizes the emergent behaviour as the result of the low-level
agent specifications. By observing this main window the following behaviours and interactions can be verified:

e the total flown trajectories of the multiple aircraft agents in the simulation environment;

e the travelled distance of an aircraft agent over time;

e the flown trajectory of an aircraft agent in relation to the instruction that is received from the active controller;
e the type of operations that each aircraft is flying in relation to the traffic situation in each airspace sector;
e the state of each aircraft during arrival and approach in terms of speed, altitude and heading;

e the sequence in which the Supervisor TWR/APP, the controllers and the feeder controller are informed;

e the communication between agents by keeping track of the time points at which messages are sent;

e the type of instructions that are provided;

e the specific executive controller agent by which an instruction has been provided;

e the specific content of instructions;

e the observation by the Meteo Office of the normalized/deteriorated weather conditions;

e the distribution in which, and the rate at which aircraft agents are generated at the entry points.
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Figure 20 — Model (main) view in AnylLogic during the simulation experiment

In addition to this main window each individual agent has also its own specific window associated with it. These
windows display for each individual agent the set of modelling elements that have been used to specify their modelled
properties and interactions. In this way one can track the state of each agent over time (i.e. thus also each individual
aircraft and controller agent). The graphical features of these used modelling elements have proven to be very
suitable for verification of the dynamics in the model. In order to verify these observed dynamics the following
features of the used modelling elements have been applied:
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Variables: AnyLogic allows to monitor the values of each assigned (class) variable at model runtime, and the
history of values using plots and charts. In this way one can verify if the monitored values of each variable and the
way in which each variable is changing make sense in relation to for instance the behaviour and operation that is
considered. This type of verification is therefore used to verify the ground speed of the aircraft agents as the
result of the incorporated wind model, the multiple bearings that are considered, the aircraft referencing, etc.;
Sets: AnyLogic allows to monitor the contents of each set at model runtime. In this way one can verify for instance
the type and number of tasks that are identified by a specific controller agent, the correct sequence of aircraft in
the various related sets, etc.;

Statecharts: AnyLogic highlights the active states of each statechart during model runtime. In this way one can
easily verify for each agent if the set of observed active states makes sense given the current situation, operation
etc. In addition to the highlighted states AnyLogic also highlights (some of) the transitions when they are either
taken or when the transition is scheduled to be taken in the near future. Both type of highlights are mainly used
to verify if statecharts are not infinitely looping in order to prevent unrealistic behaviour from occurring.
Functions: the set of statements in functions are in itself static and are only performed when for instance the
actions in an event or state require to do so. In order to verify the return values of functions and/or its
corresponding actions a set of interactive controls (buttons/edit box) have been used. These controls are
provided by AnyLogic and allow to easily verify the functionalities of the various functions that have been
modelled.

Events: all type of events are highlighted once they occur during model runtime. The timeout triggered events do
also display the remaining time period before the event is scheduled to occur. The highlighted event occurrences
and corresponding countdowns are used to verify if the rate at which events occur is according to the
expectations.

Another method that has often be applied to verify the functioning of the modelled statecharts, functions and events
is the implementation of a “pause” command in the respective action fields. This command pauses the running model
at a desired action or given condition, and can thus be used to verify if the corresponding situation is according to
what is expected.

Other general applied verification steps are related to:

Verification of agent and model functioning using a range of (extreme) parameter values. This verification step
makes sure that the model is also functioning properly when for instance: a relatively large generation rate is
applied by the feeder agent (i.e. large traffic density in approach sector), when the controller agent is acting
relatively slow (e.g. relatively late conflict detection), when the controller agent is applying a relatively bad
vectoring accuracy (e.g. snowball effects), when a relatively large capacity drop is considered (e.g. the need for
relatively many adaptive strategies), etc.;

Execution of many simulation replications (=100) with random variables to verify the agent and model functioning
in different scenarios.

In parallel with the model development an extensive number of verification steps have eventually been performed.
Verification has been performed by observing the implemented modelling elements during model runtime and
secondly by statistical analysis of the output data. Based on the obtained results there can be concluded that the
implemented agent-based model in AnyLogic is functioning properly and as expected.
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7 Model validation

The developed and implemented quantitative agent-based model is used to explore and to quantify the resilient
capacities of approach operations during disturbance. As already described, these resilient capacities are primarily
defined by the skills and the resulting actions of controllers. The model considers therefore a number of instructions
that may be provided by each of the controllers to guide aircraft in a fluent and safe manner towards the runway. The
specific contents of these instructions and the resulting flight operations should be such that they resemble to an
acceptable extent the approach operations that are flown in real life. This chapter will therefore describe briefly what
steps have been performed to determine the validity of the developed agent-based model and the obtained
simulation results.

Historic flight data

Historic flight tracking data has been used to specify the number of controller instructions and the corresponding
contents of such instructions. Such data is of great value to model realistic and representative approach operations.
Model validation is therefore for a considerable part related to the extent to which the simulated flight trajectories
during the experiments resemble the historic flight trajectories as shown in figure 4. When analysing the obtained
simulation results the following key validations can be observed in both normal and disturbed conditions:

e STAR procedures serve as the baseline operations during arrival;

e similar merging trajectories towards the intermediate fix;

e similar traffic density and achieved separation on final and intermediate approach;

e similar shape and operations of holding patterns;

e similar speed profiles during arrival and approach;

ATC broadcasts

Live ATC broadcasts and historic ATC recordings are considered useful to validate the workload of controllers by
keeping track of the number of conversations in combination with the observed traffic situation using an online flight
tracking service. There are however no ATC broadcasts available for Rome Fiumicino airport unfortunately. ATC
broadcasts of other major airports with comparable approach operations have therefore been used.

Expert validation

The parameter values that are considered in the model are validated using the expertise at NLR. Employees that are
experienced in the field of ATM were asked to validate the specified parameter values, especially those related to
controller performance and flight dynamics during arrival and approach. In addition they were also asked to validate
the flight trajectories that emerged during simulation. This expert validation allowed to fine-tune the implemented
model by modifying the performance of the modelled approach operations.

The results of these validation steps in combination with the performed verification steps indicate that the developed

model has sufficient accuracy to provide a realistic and profound analysis of the resilient capacities of conventional
approach operations.
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8 Experiments

The model that has been formalised, implemented and verified is used to conduct a number of parameter variation
experiments with. These experiments are set up to explore and to quantify the resilient capacities of approach
operations during a sudden bad weather disturbance. This chapter describes the experiments that have been
conducted and the simulation results that have been obtained. Section 8.1 will first describe all important background
information that is needed to understand and to interpret the obtained simulation results. Section 8.2 will thereafter
provide a general analysis of the obtained simulation results by describing the general (resilience) characteristics and
dynamic patterns that are observed. Section 8.3 at last will describe three specific parameter variation experiments
that have been conducted.

8.1 Experiment set-up and considerations

This section will provide all background information that is needed to understand and to interpret the obtained
simulation results, which are covered in the upcoming sections. The different topics below describe in a stepwise
manner what kind of data is measured, how this data is measured, and how the dynamic patterns in the obtained data
are visualized.

Type of experiments to conduct

The research objective aims towards exploration, i.e. to examine in what way certain factors affect the resilient
capacities of disturbed approach operations. The experiments that have been conducted therefore aim to examine
the significance of a number of factors in relation to the resilient capacities of disturbed approach operations. For this
reason parameter variation is the type of experiment that has been applied to gain insight in the resilient capacities of
approach operations during a sudden and unexpected bad weather disturbance. Parameter variation offers the
opportunity to run the model multiple times with different parameter settings to analyse how these parameter
settings affect the model behaviour and with that the resilient capacities of the system under study.

A number of processes and conditions are in the model specified using probability density functions, such as the
wind model, the various time periods, the aircraft generation process, etc. The random variables that describe these
processes and conditions will be reset at the initiation of each replication (simulation) during the parameter variation
experiments. In this way one can describe the type of experiments that have been conducted as a combination of the
parameter variation and Monte Carlo experiments.

What parameters to vary
See section 8.3.

What to measure

As described in the beginning of this report resilience can in general be understood as the ability of a (socio-technical)
system to sustain operations within its functional limits under disturbing conditions. The extent to which a socio-
technical system is able to cope with disturbing events can be assessed with resilience assessment metrics. The
majority of these metrics are based on measuring and comparing the relative impact of a disturbance on system
performance and the time it takes to recover. This resilience triangle paradigm is also applied to assess the resilient
capacities of the disturbed approach operations. The following performance indicators have been used to assess and
to express the resilient capacities of the simulated approach operations as the result of controller instructions (per
time interval):

Performance indicators related to: Capacity

e Time between landing: the time period between two successive landings, used to express indirectly the
separation between aircraft at touchdown (logged at landing);

e Number of aircraft in approach: the number of aircraft that are on arrival/approach for runway 16L, used to
express traffic density in the approach sectors (logged every time interval);

e Number of landings: the number of landings at runway 16L, used to express the dynamically changing runway
capacity (logged every time interval);
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Runway throughput: number of landings per hour, used to express the runway capacity in terms of “before and
after disturbance” and “during disturbance” (logged before and after disturbance/during disturbance);

Performance indicators related to: Operational states

Percentage of aircraft flying “a specific operational state”: the relative distribution of the active operational states

for each aircraft agent, used to express the emergent and dynamic traffic situation in the approach sector in

terms of type of operations that are flown and adaptive strategies that are applied. Note that these percentages

only relate to the operations that are flown prior to interception of the IF, i.e. the percentages do not take into

account aircraft that are operating the intermediate- or final approach segment (logged every time interval):

e  Percentage of aircraft flying STAR

e Percentage of aircraft flying vector STAR

e Percentage of aircraft flying vector merge

e  Percentage of aircraft flying vector IF

e Percentage of aircraft flying holding

Time in approach: the arrival/approach duration of an aircraft agent, i.e. the time period between generation and

landing, used to express indirectly throughput capacity and traffic density in the approach sector (logged at

landing);

Time flying “a specific operational state”: the total time period that an aircraft has operated a specific operational

state during its arrival/approach towards runway 16L, used to express to which extent a certain type of operation

is flown and an adaptive strategy is applied (logged at landing):

e Time flying STAR

e Time flying vector STAR

e Time flying vector merge

e Time flying vector IF

e Time flying holding

Number of “a specific instruction”: the number of go-around and vector trombone instructions that are provided

by the controller agents, used to express the number of times in which specific type of conflicting and challenging

situations occur (logged before and after disturbance/during disturbance):

e Number of go-arounds

e Number of vector inbound trombone: relates to aircraft that have successfully re-operated the STAR
procedure

e  Number of vector outbound trombone: relates to aircraft that are removed from the simulation environment

Performance indicators related to: Controller workload

Percentage in tactical mode: the relative time period in which the controller is acting in the tactical control mode,
as compared to the opportunistic control mode, used to express the workload of the controller (logged every time
interval);

Number of instructions: the number of contacts made in which the flight crew is instructed one of the modelled
instructions, used to express the workload of the controller (logged every time interval);

Trajectory plots

This ‘measure’ at last is used to visualize the many flight trajectories that emerge during the number of simulations
(replications). These plots present the flown trajectories for a given scenario either before disturbance and during
disturbance, and therefore allow to quickly compare the operations that have been flown during both conditions. The
coordinates of each aircraft agent are logged every 60 simulated seconds. The density of the logged coordinates (dots)
in the trajectory plots are therefore an indication for the extent to which a certain operation is flown and an adaptive
strategy is applied in a specific scenario before and during disturbance.

The number of identified performance indicators are used to express how the approach operations emerge as the
result of controller actions. These obtained characteristics can then be used to express the resilient capacities of the
approach operations. However, one has to note that within this quantitative study resilience is considered to be a
relative property. This means that the performance of the system under study does not necessarily have to stay within
some prescribed boundaries. These boundaries are not required, since safe operations can be maintained ‘at all time’
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as the result of controller actions. Quantification of resilience is in this study therefore more related to exploring how
certain parameter settings contribute (relatively seen) to the resilient capacities of approach operations.

How to measure

The modelled approach operations, and more specifically the way in which the involved agents behave can be
described by many dynamic, stochastic and interacting processes. The overall emergent behaviour of the modelled
approach operations is shaped by these low-level interactions and processes. Since many of these processes are
modelled by stochastics each simulation run will result in unique emergent behaviour. Each simulation run will
therefore also result in different values for the performance indicators that have been defined. The specific values of
these performance indicators are however time dependent due to the dynamics that are caused by the bad weather
disturbance. In order to properly assess the resilient capacities of approach operations one should incorporate the
effects of time. These time periods should be of sufficient length to capture the emergent behaviour, to allow for
stabilized approach operations and to measure the resilient capacities. The time periods that are considered in the
parameter variation experiments are visualized in figure 21 below. The measurement of the performance indicators
will start when a stabilized and condensed flow of approaching traffic has been established in the simulation
environment.
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Figure 21 — Schematic timeline of the conducted parameter variation experiments, expressed in simulation seconds

The scope of this resilience study considers a number of aircraft agents that are dynamically added and removed from
the simulation environment over time. Such dynamically changing aircraft population causes difficulties when
quantifying the number of performance indicators, which becomes especially true when conducting a large number of
simulations (i.e. replications). Therefore, to allow for useful and meaningful simulation results the timeline of the
parameter variation experiments has been split in a number of time intervals (time classes). This method allows to log
the time dependent performance indicators in time intervals, which eventually allows to quantify the set of
performance indicators after a number of experiments.

The values of the performance indicators are logged in the following three ways:

e logged at landing: this category addresses all aircraft related data that is measured in the time period between
generation and landing. The values of these performance indicators are logged in the time class that corresponds
with the time of landing.

e logged every time interval: this category addresses the performance indicators that are measured and logged
every time interval (i.e. every 10 simulated minutes). The values of these performance indicators are cleared after
every log.

e Before and after disturbance/during disturbance: this category addresses the performance indicators whose
values are measured in the total period “before and after disturbance” and in the period “during disturbance”.

The way in which the values of each performance indicator are logged have been described in the previous section.

Note that the obtained simulation results do not consider the time period that is used to create a stabilized sequence
of approaching traffic, i.e. the first 1800 simulated seconds are not covered in the boxplots, the median and standard
deviation.

Presentation of simulation results and analysis

Boxplots

As described in the previous section the simulation results that are obtained during the parameter variation
experiments are expressed in a series of time intervals. Boxplots have been used to visualize these time-dependent
simulation results. These plots allow to visualize the interesting dynamic patterns that are measured for each
performance indicator. The size of the boxes and the whiskers, and the number of outliers provide information of the
dispersion in the obtained data. The spacings between the different parts of the box indicate the skewness of the
obtained data.
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Histogram

In addition, histograms are used to visualize the distribution of the data points in a specific time interval. Each
measured performance indicator is extended by two histograms that provide more detail about the distribution of the
collected data points. The first histogram will present the distribution of the measured data points in a (specific) time
interval before disturbance, i.e. during steady-state approach operations. The second histogram will present the
distribution of the obtained data points in a time interval during disturbance. The specific time intervals that are used
in each histogram are determined by the visualized patterns of each performance indicator and the shape of the
boxplots. The histograms do only consider the measured data points within the 95% confidence interval.

Confidence intervals

The used boxplots take into account all the measured data points that have been logged during the parameter
variation experiments. This measured data is therefore filtered with a 95% confidence interval to ignore the effects of
potential outliers. The statistical analysis (median and standard deviation) of the experiment results is performed
using data out of the 95% confidence interval only. By excluding the upper and lower 2.5% of the measured data the
obtained simulation results do better describe the outcomes of the model in the situations before, during and after
disturbance.

Median

The median (X) is used to indicate the middle value in the ordered set of measured data points for a given time
interval. The reason for choosing the median is the observed distribution of the data points in each time interval. The
median approaches in some sense the function of the mode. The mean is not considered because of the misleading
skewing effects of outliers. The median is found to be a suitable measure to describe the dynamics that have been
observed in the measured performance indicators.

Standard deviation
The standard deviation (o) at last is used to indicate the dispersion in the obtained data points for a given time
interval.

The main method for the analysis of the simulation results has been the use of the boxplots over a series of time
intervals. This method allows for a relatively quick understanding of the dynamics in the measured performance
indicators, and allows to examine which parameter settings enable viable and resilient approach operations during
disturbance. However, the comparison of different scenarios in the parameter variation experiments can only be
performed in a qualitative manner when using boxplots over a number of time intervals. The simulation results of
each experiment are therefore expressed in tables, which allows for a quantitative comparison of the different
simulated scenarios. These tables contain the median (X) and standard deviation () of each measured performance
indicator for a specific time interval before disturbance and during disturbance. The time interval before disturbance is
used to quantify the steady-state values of each performance indicator, which is therefore kept fixed at time interval
0:30. The specific time interval that is used to quantify a performance indicator during disturbance is on the other
hand variable. The measured median and standard deviation of a performance indicator during disturbance
correspond to the time interval having the largest deviation between its own median value and the median value of
the respective steady-state time interval. This means that the time intervals between 1:20 and 2:00 are in general
used to express the measurements of the performance indicators during disturbance. The median and standard
deviation values that show significant and interesting variations between the simulated scenarios are highlighted in
bold.

Number of simulations

Each scenario in each experiment should be simulated a sufficient number of times in order to obtain statistically
significant simulation results. The specific number of replications is defined by comparing the simulation results of
relatively many simulations (i.e. 600x) with those as obtained after relatively less simulations (i.e. 300x). The
comparison showed that roughly the same simulation results and corresponding statistics are already obtained after
300x replications, which indicates that the simulation results have stabilized and converged. Therefore, considering
the specifications and performance of the used hardware each experiment is performed using 300 simulations.
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8.2 General analysis of simulation results

The experimentation phase of this study can be described by the many simulations that are performed to visualize and
to capture the emergent and resilient behaviours of approach operations during a bad weather disturbance. The set of
identified performance indicators allows to measure and to understand this emergent and resilient behaviour.
Simulations have been performed to explore how the modelled approach operations emerge before, during and after
disturbance using default parameter settings (as specified in appendix C). This section will provide the general
(resilience) characteristics and dynamic patterns that can be observed in the obtained (default) simulation results.
These observed characteristics and patterns are meant to support the simulation results of the conducted parameter
variation experiments, which are described in section 8.3.

8.2.1 Common characteristics and patterns in obtained simulation results

Each of the measured performance indicators reveals the dynamic emergent behaviour that is captured during the
number of simulations. These performance indicators describe how the modelled approach operations behave before,
during and after the bad weather disturbance. When analysing the results of the conducted experiments there can be
seen that the performance indicators share similar type of patterns in each experiment. This section will therefore
introduce the reader to the common characteristics and dynamic patterns that have been recognized when analysing
the measured performance indicators. These dynamic patterns reveal how the measured data points of each
performance indicator change over time as the result of a changed runway and throughput capacity. The specific way
in which a performance indicator is affected by the disturbance is however always dependent on the specific scenario
(i.e. parameter settings) and experiment that is considered. Appendix B provides therefore the dynamic simulation
results for each experiment and scenario separately. The type of patterns that are observed in all simulation results
are however comparable with the ones that will be shown below. The next section will elaborate more on the
resilience characteristics that can be observed in the obtained simulation results. Section 8.2.3 will elaborate more on
the factors that shape the dynamic patterns in each measured performance indicator.

Figure 22 shows two characteristic trajectory plots of simulated arrival and approach operations in the situation
before and during disturbance. The densities of the logged coordinates in figure 22a show that the simulated arrival
and approach operations in the situation before disturbance are in general flown using the fixed STAR procedures, the
tromboning merging technique and the straight trajectory of the intermediate- and final approach segments. Only a
few replications require vector and holding operations as the result of saturation, or as the result of conflicts on the
STAR profile. The trajectory plot in figure 22b clearly shows the execution of the various modelled adaptive strategies
that become required to lower the throughput capacity in the approach sectors. The obtained (common) simulation
results of the multiple measured performance indicators will be used to further clarify the operations and the
corresponding trajectories that are shown in figure 22.

(a) Characteristic simulated trajectories before disturbance (b) Characteristic simulated trajectories during disturbance

Figure 22 — Characteristic plots of trajectories that emerge during simulation
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The sections below will discuss the common characteristics and patterns that have been observed in the simulation
results of each performance indicator. These common characteristics and patterns will be discussed for each
performance indicator by means of a numbered list of observations. Each of these numbered observations refers to a
specific observed characteristic or pattern in the simulation results of the respective performance indicator. These
characteristics and patterns can often be related to specific aspects in the formalised and implemented model, such as
the various considered adaptive strategies, controller actions, applied parameter settings or the considered arrival and
approach procedures. Each observation is therefore followed by an explanation about the (possible) model properties
and aspects that are (considered) responsible for the respective observed characteristic or pattern in the simulation
results. These explanatory descriptions do deliberately contain information that has already been covered in chapter 5
to remind the reader of the modelled aspects, instructions, dynamics, etc. The numbers in front of each observation
refer to the encircled numbers in the boxplot figure of the corresponding performance indicator. Note that the bad
weather disturbance starts in time interval 1:10 and ends in time interval 3:10.

Number of landings (figure 23)

1. Constant median values before, during and after disturbance: The total number of landings that can be achieved is
dependent on a number of factors, such as flight dynamics, wind conditions, the applied merging rate, the current
runway capacity and the traffic density in the approach sector. The last three factors are found to be important
for defining the specific size of the number of landings both before and after disturbance, and during disturbance.
As can be seen in figure 23 the median values do generally not vary more than 1 landing per time interval, no
matter what type of experiment is considered. The median values during disturbance are representative for each
type of conducted experiment, since the model considers a fixed reduced runway capacity (i.e. 21 ac-h™) and a
fixed corresponding merging rate. The relatively small spread in obtained data points for each time interval
indicates that a relatively constant number of aircraft are positioned on the intermediate- and/or final approach
segments during both weather conditions.

2. Rapid decrease in median values just after the start of the disturbance: The TWR controller is modelled to
maintain a different desired spacing when it is informed about (i.e. observes) changed weather conditions at the
airport. In reaction to this message (and observation) the TWR controller will adjust the spacing between its
aircraft, which are all positioned on final approach. The initiation of go-around instructions is generally the only
strategy that a TWR controller can apply for this purpose, since its aircraft are already close to the runway
threshold. This means that in the situation of a relatively large reduction in runway capacity in combination with a
relatively large initial throughput capacity at least one go-around instruction is likely to be instructed. A go-around
removes, as it were, an aircraft from final approach. This ‘removal’ is shown in figure 23 by a rapid decrease in the
number of landings, instead of a more gradual reduction in runway capacity. The increase in the number of
landings can on the other hand be characterized by a more gradual course (i.e. the transition phase as denoted by
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Figure 23 — Characteristic pattern in obtained simulation results of Figure 24 — Characteristic pattern in obtained simulation results of
performance indicator “Number of landings” performance indicator “Time between landing”

Time between landing (figure 24)

1. Spread and minimum values in each time interval: This explanation extends the explanations as provided for the
number of landings performance indicator. Figure 24 shows that the minimum time period between two
successive landings equals around one minute. This time period is the result of the specific set of time buffers that
are applied by the ARR and TWR controllers to define the desired spacing between aircraft. The maximum time
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between landing is unbounded and defined by the traffic density in the approach sector. The spread in the
obtained simulation results will increase when the generation rate as applied by the feeder controller is
decreased.

2. Rapid increase in median values just after the start of the disturbance: See the explanation that is provided for
observation 2 in the simulation results of the number of landings performance indicator. The rapid increase in the
time between landing just after the start of the disturbance can therefore also be explained by the initiation of
go-arounds.

Number of go-arounds (figure 25)

1. Go-arounds are generally only instructed just after the start of the disturbance: As described in the model
description the TWR controller is modelled to maintain a specific spacing between the aircraft on final approach
for each capacity mode. When the TWR controller is operating in a normal capacity mode it will try to separate
these aircraft according the reduced separation minima to maximize runway capacity. In a reduced capacity mode
the TWR controller will try to separate aircraft according the enlarged desired spacing to comply with the reduced
runway capacity. Go-arounds will be instructed by the TWR controller in either of the two situations when
insufficient spacing is observed. Figure 25 shows that go-arounds are on average not flown in the normal capacity
mode, i.e. before and after disturbance. The few go-arounds that are instructed in the normal capacity mode are
the result of high traffic densities in the approach sector in combination with a relatively high merging rate as
applied by the ARR controller. Most go-arounds are however instructed just after the start of the disturbance.
These go-arounds become required as the result of a reduced runway capacity. The simulation results show that a
maximum of one to two go-arounds need to be instructed as the result of a sudden reduction in runway capacity.
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Figure 25 — Characteristic pattern in obtained simulation results of Figure 26 — Characteristic pattern in obtained simulation results of
performance indicator “Number of go-arounds” performance indicator “Number of aircraft in approach”

Number of aircraft in approach (figure 26)

1. Constant median values before and after disturbance: The obtained simulation results show that the approach
sector contains an on average constant number of aircraft in the time period before and after disturbance. This
constant number of aircraft in approach indicates that a stabilized and condensed flow of approaching traffic has
been established in the simulation environment when the measurements start. The on average constant number
of aircraft in approach is defined by the ratio between the maintained throughput capacity at the entry points
(i.e. generation rate) and the achieved runway capacity (i.e. landing rate). The constant values indicate that the
used parameter settings do not result in an undesired build-up of traffic in the approach sectors.

2. Gradual decrease in median values just after the start of the disturbance: The gradual decrease in the number of
aircraft in approach just after the start of the disturbance can be related to a number of factors. The main factor
in this context is the rate at which aircraft are delivered by the feeder controller to the approach sector. The
feeder controller is modelled to maintain a different throughput capacity (i.e. delivery rate) for each capacity
mode. Less aircraft will be delivered to the approach sector once the feeder controller is informed about a
reduced runway/throughput capacity. This lower delivery rate will in turn result in a decrease in the number of
aircraft in approach. Other (minor) factors that contribute to a decreased number of aircraft in approach are the
initiation of go-around and vector outbound trombone instructions. Aircraft that are operating a go-around will
eventually be removed from the simulation environment. Aircraft that are not considered available for a vector
inbound trombone instruction while operating the vector outbound trombone instruction will also eventually be
removed from the simulation environment. (Figure 18 visualizes the three ways in which aircraft may be removed
from the simulation environment)
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Constant median values during disturbance: A new stable number of aircraft in approach can be achieved during
disturbance once a new stable equilibrium has been established between the rates at which aircraft enter and
leave the approach sector. Such equilibrium may however not always be established. Section 8.2.3 will further
elaborate on the effect of throughput capacity (i.e. generation rate) and runway capacity in establishing a new
equilibrium.

Gradual increase in median values just after the end of the disturbance: The gradual increase in the number of
aircraft in approach can be explained by the increased rate at which aircraft are delivered to the approach sector
once the feeder controller is informed about a recovered runway capacity. This increase will continue until a new
equilibrium is established between the maintained delivery rate and achieved landing rate.

Percentage STAR (figure 27)

1.
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Percentage STAR

Constant median values before, during and after disturbance: Figure 27 shows that around 60-80% of the total
number of aircraft in the approach sector are operating the STAR procedures. This percentage is only applicable in
the situation when all arrival and approach operations are flown using standard procedures (this will become
clear in the analysis of the other performance indicators). The measured percentages indicate that a major part of
the modelled arrival operations are flown via the fixed profiles of the STAR procedures, which is also supported by
the trajectory plot in figure 22a.

Rapid decrease in median values just after the start of the disturbance: Most of the aircraft in the approach sector
are operating the STAR procedure before disturbance (figure 27). Each approach controller is modelled to keep
these aircraft separated according a specific minimum desired spacing such that the resulting sequence of aircraft
complies with the maintained throughput capacity. The actual spacings between these aircraft do generally
approach the respective desired spacing. Due to the relatively large number of aircraft that are operating the
STAR procedure before disturbance the actual spacings between these aircraft are generally small. The actual
spacings that are achieved before disturbance do therefore generally not satisfy the reduced throughput capacity
that applies when the respective approach controller is informed about a reduced runway capacity. The rapid
decrease in the STAR operations can therefore be explained by the relatively large number of vector outbound
STAR instructions that need to be provided to satisfy the increased desired spacings.

Increase in median values just after the start of the disturbance: An increasing number of aircraft satisfy the
enlarged desired spacing that is achieved by operating the vector outbound STAR, which allows them to re-
operate the STAR procedure.

Jump in median values just after the end of the disturbance: The feeder controller is modelled to deliver aircraft at
the entry points according the initial throughput capacity once it is operating in the normal capacity mode again.
This recovered delivery rate results in an increase in the number of aircraft that are operating the arrival segment
via the STAR procedures. The actual spacings between these newly (to be) generated aircraft are all smaller than
the actual spacings that can be observed in the ARR sector just after the end of the disturbance. This is because
the controllers require a certain time period in which the traffic situation in each approach sector can be adapted
to the recovered throughput capacities. Aircraft are for this reason still merged with a relatively small rate just
after the end of the disturbance. This implies that the achieved throughput capacity near the entry points and in
the time frame just after the end of the disturbance is larger when compared to the throughput capacity that is
maintained and achieved in the airspace sections closer to the airport. This temporary difference between both
achieved capacities is expressed in the simulation results by a relatively small increase in the number of aircraft
that are operating the STAR procedures.
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Figure 27 — Characteristic pattern in obtained simulation results of Figure 28 — Characteristic pattern in obtained simulation results of
performance indicator “Percentage STAR” performance indicator “Time flying STAR”
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Time flying STAR (figure 28)

1. Constant median values before and after disturbance: Each aircraft needs to operate a fixed distance of the STAR
procedure to reach the downwind segment of the trombone segment, after which the merging operations
towards the IF can be initiated using vector inbound IF instructions. The on average constant median values
before and after disturbance can therefore be explained by the (minimum) time period that aircraft require to
reach the trombone segment. Note however that the obtained simulation results of the time flying STAR
performance indicator relate to the operating times of both STAR procedures. The relatively large overall spread
in the measured data points can therefore be explained by the different lengths of both STAR procedures, and
thus the different required operating times.

2. Increase in median values during disturbance: Aircraft have to operate a larger part of the trombone segments in
order to gain the required (enlarged) desired spacing for a feasible merging operation relative to the IF.

Percentage vector STAR (figure 29)

1. Increase in median values just after the start of the disturbance: Aircraft are instructed to operate the vector
outbound STAR to lower the throughput capacity in the approach sectors as the result of the bad weather
disturbance, which means that they no longer operate the fixed profile of the STAR procedure (i.e. ) in figure
27).

2. Decrease in median values during disturbance: Aircraft are instructed to operate the vector inbound STAR once
the achieved spacing as the result of the vector outbound STAR is considered to be in accordance with the
reduced throughput/runway capacity, which means that they are allowed to resume their arrival operations via
the fixed STAR procedure (i.e. ® in figure 27).
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Figure 29 — Characteristic pattern in obtained simulation results of Figure 30 — Characteristic pattern in obtained simulation results of
performance indicator “Percentage vector STAR” performance indicator “Time flying vector STAR”

Time flying vector STAR (figure 30)

1. Vector STAR operations are (generally) not flown before and after disturbance: A vector outbound STAR is
instructed once a desired spacing conflict or separation minima conflict is detected relative to the fixed profile of
the STAR procedure. These specific type of conflicts are generally not likely to occur if aircraft are already properly
delivered (i.e. generated) at the entry points, i.e. the average spacing between aircraft satisfies the maintained
throughput capacity. However, there may emerge some rare situations where aircraft are sequenced too close
behind each other at the entry points because of a relatively high maintained throughput capacity. This initially
small separation distance in combination with the effects of compression could eventually result in a conflicting
situation while aircraft are operating the STAR, even without considering the bad weather disturbance. Such type
of conflicting situation is resolved by the controller using a vector outbound STAR instruction. The probability of
this specific type of conflict in undisturbed conditions increases in proportion with the generation rate as applied
by the feeder controller (NE controller). Vector outbound STAR operations are however generally not flown
before and after disturbance, which can be seen visualized by the small number of logged coordinates near the
profile of the STAR procedure in the trajectory plot of figure 22a, and by the absence of boxes in the time
intervals before and after disturbance in figure 30.

2. Vector STAR operations are (generally) only flown during disturbance: See the explanation that is provided for
observation 2 in the simulation results of the percentage STAR performance indicator.
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Percentage vector merge (figure 31)

1.
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Increase in median values just after the start of the disturbance: Vector merge operations become required once
the trombone segments of the STAR procedures are no longer able to facilitate feasible merging operations
towards the IF as the result of saturation. As described in section 4.3.2, saturation of the trombone segments may
especially occur in the situation of relatively large traffic densities in the ARR sector and/or when the ARR
controller is applying relatively large desired spacings. Both conditions hold just after the start of the disturbance,
which explains the increase in the number of vector merge operations just after disturbance.

Decrease in median values during disturbance: Vector merge operations are instructed to fictitiously extent the
trombone segments. These instructions are especially required just after the start of the disturbance, since the
ARR controller will start to merge incoming traffic according the enlarged desired spacings. This implies that
aircraft have to operate initially a larger part of the trombone segments, often leading to an increase in vector
merge operations. The number of vector merge operations will decrease again once all aircraft in the ARR sector
are separated according the enlarged desired spacings and when the throughput capacity at wg, has been
reduced accordingly.
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Figure 31 — Characteristic pattern in obtained simulation results of Figure 32 — Characteristic pattern in obtained simulation results of
performance indicator “Percentage vector merge” performance indicator “Time flying vector merge”

Time flying vector merge (figure 32)

1.

Vector merge operations are (generally) not flown before and after disturbance: In undisturbed conditions the
trombone segments are generally of sufficient size to merge two incoming streams of high density traffic relative
to the IF and with a rate that is in accordance with the maintained runway capacity. This means that vector merge
operations are not very common before and after disturbance. The obtained simulation results show that vector
merge operations are only flown occasionally before and after disturbance when the ARR sector is containing a
relatively large number of aircraft as the result of a relatively large maintained and achieved throughput capacity.
Vector merge operations are (generally) only flown during disturbance: As described, vector merge operations are
instructed by the ARR controller when its merging practice is challenged due to saturated trombone segments.
Saturation of the trombone segments is likely to occur in the situation when the ARR sector is containing a
relatively large number of aircraft and when the corresponding desired spacings have to be increased. The vector
merge operations that are flown during disturbance can therefore be explained by these specific conditions. The
extent to which vector merge operations will be flown is determined by the size of the throughput capacities that
are maintained before disturbance.

Percentage vector IF (figure 33)

1.
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Constant median values before, during and after disturbance: Figure 33 shows that around 25-30% of the total
number of aircraft in the approach sector are operating the vector IF. The vector IF relates to the tromboning
merging technique that is applied by the ARR controller in the initial approach segment. This specific type of
modelled vector is used to connect the arrival segment (i.e. STAR procedures) with the intermediate approach
segment (i.e. interception of IF). The measured percentages in the percentage STAR (@) in figure 27) and
percentage vector IF performance indicators show that the modelled arrival segment and initial approach
segment are generally only flown using STAR and vector (inbound) IF operations before and after disturbance.
Rapid decrease in median values just after the start of the disturbance: The ARR controller will start to enlarge the
maintained desired spacings in its sector when it is informed about a reduced runway capacity. These spacings
will be enlarged first for aircraft that are already operating the vector (inbound) IF. This implies that the
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maintained merging rate is reduced and that the to be merged aircraft have to wait longer before they are
instructed to operate a vector (inbound) IF ((2) in figure 28). The decrease in the number of vector IF operations
just after the start of the disturbance can therefore be explained by this reduced merging rate and by an increase
in the number of vector STAR, vector merge and holding operations.

3. Increase in median values during disturbance: The ARR controller is modelled to maintain a constant reduced
merging rate during disturbance. The obtained simulation results seem to suggest however that an increasing
number of aircraft is operating the vector IF during disturbance. This increase in the significance of vector IF
operations can be explained by the reduced throughput capacity that is maintained by the feeder controller in the
time period during disturbance, which results in a reduction of the number of aircraft in approach () in figure
26).

4. Drop in median values just after the end of the disturbance: This description extends the explanation that is
provided for observation 4 in the simulation results of the percentage STAR performance indicator. These
simulation results showed an increase in the number of aircraft that are operating the STAR procedure just after
the end of the disturbance. As described, this increase can be explained by the increased rate at which aircraft are
delivered to the approach sector. This recovered delivery/generation rate exceeds initially the rate at which
aircraft are merged relative to the IF using vector (inbound) IF instructions. The relatively small merging rate is the
result of the reduced throughput capacity that is maintained in the approach sectors during disturbance. After the
end of the disturbance the ARR controller needs time to increase the throughput capacity in its sector, and with
that the merging rate. The relatively lower number of vector IF operations can be explained by this to be
recovered merging rate. Note that the reduction in vector IF operations is cancelled out by an increase in the
number of STAR operations (&) in figure 27). The simulation results of the percentage STAR and percentage
vector IF performance indicators show that a new equilibrium is established in the number of STAR and vector IF
operations () in figures 27 and 33) once the throughput capacity in the ARR sector (and thus the merging rate)
has been recovered.
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Figure 33 — Characteristic pattern in obtained simulation results of Figure 34 — Characteristic pattern in obtained simulation results of
performance indicator “Percentage vector IF” performance indicator “Time flying vector IF”

Time flying vector IF (figure 34)

1. Constant median values before and after disturbance: Each aircraft can only be instructed the vector IF once it is
positioned on the trombone segment of the STAR procedure. The time flying vector IF is defined as the time
period that is required by an aircraft to intercept the IF after leaving the fixed profile of the trombone segment.
The obtained simulation results show therefore that each aircraft is on average leaving the trombone segment
(i.e. downwind segment) at a fixed location before and after disturbance. This constant can be explained by the
rather constant throughput capacity that is applied by the feeder controller before and after disturbance, which
results in a constant flow of approaching traffic entering the trombone segments.

2. Increase in median values just after the start of the disturbance: The observed increase in the time flying vector IF
performance indicator has two types of explanations. The first explanation relates to the aircraft that are already
operating the vector (inbound) IF when the ARR controller is informed about a reduced runway/throughput
capacity. The ARR controller will upon reception of this capacity update first enlarge the spacing between the
aircraft that are already operating the vector inbound IF instruction. The spacing between these aircraft is
enlarged using a vector outbound IF instruction. The direction of this vector is always such that it sends aircraft
away from the IF, which allows the aircraft to gain the required spacing. A vector inbound IF will be instructed
again once the respective aircraft is separated according the reduced throughput capacity. The need for these
temporary outbound vectors does therefore increase the duration of the vector IF operations just after
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disturbance. The second explanation relates to the aircraft that have not been yet instructed a vector (inbound)
IF, i.e. the aircraft that are still positioned on the trombone segment of the STAR procedure. As already described,
the ARR controller will apply a reduced merging rate when it is operating in a reduced capacity mode. This means
that aircraft have to operate a larger part of the trombone segment (i.e. downwind segment) before they are
considered available for a vector inbound IF instruction. When considering the orientation of the trombone
segment this means that the distance that has to be covered with the vector inbound IF instruction will increase
as well.

Decrease in median values during disturbance: This decrease can primarily be explained by the reduced rate at
which aircraft are delivered to the approach sector and after some time to the ARR sector. This reduced delivery
rate results in a lower traffic density within the ARR sector, which means that most separation distances are
already or almost in accordance with the reduced merging rate as applied by the ARR controller. In such situation
aircraft do generally not need to operate a relatively large part of the trombone segment in order to gain the
required spacing for a feasible merging operation. The decrease in the length and duration of the vector IF
operations during disturbance can therefore be explained by this reduced need to operate large parts of the
trombone segments.

Constant median values during disturbance: The TNW/TNE controllers are modelled to maintain a reduced
throughput capacity in their approach sectors when they are operating in a reduced capacity mode. As the result
of these reduced and maintained throughput capacities the rate at which aircraft are handed over to the ARR
sector will be reduced. Due to a lower number of aircraft entering the ARR sector the traffic density in the ARR
sector will reduce as well. Because of these smaller traffic densities in the ARR sector aircraft do not need to
operate a large part of the trombone segment in order to be considered available for a vector inbound IF
instruction. The reduced constant median values in the time flying vector IF performance indicator can therefore
be explained by the lower number of aircraft in the ARR sector during disturbance.

Drop in median values just after the end of the disturbance: Once the ARR controller is informed about a
recovered runway capacity it will start to merge the incoming streams of traffic according the initial merging rate
again. This initial merging rate is achieved by using smaller desired spacings. The relatively small number of
aircraft in and near the ARR sector do however already satisfy these separation criteria at the end of the
disturbance because of the larger desired spacings that were maintained during disturbance. This means that
these specific aircraft can be instructed the vector inbound IF in a relatively quick succession in this specific time
frame. The drop in the median values just after the end of the disturbance can be related to this increased and
applied merging rate. The measured values of the time flying vector IF performance indicator will increase
thereafter again because of the recovered throughput capacities that are maintained in the approach sectors.

Percentage holding (figure 35)

1.
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Increase in median values during disturbance: The TNW/TNE controllers are modelled to initiate holding
operations when the trombone segments of both STAR procedures become saturated as the result of large traffic
densities in the ARR sector. The simulated arrival and approach operations before and after disturbance can in
particular be described by these large traffic densities due to the relatively high throughput capacities that are
applied. Such high density traffic situation is likely to saturate the trombone segment(s) when the maintained
throughput capacity has to be adjusted in reaction to the reduced runway capacity. This so-called saturation is
initially resolved using vector merge instructions only (i.e. figures 31 and 32). Holding operations are eventually
instructed once too many aircraft are operating the vector merge simultaneously. These holding instructions are
required to prevent that an excessive number of aircraft is being vectored towards the airspace section north of
the trombone segments. When comparing the simulation results of the percentage vector merge and percentage
holding performance indicators there can be seen that holding operations are initiated to (successfully) bring back
the number of vector merge operations in the ARR sector. The increase in the number of holding operations as
observed in the simulation results can therefore be explained by the relatively large number of aircraft that are
currently operating the vector merge instruction.

Decrease in median values during disturbance: Holding operations are thus initiated to enable the ARR controller
to eliminate the number of vector operations (i.e. vector STAR and vector merge) in the ARR sector such that
standard approach operations can be resumed. Aircraft will be released again from the holding stack once the
trombone segments are observed to be no longer saturated, i.e. all vector merge operations are eliminated. The
observed decrease in the number of holding operations during disturbance can therefore be explained by the fact
that vector merge operations are no longer flown or are drastically reduced (i.e. @ in figure 31).
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Figure 35 — Characteristic pattern in obtained simulation results of Figure 36 — Characteristic pattern in obtained simulation results of
performance indicator “Percentage holding” performance indicator “Time flying holding”

Time flying holding (figure 36)

1. Holding operations are (generally) not flown before and after disturbance: As described in the analysis of the
percentage holding performance indicator holding operations are initiated to eliminate the number of vector
merge operations in the ARR sector. The obtained simulation results of the percentage vector merge and time
flying vector merge performance indicators (figures 31 and 32) indicate that vector merge operations are on
average not flown before and after disturbance. The absence of holding operations before and after disturbance
can therefore be explained and supported by the absence of vector merge operations in these same time periods.
However, the trajectory plot in figure 22a shows that a few holding operations are already flown before
disturbance. These rare occurrences can be explained by the high traffic densities that sometimes may emerge in
the ARR sector as the result of the used parameter settings.

2. Holding operations are (generally) only flown during disturbance: The obtained simulation results show that
vector operations are generally only instructed during disturbance to comply with the reduced
runway/throughput capacity. Holding operations are for this same reason also (generally) only applied during
disturbance. The durations of these holding operations, and with that the number of aircraft in the holding stack
are defined by the size of the capacity reduction, the traffic density in the ARR sector just before disturbance, the
rate at which aircraft are delivered by the feeder controller to the approach sector and the rate at which aircraft
are released from the holding stack to enter the ARR sector.

Note that the simulation results of the number of vector outbound trombone and number of vector inbound trombone
performance indicators as shown below are expressed by mean values instead of median values (figures 37 and 38).
This is done since all the measured median values for these performance indicators are equal to zero. The shape of
the mean line does however still provide some information about the use of vector trombone operations before,
during and after disturbance.

Number of vector outbound trombone (figure 37)

1. Vector outbound trombone operations are (generally) only flown during disturbance: The vector outbound
trombone instruction is used by the ARR controller to resolve conflicting situations near the IF or is used when an
aircraft is not considered available (anymore) for a vector inbound IF instruction due to its position relative to the
IF. Both purposes are related to the merging practice as applied by the ARR controller using vector inbound IF
instructions. Conflicts between aircraft that are operating the vector inbound IF are mostly resolved at an early
stage using vector outbound IF instructions only. These early interventions ensure that in general all aircraft can
be properly merged relative to the IF, which prevents the necessity of vector outbound trombone instructions.
However, conflicts between aircraft that are operating the vector inbound IF can also occur while they are already
close to the IF. In such situation the respective aircraft is instructed the vector outbound trombone, since the
aircraft is no longer able to intercept the IF once it is operating such instruction. As can be seen in the simulation
results the vector outbound trombone operations are in particular instructed just after the start of the
disturbance. This increase in the number of vector outbound trombone instructions can be related to the aircraft
that are about to intercept the IF when the ARR controller is informed about a reduced runway capacity. Since
these aircraft are already close to the IF the ARR controller has insufficient time to enlarge their spacing using
outbound vectors. In these typical situations the vector outbound trombone instructions become required. The
trajectory plot in figure 22b clearly shows the flown vector outbound trombone operations during disturbance.
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Low overall number of vector outbound trombone instructions: The measured mean values indicate that the
number of vector outbound trombone instructions can be attributed to the adapted traffic situation during
disturbance. The measured values also indicate that these type of vectors are not often instructed, which can be
explained by the low number of conflicts that emerge near the IF while aircraft are operating the vector inbound
IF. The low number of conflicts near the IF can be related to the quite accurate merging practice of the ARR
controller.
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Figure 37 — Characteristic pattern in obtained simulation results of Figure 38 — Characteristic pattern in obtained simulation results of
performance indicator “Number of vector outbound trombone” performance indicator “Number of vector inbound trombone”

Number of vector inbound trombone (figure 38)

1.

Most vector outbound trombone instructions are followed by a vector inbound trombone instruction: The direction
of the vector outbound trombone instruction is always such that it guides aircraft away from the dense ARR
sector, which makes that these vectored aircraft cannot easily be integrated again in the ‘old’ merging sequence.
The vector inbound trombone instruction is therefore used as a sequel to the vector outbound trombone
instruction to integrate aircraft again in the merging sequence. The sequence in which aircraft are to be merged is
defined once the approaching aircraft have passed the entry point of the trombone segment. The vector inbound
trombone instruction is for this reason directed towards this specific point. The vector inbound trombone
instruction is however only provided if the to be vectored aircraft is to be sequenced in between the regular
stream of approaching aircraft. The simulation results of the number of vector outbound trombone and number of
vector inbound trombone performance indicators indicate that most vector outbound trombone instructions are
indeed followed by a vector inbound trombone instruction. This means that there is only a very small probability
that aircraft will be removed from the simulation environment as the result of infeasible vector inbound trombone
instructions. In this way the majority of the small number of aircraft that are instructed the vector outbound
trombone will be able to re-join and re-operate the trombone segment in order to be considered available again
for a merging operation towards the IF.

Low overall number of vector inbound trombone instructions: This description extends the explanation that is
provided for observation 2 in the simulation results of the number of vector outbound trombone performance
indicator. The low number of vector inbound trombone instructions can therefore also be explained by the low
number of conflicts that emerge near the IF while aircraft are operating the vector inbound IF. As described in the
previous explanation the number of vector inbound trombone instructions exceeds on average the number of
vector outbound instructions, which implies that in general all vector outbound trombone instructions are
followed by a vector inbound trombone instruction.

Time in approach (figure 39)

1.

62

Constant median values before and after disturbance: The simulation results indicate that each aircraft requires
on average the same amount of time to complete its arrival and approach operations before and after
disturbance. The constant median values in the time in approach performance indicator before and after
disturbance are generally a summation of the time flying STAR (figure 28), time flying vector IF (figure 34) and the
remaining time period that is required to complete the intermediate- and final approach segments. The measured
durations in these undisturbed conditions approach the durations of real approach operations via XIBIL2A and
RITEB2A. The exact size of the measured data points is dependent on the various capacities that are applied in the
approach sectors. Note however that the time in approach performance indicator combines the results of all
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aircraft, which means that no distinction is made between aircraft that enter via XIBIL2A or via RITEB2A. The
relatively large overall spread in the measured data points can therefore be explained by the different lengths of
both STAR procedures, and thus the different required operating times.

2. Increase in median values at the start of the disturbance: In reaction to the decreased runway capacity as the
result of a bad weather disturbance the controllers will start to adjust the maintained throughput capacity in their
airspace sectors by applying a specific modelled adaptive strategy. The increased durations of the time in
approach can therefore be explained by the multiple vector (i.e. vector outbound STAR, -merge, -IF and -
trombone) and holding operations that are instructed at the start of the disturbance.

3. Decrease in median values during disturbance: Aircraft that are operating an outbound vector will be instructed
the corresponding inbound vector once the gained spacing is observed to be in accordance with the reduced
runway/throughput capacity. Secondly, aircraft will be released from the holding stack once the approach
operations in the ARR sector have been properly adapted to the reduced capacities. The decreased durations of
the time in approach can therefore be explained by the decreased number of (necessary) vector and holding
operations.

4. Constant median values during disturbance: The constant median values during disturbance indicate that the
flown arrival and approach operations can be described again by standard operations only (i.e. the STAR
procedures, the tromboning merging technique and the intermediate- and final approach segments). These
constant values imply therefore that vector and holding operations are no longer flown in this specific phase
during disturbance. When comparing the size of the median values before and after disturbance with the ones
during disturbance there can be seen that the flown arrival and approach operations during disturbance take
(eventually) less time, which can be explained by the lower traffic densities that apply during disturbance. The
specific decrease in the time in approach is defined by the extent to which the maintained throughput capacities
have to be adjusted in each approach sector.

5. Drop in median values just after the end of the disturbance: The small drop in the median values just after the end
of the disturbance is caused by the increased rate at which the ARR controller is merging aircraft towards the IF
once it is informed about a recovered runway capacity. See the explanation that is provided for observation 5 in
the simulation results of the time flying vector IF performance indicator for a more detailed explanation.
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Figure 39 — Characteristic pattern in obtained simulation results of performance indicator “Time in approach”

Number of instructions (figure 40)

1. Constant median values before and after disturbance: These constant median values indicate that each controller
provides on average a constant number of instructions per time interval before and after disturbance. The specific
number of instructions that each controller has provided is determined by the specific set of instructions that
each controller has been assigned and is determined by the number of aircraft where each controller is
responsible for.

2. Onaverage unaffected median values just after the start of the disturbance (TNW/TNE controllers only): When the
TNW/TNE controllers are informed about a reduced runway capacity they will start to reduce the throughput
capacity in their sectors using vector outbound STAR instructions. As the result of these actions an increase in the
number of provided instructions is expected in the time period just after the start of the disturbance. The
simulation results indicate however that the workload of the TNW/TNE controllers in terms of the number of
provided instructions is not really affected by the disturbance (i.e. time intervals 1:10 — 1:20). The on average
unaffected workload of both controllers just after the start of the disturbance can be explained by the fact that
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10.

64

the contents of the vector outbound STAR and STAR speed and/or altitude instructions can be combined, if
applicable.

Decrease in median values during disturbance (TNW/TNE controllers only): While instructing the number of vector
outbound STAR instructions the throughput capacities in the TNE/TNW sectors are gradually adapted to comply
with the reduced runway capacity. A gradual adaptation relates herein to the time period that is needed by the
vectored aircraft to gain the enlarged desired spacing. This ‘settling’ time in combination with an increasing
number of aircraft that have already been instructed the vector outbound STAR explains the decrease in the
number of provided instructions during disturbance.

Increase in median values during disturbance (TNW/TNE controllers only): At a given point in time during
disturbance the observed actual spacings between an increasing number of vectored aircraft will again be in
accordance with the reduced throughput capacity. The TNW/TNE controllers will therefore start to provide vector
inbound STAR instructions such that aircraft can resume their standard arrival procedures. The increase in the
number of provided instructions during disturbance can therefore be explained by the increased number of
vector inbound STAR instructions. A second reason for the increase in the number of instructions performance
indicator during disturbance is the initiation of holding operations as the result of saturation in the ARR sector.
Constant median values during disturbance: The modelled adaptive strategies are primarily applied by the
approach controllers to adapt the traffic situations in each sector to the reduced runway capacity. The traffic
situation in a specific approach sector is considered to be properly adapted to the bad weather disturbance once
the established throughput capacity in the respective approach sector complies with the reduced runway capacity
and when all arrival and approach operations are again flown using standard procedures. The constant number of
provided instructions during disturbance indicate therefore that the arrival and approach operations are properly
adapted.

Increase in median values at the start of the disturbance (ARR controller only): The two streams of simulated
traffic that initially arrive via the TNW/TNE sectors will eventually both enter the ARR sector. The ARR controller is
therefore responsible for the largest number of aircraft compared to the other controllers. Because of this larger
number of aircraft a relatively large number of instructions is required to adapt the traffic situation in the ARR
sector to the reduced runway capacity. The increased number of instructions just after the start of the disturbance
can therefore be explained by the various outbound vectors (i.e. vector outbound STAR, -merge, -IF and -
trombone) that are instructed by the ARR controller.

Decrease in median values during disturbance (ARR controller only): The ARR controller applies a vectoring
strategy (i.e. vector STAR, -merge, -IF and -trombone) to gradually adapt the traffic situation in the ARR sector to
comply with the reduced runway capacity. After initiation of this vectoring strategy an increasing number of
aircraft will eventually be separated conform the enlarged desired spacing. Aircraft that have gained sufficient
spacing will thereafter be instructed to resume standard approach operations by the provision of vector inbound
STAR, -merge, -IF and/or -trombone instructions. This gradual recovery of the standard approach operations
explains the gradual decrease in the number of provided instructions during disturbance.

Rapid decrease in median values just after the start of the disturbance (TWR controller only): The TWR controller
is responsible for the provision of landing clearances and go-arounds. The rate at which both instructions are
provided by the TWR controller is defined by the achieved runway capacity. The (to be) achieved runway capacity
is in turn defined by the actual spacings on the intermediate- and final approach segments. These actual spacings
are however again defined by the rate at which the incoming traffic streams are merged by the ARR controller
relative to the IF. As described, the maintained merging rate is immediately reduced once the ARR controller is
informed about a reduced runway capacity. The rapid decrease in the number of provided instructions just after
the start of the disturbance can therefore be explained by this reduced merging rate.

Increase in median values just after the end of the disturbance: Aircraft will again be delivered to the approach
sector according the initial delivery rate once the feeder controller is informed about a recovered runway
capacity. Furthermore, each controller is modelled to achieve and to maintain the initial throughput capacity
again when it is informed about a recovered runway capacity. Because of the multiple recovered capacities the
number of aircraft in each approach sector will gradually increase again. The increase in the number of provided
instructions just after the end of the disturbance can therefore be explained by these increased traffic densities.
Large overall spread in simulation results (TNW/TNE controllers only): All aircraft enter the approach sector via
entry points XIBIL and RITEB, which mark the northern boundaries of the TNW and TNE sectors respectively. The
specific entry point where each aircraft will be generated and the rate at which aircraft will be generated are
determined by probability distributions. These probability distributions ensure that each simulation (i.e.
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replication of the parameter variation experiment) will generate different streams of arriving traffic. Because of
these involved stochastics the resulting traffic densities in the TNW/TNE sectors will be different for each
simulation, which explains the overall spread in the number of instructions that have been provided by the
TNW/TNE controllers.
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Figure 40 — Characteristic pattern in obtained simulation results of performance indicator “Number of instructions”

Percentage in tactical mode (figure 41)

1. The TNW controller is always operating in a tactical control mode before, during and after disturbance: The model
assumes that 35% of the aircraft arrive via the TNW sector. This percentage in combination with a relatively high
overall throughput capacity (e.g. 36 ac-h™*) does however not result in a sufficiently high workload to make the
TNW controller operate in an opportunistic control mode.

2. The TNE controller is sometimes operating in an opportunistic control mode before and after disturbance: A
relatively large part of the total number of necessary speed and altitude adjustments take place while aircraft are
arriving via the TNW/TNE sectors using STAR procedures (i.e. the STAR speed and/or altitude instructions). Since
65% of the arrivals originate from the TNE sector most of the provided STAR speed and/or altitude instructions
can be ascribed to the TNE controller. Especially before and after disturbance a relatively large number of STAR
speed and/or altitude instructions need to be provided by the TNE controller because of the relatively large
number of aircraft that are operating the STAR procedure in the TNE sector. This large number of provided STAR
speed and/or altitude instructions does therefore explain the operations in the opportunistic control mode before
and after disturbance.

3. The TNE controller is on average operating in a tactical control mode during disturbance: As explained in the
previous explanation, the TNE controller needs to instruct a relatively large number of STAR speed and/or altitude
instructions before and after disturbance because of the relatively large number of aircraft that are operating the
STAR procedure in the TNE sector. The significance of these instructions will however be less during disturbance
due to the lower number of aircraft that are operating the STAR procedure. The increased workload of the TNE
controller during disturbance in terms of the number of provided vector STAR and the various holding instructions
is apparently not sufficiently high to let the TNE controller operate in an opportunistic control mode.

4. The ARR controller is always operating in a tactical control mode before and after disturbance: The workload of
the ARR controller before and after disturbance in terms of the number of provided speed and altitude
instructions, the various handovers and the applied tromboning merging technique is not sufficiently high to let
the ARR controller operate in an opportunistic control mode.

5. The ARR controller switches to an opportunistic control mode just after the start of the disturbance: See the
explanation that is provided for observation 6 in the simulation results of the number of instructions performance
indicator. The switch to an opportunistic control mode just after the start of the disturbance can also be explained
by the various outbound vectors that need to be instructed by the ARR controller.
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6. The ARR controller switches to a tactical control mode during disturbance: See the explanation that is provided for
observation 7 in the simulation results of the number of instructions performance indicator. The switch to a
tactical control mode can also be explained by a gradual recovery of the standard approach operations in the ARR
sector.

7. The TWR controller is always operating in a tactical control mode before, during and after disturbance: The TWR
controller is responsible for the provision of landing clearances and go-arounds. The frequency at which both type
of instructions are provided is however insufficiently high to let the TWR controller operate in an opportunistic
control mode.
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Figure 41 — Characteristic pattern in obtained simulation results of performance indicator “Percentage in tactical mode”

8.2.2 Resilience characteristics and patterns in simulation results

The previous section visualized the type of dynamic patterns that can be observed in the obtained simulation results
for each specific performance indicator. Each of these dynamic patterns can be decomposed into smaller segments,
where each segment describes a specific resilient characteristic and property (e.g. absorption, adaptation, recovery).
The characteristics and properties of the resilience triangle paradigm (figure 1) have been used to discuss the
resilience characteristics and patterns that can be observed in the simulation results of each performance indicator.
Figure 42 visualizes a typical example in which the various characteristics and properties of the resilience triangle
paradigm are applied to analyse the observed dynamic pattern in the obtained simulation results of the time in
approach performance indicator. This specific performance indicator is used, since the corresponding dynamic pattern
is found to be representative for many other performance indicators as well. This section is meant to indicate and to
contextualize the general resilience characteristics that are observed in the obtained simulation results. These
resilience characteristics are discussed using brief summaries of the related information that has been provided in the
previous section. The next section will elaborate further on the factors that are found to determine these resilient
characteristics.
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Figure 42 — Resilience (“triangle”) characteristics and properties that can be observed in the obtained simulation results

Stable original state

Each measured performance indicator indicates a constant and steady state performance level in the period before
the start of the bad weather disturbance. These constant values indicate that all arrival and approach operations are
flown using standard procedures, which means that vector operations, holding operations and go-arounds are
generally not flown before disturbance. The constant workload of the controllers before disturbance can therefore
also be explained by these normal and steady arrival and approach operations and by the steady traffic densities in
each approach sector. Since all arrival and approach operations are flown using standard procedures all aircraft
require on average the same time period to complete the various approach segments. The achieved runway capacity
can be described as being constant before disturbance as the result of the relatively large traffic densities in the
approach sectors. The specific size of the achieved runway capacity is dependent on the parameter settings that have
been used for a specific experiment. All conducted experiments do however show that a runway capacity can be
achieved of 28 to 36 ac-h™* before disturbance.

Absorption phase

The absorption phase is initiated just after the start of the bad weather disturbance. The measured characteristics in
this phase can be related to the vector instructions, holding operations and go-arounds that are instructed to lower
the throughput capacity in the approach sectors. When analysing the simulation results two absorption phases can be
identified: the initial absorption phase and the secondary absorption phase. The initial absorption phase comprises the
(immediate) controller actions that are initiated and which become required just after the start of the disturbance.
These actions relate to the provision of outbound vectors (i.e. vector outbound STAR, -IF, and/or -trombone) and go-
around instructions in order to gradually reduce the maintained throughput capacity in each approach sector. It takes
on average 10 to 20 minutes to complete the initial absorption phase, no matter what scenario or experiment is
considered. The secondary absorption phase comprises the (later) controller actions that become required to cope
with the saturated trombone segments, if applicable. Instructions that are typically provided in this secondary
absorption phase are therefore related to vector merge and holding operations.

Recovery phase (l)

The recovery phase (l) is initiated after the performance indicators have suffered their maximum performance loss.
This is typically the time point at which the throughput capacity in the approach sectors has been adjusted
successfully, i.e. each aircraft in the approach sector has gained sufficient enlarged spacing with the other aircraft to
comply with the new maintained desired spacings. Aircraft will in this situation gradually resume their original stable
arrival/approach operations after the reception of a specific inbound vector or holding exit instruction. The simulation
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results show that the recovery phase is on average initiated at or near time interval 1:40. After this time point one can
observe a reduction in vector merge and holding operations, which indicate that the flown approach operations are
recovering again. At a given point in time the trombone segments of the STAR procedures will not be saturated
anymore as the result of a recovered traffic situation in the ARR sector. This recovered traffic situation can be seen
visualized in the simulation results by relatively shorter STAR and vector inbound IF operations. After a certain period
of time the approach operations can be described again by stabilized and constant performance indicators, which
indicate stable and recovered approach operations in reduced capacity mode. A successful recovery of approach
operations during a capacity reduction is however not obvious since it is defined by specific conditions. The next
section will elaborate further on the specific conditions that determine such successful recovery.

Stable recovered state (l)

The stable recovered state () represents the phase in which all aircraft have resumed their original steady
arrival/approach operations in reduced capacity mode. This means that each aircraft is separated according to the
enlarged desired spacing to comply with the reduced throughput capacity that is maintained in the approach sectors.
The stable recovered state (l) can be seen visualized in the obtained simulation results by stabilized and constant
median values for the number of measured performance indicators. The stable recovered state (1) is characterized by
the absence of vector operations, holding operations and go-arounds.

Recovery phase (Il)

The recovery phase (ll) is initiated just after the end of the bad weather disturbance. A normalized and recovered
runway capacity applies during this phase, which means that the controllers are gradually recovering the throughput
capacity in the approach sectors by applying lower desired spacings. The feeder controller will during the recovery
phase (Il) increase the generation rate, which in turn leads to an increase in the number of aircraft that are on
approach. The workload of each controller will increase again as the result of an increased traffic density and
throughput capacity. The increased traffic density in the ARR sector causes aircraft to operate (again) a larger part of
the downwind segment of the STAR procedure in order to be instructed a feasible vector inbound IF instruction
towards the IF. Since aircraft need to operate again a larger part of the trombone segments the size of the merging
operations in between the trombone segments will increase as well. The increase in the number of sequenced and
merged aircraft relative to the intermediate fix is represented in the simulation results by the increase in vector IF
operations. The recovery phase (Il) is completed once a stable sequence of approaching traffic has been established
that complies with the original throughput capacity again.

Stable recovered state (Il)

The stable recovered state (ll) represents the phase after the end of the bad weather disturbance where the
simulation results of the measured performance indicators show a stable and recovered state again, i.e. the flown
arrival and approach operations and the corresponding throughput capacity and traffic density are similar with those
before the bad weather disturbance.

8.2.3 General factors that define the resilience characteristics and patterns

During the experimentation and simulation phase there has been noticed that the resilient capacities of the modelled
approach operations are highly affected by and dependent on the ratio between the generation rate (i.e. throughput
capacity) as applied by the feeder controller and the merging rate (i.e. runway capacity) as applied by the ARR
controller. The duration of the absorption and recovery phases and the size of the performance loss are defined by
these two factors. The median and dispersion of the measured data points are besides also defined by these two
factors. This section will therefore elaborate a bit further on the effects of throughput capacity and runway capacity
on the observed characteristics and patterns in the measured performance indicators.

The effects of throughput capacity and runway capacity on the resilient capacities of approach operations will be
discussed using the simulation results of the time in approach performance indicator. This specific performance
indicator is considered since the corresponding resilient characteristics are found to be representative for other
performance indicators as well. The obtained simulation results of the time in approach performance indicator (figure
39) indicated that its maximum performance loss is suffered in time interval 1:40 and that a new stable recovered
state is achieved at around time intervals 2:20 — 2:30. These absorption and recovery characteristics can also be
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identified in the simulation results of the other performance indicators that have been discussed in section 8.2.1. For
this reason the resilience characteristics and patterns as observed in the time in approach performance indicator will
be used in the two sections below.

Generation rate (throughput capacity)
The rate at which aircraft are delivered to the approach sectors should be in balance with the current runway
capacity. This may sound very self-evident, but is also found to be an absolute requirement to enable stable approach
operations over a longer period of time with relatively large traffic volumes. Let’s therefore introduce the symbol A as
the relative difference between the generation rate (i.e. throughput capacity) as applied by the feeder controller and
the merging rate (i.e. runway capacity) as applied by the ARR controller. A negative A represents herein the situation
where the applied generation rate is on average lower than the maintained merging rate. Conducted experiments
have shown that a positive A will result over time in a build-up of approaching traffic, leading to unstable approach
operations. Therefore, in order to guarantee stable approach operations the condition A < 0 should on average apply.
The obtained simulation results indicate that the resilient capacities of approach operations during disturbance are
defined by the specific value of A. The size of A defines for each performance indicator the time period that is required
to return to stable operations again. The effects of different values for A on the recovery phase of approach
operations (in terms of the time in approach performance indicator) are visualized in figure 43. The graphs in this
figure show how the duration of the recovery phase and the achieved recovery rate benefit from the situation when
the feeder controller is maintaining a lower generation rate in comparison with the achieved runway capacity. Note
that this specific factor does only affect the recovery rate of a performance indicator and not the absorption phase
and maximum performance loss.
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Figure 43 — Effects of relative difference between maintained throughput capacity (i.e. generation rate) and achieved runway capacity on recovery phase

Merging rate and achieved runway capacity

The obtained simulation results show that the applied generation rate does not affect the course of the absorption
phase and therefore also not the maximum performance loss. It is found that the absorption phase and the maximum
performance loss are defined by the reduced rate at which the two incoming streams of traffic will be merged relative
to the IF when the ARR controller is informed about a reduced runway capacity. In other words the absorption phase
and the maximum performance loss are defined by the specific reduction in the to be achieved runway capacity
during disturbance. The effects of different merging rates on the absorption phase and the maximum performance
loss are visualized in figure 44. Each graph in this figure corresponds to a different merging rate as applied by the ARR
controller in reduced capacity mode. This merging rate is modelled using time buffers that define the desired spacing
between a; and a,; (section 5.3.3.7). As can be seen in figure 44 the different time buffer values do not affect the
duration of the absorption phase, but do affect the amount of performance loss. This beneficial resilient property is
the result of maintaining a larger merging rate. A larger merging rate results in shorter (and less) vector and holding
operations and therefore more resilient performance. This enhanced resilient performance can also be expressed in
terms of a faster recovery time (figure 44). A higher merging rate does however also result in a higher achieved
runway capacity, which may not always be desired. The to be maintained merging rate is therefore dependent on the
maximum runway capacity that can be achieved during the bad weather disturbance taking into account the reduced
runway conditions.
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Figure 44 — Effects of different merging rates (time buffers) on absorption phase and maximum performance loss

8.2.4 Comparison between qualitative and quantitative simulation results

Figure 45 below visualizes the mental simulation results that have been obtained by Stroeve and Everdij in their
qualitative agent-based resilience study [43]. These mental simulation results are obtained by reasoning in a
qualitative manner how relevant states and indicators change over time as the result of a bad weather disturbance.
This section describes how these qualitative results of Stroeve and Everdij relate to the simulation results that are
obtained in this quantitative study. The comparison between both simulation results is presented in table 9.

5o
c E=are)
S & 85
2 £ 3]
= © / S S o
® © 4 52 g9
o 4 o
2 . g s . £E [N
© c 5o ~— S |—/ T
3 ] c O
m©
s = 2 ks
time time time = time
(a) (b) (c) (d)
5 =
o5 g3 B3
< N
3% = tactical 25 28
-] o % 9 [ oS
n S © © C c3
s O \ > foie=1 Qo
= O NS Exr U > S -
c o S ST =g ) o0 / —
® < k. c 3 [ES J
$ g —_ &2 ES—
S« © o opportunistic 2 3
°© &€ =
time time time time
(e) (f) (9) (h)

Figure 45 — Mental simulation results of indicators that describe conventional approach operations during a sudden bad weather condition at the airport [43]

Performance indicator Differences between qualitative and quantitative simulation results

Capacity

The quantitative study does also consider an instantaneous reduction in runway capacity as
the result of a bad weather disturbance. All conducted experiments considered a fixed
reduced runway capacity of 21 ac-h™, while the initial runway capacity varies between 28
and 36 ac-h™. The qualitative study of Stroeve and Everdij does however not consider
specific values for the runway capacity before and during disturbance.

Mean separation

The mean separation is not measured as a function of time in the quantitative study,
because of the wide range in actual spacings at each time point as the result of the many
aircraft in approach, the results of compression, different flight performances, different
separation minima, and the random generations at each entry point. The mean separation
performance indicator would therefore not deliver any useful results after the large number
of simulations.

The actual spacing between aircraft will however gradually increase during disturbance as
the result of the increased desired spacings. The separation increase is completed once the
measured performance indicators indicate a stable recovered state.
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Mean vectoring This plot can be compared with the obtained simulation results of the time flying vector
distance STAR (figure 28), time flying vector IF (figure 34) and time flying vector merge (figure 32)
performance indicators. The obtained quantitative simulation results indicate that aircraft
are only temporarily operating these type of vectors just after disturbance, which is in
contrast with the qualitative results. The quantitative results do however show the same fast
increase in vector operations just after the start of the disturbance.
Mean communication This plot can be compared with the obtained simulation results of the number of instructions
load of ARR controller performance indicator (figure 40). Both the qualitative and quantitative simulation results
share a similar type and rate of increase and decrease in the communication load. The
quantitative simulation results indicate a lower communication load after disturbance in
comparison with the communication load before disturbance as the result of a lower
maintained throughput capacity and a lower traffic density. This is in contrast with the
qualitative simulation results, which indicate that the recovered communication load is just
as intense as the communication load before disturbance.
Mean task load of  Same explanation as used for the mean communication load of ARR controller performance
ARR controller indicator.
Probability of control This plot can be compared with the obtained simulation results of the percentage in tactical
mode ARR controller mode performance indicator (figure 41). Both the qualitative and quantitative simulation
results indicate that the ARR controller will rapidly switch to an opportunistic control mode
just after the start of the disturbance. Both simulation results differ however in the way in
which the ARR controller switches back again to the tactical control mode. The quantitative
simulation results show that the ARR controller is gradually switching to a tactical control
mode again as the result of a gradually decreasing workload. The gradually decreasing
workload can be explained by an increasing number of aircraft in the ARR sector that have
resumed their standard approach operations. The qualitative simulation results indicate
however that during disturbance the ARR controller remains operating in the opportunistic
control mode for a specific period of time, after which the ARR controller is quickly switching
back to a tactical control mode again. The qualitative simulation results do therefore not
really take into account a kind of transition phase between the opportunistic and tactical
control mode.
Mean separation at  This plot can be compared with the obtained simulation results of the time between landing
runway threshold performance indicator (figure 24). The obtained quantitative simulation results do however
not really indicate the similar smooth increase as can be seen in the qualitative results, which
can be related to the initiation of go-arounds.
Frequency of This plot can be compared with the obtained simulation results of the number of go-arounds
go-arounds performance indicator (figure 25). The obtained quantitative simulation results indicate
however that go-arounds are on average only initiated just after disturbance, which is in
contrast with the qualitative simulation results.

Table 9 — Comparison between qualitative and quantitative simulation results

8.3 Experiments

The previous section highlighted the general characteristics and patterns that are observed in the obtained simulation
results. The contents of this section extend this general analysis by describing the simulation results of the conducted
parameter variation experiments. These experiments have been performed to study the effects of specific parameters
on the resilient capacities of disturbed approach operations. The specific selection of these parameters is established
by reasoning about their possible effects on disturbed approach operations, their relation to the field of resilience and
their relation to the emergent phenomena of interest. The size of the scenario space is chosen such that a proper
trade-off is made between the level of variation that can be examined and the number of required experiments that
has to be performed. The specific parameters that have been used in the parameter variation experiments are listed
in table 10. These selected parameters are specified in appendix C. See the corresponding sections for more specific
information about each parameter.

71



MASTER OF SCIENCE THESIS REPORT

Parameter Appendix Defines:

C C.5.2  the generation rate (throughput capacity) of the feeder controller in normal capacity mode
t;}i;c1 C.4.1  the time buffer that is maintained by the TNW controller in reduced capacity mode
t;gcz C.4.1  the time buffer that is maintained by the TNE controller in reduced capacity mode
Os,10 C.4.3.1 thessize of the separation buffer (type ) (large vector distance/opportunistic control mode)
O, i1 C.4.3.1 the size of the separation buffer (type Il) (large vector distance/tactical control mode)
Os.50 C.4.3.1 thessize of the separation buffer (type Il) (small vector distance/opportunistic control mode)
O, 57 C.4.3.1 the size of the separation buffer (type Il) (small vector distance/tactical control mode)

Table 10 — Parameters that are used in the parameter variation experiments

The set of parameters in table 10 allows to examine the effects of the following factors on the resilient capacities of

approach operations:

e the size of the total throughput capacity in the approach sector, using different parameter settings of C,;

e the coordination between controllers about the maintained throughput capacity, using different parameter
settings of t; 16";61 and t; y;cz ;

e the skills of the controller in maintaining and adjusting the throughput capacity, using different parameter
settings of o5 o, 05, 11) Os, 500 Tsys1-

Each of these three factors relates to a specific conducted parameter variation experiment. The three conducted

parameter variation experiments will be described in more detail in the subsections below. Each experiment is

discussed by using the following structure: research question, hypothesis, parameter settings, results, analysis. As

described in section 8.1 the obtained simulation results are expressed in trajectory plots and tables, where each table

contains the median (X) and standard deviation (o) values of the measured performance indicators for a specific time

interval before disturbance and during disturbance. Note however that the measured and presented median and

standard deviation values relate to the data points out of the 95% confidence intervals only, while the obtained

trajectory plots contain all logged data points (section 8.1). One should be aware of this difference, otherwise it may

lead to some confusion when analysing the simulation results. Appendix B provides the more detailed simulation

results of each conducted parameter variation experiment.

8.3.1 Experiment1

Research question
To what extent does the maintained (initial) throughput capacity contribute to the resilient capacities of approach
operations during a sudden and unexpected bad weather disturbance?

Hypothesis

The relative size of the reduction in runway capacity is expected to define the type of operations that become
required in order to cope with such capacity loss. A relatively large reduction in runway capacity is more likely to cause
the initiation of holding operations, go-arounds, and vector merge operations. A relatively small reduction in runway
capacity on the other hand is expected to be solved using vector STAR operations only. The difference between the
initial throughput capacity and the reduced runway capacity will define the extra time period that each aircraft needs
to spend during its approach operations.

Parameter settings

Experiment 1 considers three different values for the generation rate of the feeder controller in normal capacity
mode. All remaining parameters are kept fixed for each scenario in experiment 1. Table 11 lists the parameter settings
for the three simulated scenarios in experiment 1. The maximum generation rate (throughput capacity) that is
simulated equals 36 aircraft per hour. This maximum is established since it is found empirically that a higher
throughput capacity will lead to saturation of the trombone segments already before disturbance. All three simulated
scenarios consider a constant reduced generation rate of 21 ac-h™, as maintained by the feeder controller in reduced
capacity mode.
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Parameter  Scenariol Scenario 2 Scenario 3

C 36ac-h™ 32ac-h™ 28 ach™?

toer 20s 20s 20s

ty 20 20s 20
B,Cp

5,10 0.15 NM 0.15 NM 0.15 NM

O, L1 0.10 NM 0.10 NM 0.10 NM

Os, 50 0.10 NM 0.10 NM 0.10 NM

Os, s 0.05 NM 0.05 NM 0.05 NM

Table 11 — Scenario space for experiment 1

Results

Table 12 provides the simulation results that correspond to experiment 1. The dynamics in these simulation results are
visualized by the boxplots and histograms in appendix B.1. The trajectory plots that correspond to experiment 1 can

be seen in figure 46.

Before disturbance

During disturbance

Scenario 1 | Scenario 2 | Scenario 3 | Scenario 1 | Scenario 2 | Scenario 3
X o X ] X o X o X g X o
Time between landing [min] 14 05|16 07|18 09|25 05|26 06|25 05
Number of aircraft in approach 12 08| 11 0.8 9 08|10 1.2 9 1.0 8 038
Number of landings 6 08| 5 09| 5 09| 4 05| 4 05| 4 05
Percentage STAR 71 4 72 5 74 5 40 15 55 12 65 7
Percentage vector STAR 0 0 0 0 0 0 6 3 3 3 0 2
Percentage vector merge 0 0 0 0 0 0 24 8 14 7 4 7
Percentage vector IF 29 4 28 5 26 5 19 3 23 4 25 5
Percentage holding 0 0 0 0 0 0 20 13 0 9 0 1
Time in approach [min] 19.7 28 |19.1 26 [18.0 2.8 |32.1 4.4 |28.2 2.0 [248 3.1
Time flying STAR [min] 99 25|96 24|91 25 |127 2.7 |120 2.8 |119 25
Time flying vector STAR [min] 00 00|00 00|00 00|16 11|00 08|00 04
Time flying vector merge [min] 00 00|00 00|00 00|67 35|35 25|00 1.8
Time flying vector IF [min] 53 07|50 05|47 05|65 08|65 05|65 07
Time flying holding [min] 00 00|00 00|00 00|24 50|00 28|00 01
Percentage in tactical mode - TNW 100 O 100 O 100 O 100 4 100 O 100 O
Percentage in tactical mode - TNE 8 39 (100 32 |100 12 | 96 39 |100 26 (100 O
Percentage in tactical mode - ARR 100 O 100 O 100 O 0 25 | 30 38 | 100 34
Percentage in tactical mode - TWR 100 O 100 O 100 O 100 O 100 O 100 O
Number of instructions - TNW 8 3.1 8 3.1 7 2.7 5 2.7 5 2.6 5 2.5
Number of instructions - TNE 16 37| 14 3.7 | 12 33 8 3.0 9 2.9 9 2.8
Number of instructions - ARR 12 11| 11 13 9 1.2 | 24 44 | 20 44 | 11 45
Number of instructions - TWR 12 14|11 15| 10 18 7 0.8 7 0.9 7 1.1
Runway throughput 354 09 (317 0.7 |279 0.7 |223 0.6 |220 0.6 |21.6 0.5
Number of go-arounds 0 05 0O 04| 0 03 2 0.7 1 038 1 07
Number of vector inbound trombone 0 04 0 0.3 0 0.1 0 1.2 0 0.9 0 04
Number of vector outbound trombone 0 0.2 0 0.1 0 0.0 0 05 0 03 0 0.2

Table 12 — Simulation results of experiment 1
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(a) Scenario 1 before disturbance (b) Scenario 1 during disturbance

(c) Scenario 2 before disturbance (d) Scenario 2 during disturbance

(e) Scenario 3 before disturbance (f) Scenario 3 during disturbance

Figure 46 — Trajectory plots visualizing the emergent patterns as the result of the simulated scenarios in experiment 1
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Analysis

The following comments apply when analysing the results of experiment 1:

e Alower overall throughput capacity results in less risk to saturate the trombone segments of the STAR
procedures, which can clearly be seen in the trajectory plots in figure 46. The saturation of these trombone
segments would result in the initiation of vector merge and holding operations, which in turn reduces the stability
of the approach operations. The results in table 12 show that scenario 1 required more vector and holding
operations when compared to scenario 3, which required almost no additional actions.

e Alower overall throughput capacity, and with that less vector and holding operations, does positively affect the
durations of the total arrival/approach operations during disturbance. The time in approach performance
indicator shows that arrival/approach operations during disturbance take on average (maximal) 7 minutes shorter
in scenario 3 when compared to scenario 1.

e Alower throughput capacity has a significant and beneficial impact on the workload of the ARR controller when
confronted with a sudden and unexpected capacity loss. The maximum number of instructions that have been
provided by the ARR controller in a specific time interval during disturbance equals 24 in scenario 1, against only
11 instructions in scenario 3.

e Vector trombone operations are on average flown (slightly) more in scenario 1 when compared to the other
scenarios as the result of relatively higher traffic densities near the IF.

8.3.2 Experiment 2

Research question
To what extent do the vector (in-)accuracies of controllers contribute to the resilient capacities of approach
operations during a sudden and unexpected bad weather disturbance?

Hypothesis

Vector accuracy is considered an important property to enlarge the separation distances in a structured and fluent
way, and such that the desired throughput capacity can be properly approached. Large deviations in vector accuracy
are likely to cause separation distances that are eventually assessed as too large or too short. Relatively large
separation distances will herein further build up the vectored traffic situation and negatively affect the desired
throughput capacity. Relatively small separation distances on the other hand increase the risk of conflicts in the near
future, causing a second (or more) vector instruction to become required. These vectoring operations as the result of
too short vectoring practices can eventually affect multiple aircraft in a row, each having to adjust their separation
distance with the preceding aircraft as the result of a conflict somewhere in the beginning. An improper vectoring
strategy will therefore also affect controller workload in a negative manner. For this reason vectoring accuracy is
considered an interesting parameter that can be used to examine the balance between controller workload and
throughput capacity.

Parameter settings

Experiment 2 considers three sets of vector accuracies that are used to simulate the vectoring practices of controllers.
All remaining parameters are kept fixed for each scenario in experiment 2. Table 13 lists the parameter settings that
are used in experiment 2. Scenario 3 describes the worst vectoring accuracy when compared to scenarios 1 and 2. It is
found empirically that a larger variation in vector accuracy will lead to a significant and unrealistic increase in required
vector instructions, causing a number of performance indicators to explode.
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Parameter  Scenariol Scenario 2 Scenario 3
C 34 ac-h™ 34 ac-h™ 34 ach™
tyer 20s 20s 20
toe 205 20s 20s
5,10 0.25 NM 0.75 NM 1.25 NM
Os i1 0.10 NM 0.60 NM 1.10NM
05,50 0.15 NM 0.65 NM 1.15 NM
O, s 0.05 NM 0.50 NM 1.00 NM

Table 13 — Scenario space for experiment 2

Results

Table 14 provides the simulation results that correspond to experiment 2. The dynamics of some of these simulation
results are visualized by boxplots and histograms in appendix B.2. The trajectory plots that correspond to experiment

2 can be seen in figure 47.

Before disturbance

During disturbance

Scenario 1 | Scenario 2 | Scenario 3 | Scenario 1 | Scenario 2 | Scenario 3
X o X o X o X o X 1 X o
Time between landing [min] 15 05|16 06|16 06|26 06|25 06|25 05
Number of aircraft in approach 11 08| 11 09| 12 0.9 9 1.1 9 0.3 9 1.5
Number of landings 6 08| 6 08| 5 08| 4 05| 4 05| 4 05
Percentage flying STAR 72 4 72 4 71 4 48 13 | 52 14 | 51 13
Percentage flying vector STAR 0 0 0 0 0 0 5 3 5 3 5 3
Percentage flying vector merge 0 0 0 0 0 0 18 8 18 8 18 9
Percentage flying vector IF 28 4 28 4 29 4 20 3 22 3 22 4
Percentage flying holding 0 0 0 0 0 0 6 11 3 12 4 13
Time in approach [min] 19.2 2.8 |194 28 |20.2 29 |299 3.2 |[30.2 45 [303 53
Time flying STAR [min] 9.7 25|97 25100 25 (121 26 (121 2.7 |125 238
Time flying vector STAR [min] 00 00|00 00|00 0OO|0O0 15|00 14|00 1.2
Time flying vector merge [min] 00 00|00 00|00 00|50 27|47 29|45 28
Time flying vector IF [min] 50 06|52 07|54 08|65 08|65 08|66 12
Time flying holding [min] 00 00|00 00|00 00|00 36|00 38|00 43
Percentage in tactical mode - TNW 100 O 100 O 100 O 100 1 100 O 100 4
Percentage in tactical mode - TNE 100 32 | 100 35 |100 34 (100 33 |100 34 |100 33
Percentage in tactical mode - ARR 100 O 100 13 | 100 39 8 33 0 29 0 16
Percentage in tactical mode - TWR 100 O 100 O 100 O 100 O 100 O 100 O
Number of instructions - TNW 8 2.9 8 33 8 3.0 5 2.7 5 2.7 5 2.7
Number of instructions - TNE 15 35|15 36| 15 39 9 3.0 9 3.1 9 3.2
Number of instructions - ARR 11 12|12 25|15 45|22 39| 24 53| 28 5.8
Number of instructions - TWR 11 15|11 16| 11 15 7 0.8 7 0.9 7 0.9
Runway throughput 335 0.7 |33.1 0.9 (328 1.1 |222 0.6 (222 0.7 |223 0.7
Number of go-arounds 0O 04,1 08| 1 10| 1 0.8 1 0.8 1 09
Number of vector inbound trombone 0 03 0O 06| 0 09 0 1.0 1 1.2 1 1.7
Number of vector outbound trombone 0 01 0O 07| 0 0.9 0 04 0O 04| 0O 0.6

Table 14 — Simulation results of experiment 2
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(a) Scenario 1 before disturbance (b) Scenario 1 during disturbance

(c) Scenario 2 before disturbance (d) Scenario 2 during disturbance

(e) Scenario 3 before disturbance (f) Scenario 3 during disturbance

Figure 47 — Trajectory plots visualizing the emergent patterns as the result of the simulated scenarios in experiment 2
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Analysis

The following comments apply when analysing the results of experiment 2:

e The effects of vector (in-)accuracies on the flown trajectories can already clearly be seen in the trajectory plots in
figure 47. When observing the densities of the logged coordinates near the intermediate fix (before disturbance)
one can for instance see that aircraft in scenario 3 required additional vectors when compared to scenario 1.

e The vector (in-)accuracies have no effect on the operational state of aircraft, i.e. the type of operations that are
(and should be) flown.

e larger vector inaccuracies result in more go-arounds due to larger variability in separation at the IF, which can
also be seen in the achieved runway capacity (before disturbance).

e The merging practice of the ARR controller is negatively affected as the result of larger vector inaccuracies. This
means that conflicts are more likely to occur near the IF. This increased risk in conflicts is reflected in the
simulation results by a larger number of vector trombone operations in scenario 3 when compared to the ones
that have occurred in scenario 1.

e The workload of the ARR controller increases as the result of the inaccurate vectoring practice. This increased
workload is expressed by a larger overall number of instructions (i.e. 6 instructions per time interval), more
dispersion in the measured data points, and a relatively larger operation in the opportunistic control mode.

e Larger vector inaccuracies have only a slightly negative effect on runway throughput capacity, causing the
duration of the total arrival/approach operations to increase a bit.

8.3.3 Experiment 3

Research question
To what extent does coordination between the approach controllers contribute to the resilient capacities of approach
operations during a sudden and unexpected bad weather disturbance?

Hypothesis

A sudden and unexpected reduction in runway capacity asks for an increase in separation to reduce the throughput
capacity accordingly. Coordination with respect to this research question is related to the ability of each approach
controller to reduce the throughput capacity in their respective airspace sectors such that the overall approach
operations will benefit from the combined actions of each controller. More specifically, the considered coordination
mechanism can be defined as the ability of the TNW/TNE controllers to anticipate on the fact that the workload of the
ARR controller will be affected most significantly during disturbance. In practical terms this means that the TNW/TNE
controllers aim to deliver aircraft to the ARR sector according a lower maintained throughput capacity such that the
ARR controller is given the opportunity to adapt the traffic situation in its approach sector with a relatively lower
increased workload. Such cooperative setting is expected to spread the increased workload as the result of the sudden
reduction in throughput capacity over the multiple approach controllers. Secondly, it is expected that the risk of
saturation in the ARR sector will be positively affected as the result of a lower maintained throughput capacity in the
TNW/TNE sectors. A lower maintained throughput capacity in the TNW/TNE sectors is in turn however also expected
to increase the number of necessary vector and holding operations.

Parameter settings

Experiment 3 considers three sets of time buffers that are used by the TNW/TNE controllers to steer upon a desired
and reduced throughput capacity. All remaining parameters are kept fixed for each scenario in experiment 3. Table 15
lists the parameter settings that are used in experiment 3. The specific values of the used time buffers in the scenario
space are chosen such that they exceed the time buffers that are applied by the feeder controller. Scenario 3
considers the maximum time buffer that has been simulated. It is found empirically that larger time buffers will result
in unrealistically large and long vector operations due to the large maintained desired spacings. Note again that the
time buffers define the size of the to be added separation buffer (type I) (section 5.3.3.3).
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Parameter  Scenariol Scenario 2 Scenario 3
C 36ac-h™ 36ac-h™ 36ach™
tyer 70s 100's 130s
toe 70 100s 130
5,10 0.25 NM 0.25 NM 0.25 NM
O, L1 0.10 NM 0.10NM 0.10NM
05,50 0.15 NM 0.15 NM 0.15 NM
Os, s 0.05 NM 0.05 NM 0.05 NM

Table 15 — Scenario space for experiment 3

Results
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Table 16 provides the simulation results that correspond to experiment 3. The dynamics in some of these simulation
results are visualized by boxplots and histograms in appendix B.3. The trajectory plots that correspond to experiment

3 can be seen in figure 48.

Before disturbance

During disturbance

Scenario 1 | Scenario 2 | Scenario 3 | Scenario 1 | Scenario 2 | Scenario 3
X o X o x o X o X o X o
Time between landing [min] 1.5 05|15 05|15 05|24 05|25 05|25 05
Number of aircraft in approach 12 09|12 08|12 08| 10 12| 10 13| 10 13
Number of landings 6 08| 6 08| 6 08| 4 04| 4 05| 4 05
Percentage flying STAR 71 4 71 4 72 4 35 14 | 36 15 | 37 12
Percentage flying vector STAR 0 0 0 0 0 1 17 10 | 25 12 | 32 9
Percentage flying vector merge 0 0 0 0 0 0 21 8 20 8 17 7
Percentage flying vector IF 29 4 29 4 28 4 20 3 20 4 20 3
Percentage flying holding 0 0 0 0 0 0 20 14 | 12 14 1 12
Time in approach [min] 199 28 {199 28 (198 28 |319 3.3 (320 39 (322 3.2
Time flying STAR [min] 100 2.5 (100 2.5 (100 2.5 (123 2.7 |119 33 |10.6 4.0
Time flying vector STAR [min] 00 00|00 00|00 00|18 33|55 47|70 5.0
Time flying vector merge [min] 00 00|00 00|00 00|62 24|53 27|45 21
Time flying vector IF [min] 53 07|53 07|53 07|66 09|65 10|65 0.8
Time flying holding [min] 00 00|00 00|00 00|30 54|00 54|00 38
Percentage in tactical mode - TNW 100 O 100 O 100 O 100 18 | 100 19 | 100 14
Percentage in tactical mode - TNE 82 39 | 80 38 |93 41 28 39 32 41 | 40 42
Percentage in tactical mode - ARR 100 O 100 O 100 O 0 24 0 28 0 33
Percentage in tactical mode - TWR 100 O 100 O 100 O 100 O 100 O 100 O
Number of instructions - TNW 8 3.0 8 3.0 8 3.1 8 65| 10 6.0 | 10 5.9
Number of instructions - TNE 16 38|16 3.7 |16 38| 20 78| 20 6.7 | 20 6.2
Number of instructions - ARR 12 12|12 12|12 12|25 49| 23 44| 21 4.6
Number of instructions - TWR 12 15|12 14 | 12 14 7 0.9 7 0.9 7 0.9
Runway throughput 351 1.0 351 0.9 (354 1.0 (224 0.7 |224 0.6 |221 0.6
Number of go-arounds 0 0.6 0 05 0 05 1 0.7 2 0.7 2 0.7
Number of vector inbound trombone 0 04 0 03 0 04| 0 1.1 0 1.0 0 1.1
Number of vector outbound trombone 0 03 0 03 0 03 0 05 0 05 0 04

Table 16 — Simulation results of experiment 3
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(c) Scenario 2 before disturbance (d) Scenario 2 during disturbance

(e) Scenario 3 before disturbance (f) Scenario 3 during disturbance

Figure 48 — Trajectory plots visualizing the emergent patterns as the result of the simulated scenarios in experiment 3
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Analysis

The following comments apply when analysing the results of experiment 3 (and scenario 1 of experiment 1):

e The simulated coordination mechanism does not affect the total duration of the arrival/approach operations,
resulting in a constant runway capacity for each simulated scenario.

e The application of larger time buffers by the TNW/TNE controllers during disturbance results in more vector STAR
operations and leads to a reduction in holding and vector merge operations.

e The applied coordination mechanism does not prevent the trombone segments from being saturated with traffic.
This can be seen in the relative number of aircraft that are still operating the vector merge operation during
disturbance.

e The absorption phase in the measured performance indicators is affected positively by the application of larger
time buffers. The recovery phase on the other hand is not really affected by these enlarged time buffers.

e The workload of the ARR controller will only benefit negligibly from the applied coordination mechanism, while
the workload of the TNW/TNE controllers will increase slightly due to increased vector operations.
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9 Discussion, conclusions and recommendations

This chapter presents the conclusions that have been drawn regarding the research questions that are posed in
section 3.3. Section 9.1 will first briefly describe the relevance of the followed quantitative agent-based modelling and
simulation approach in the field of resilience engineering. Section 9.2 will thereafter present the conclusions in terms
of the posed research questions. Section 9.3 at last marks the end of this report by presenting recommendations for
future research.

9.1 Discussion

This specific resilience study aims to provide insight in how approach operations behave and how controller workload
is affected during disturbing conditions by quantifying a number of related performance indicators. The simulation
results provide an indication of how sensitive such operations are with respect to a bad weather disturbance and how
such operations evolve as a function of time. When considering the research gaps that have been identified this study
contributes to the need for more structured modelling approaches in the field of resilience engineering. The
conducted experiments and obtained results demonstrate how and in which detail a quantitative agent-based
modelling and simulation approach can support resilience engineering. This quantitative agent-based modelling and
simulation approach completes the resilience engineering cycle that has been proposed by Stroeve and Everdij.

The resilient capacities of conventional approach operations are mainly defined by the actions and the
performance of the executive controllers. The controllers’ situation awareness, reasoning and decision-making are in
this context essential processes that are covered in the developed agent-based model. Human cognition modelling is
however a challenging task, so one could wonder to what extent one should model the controllers’ cognitive skills
before meaningful results can be obtained. The controller’s situation awareness, reasoning and decision-making are so
complex that a model will never be able to fully simulate such activities. Nevertheless the extent to which controller
behaviour has been modelled is considered to be adequate and such that a sufficient level of adaptive strategies have
been incorporated. One has to understand however that the flown operations as the result of controller instructions
are still an approximation of the operations that would have been flown in reality. The obtained simulation results are
therefore indicative and could deviate slightly from the results that would have been obtained when real approach
operations are considered.

Resilience in the context of approach operations can be described as a relative property. This is because controllers
are generally in all type of situations capable to maintain safe air traffic operations. The considered arrival and
approach operations are therefore not necessarily bounded by some prescribed limitations, mostly because of the
unlimited intervention possibilities that are provided by the three-dimensional airspace. For this reason unlimited
vectoring and holding operations are considered and assumed in the model. The responsible ANSP should eventually
determine to what extent certain flight operations are still considered as acceptable. In other words the ANSP is
responsible for defining the maximum allowed performance loss and the maximum durations of the absorption and
recovery phases. Quantification of resilience is in this study therefore more related to exploring how certain
parameter settings contribute (relatively seen) to the resilient capacities of approach operations. The simulation
results that are discussed in the report do therefore only provide an indication of the type of flight operations that can
be expected to emerge as the result of specific parameter settings.

The simulation results of this resilience study showed in which situations, i.e. with what parameter settings the
trombone segments of the modelled STAR procedures become saturated. Such saturation marks a turning point in the
achieved performance, since more vector instructions become necessary, making the flown approach operations less
efficient and robust. The developed model and the obtained simulation results can therefore be used to expose
bottlenecks in the used procedures. The design process of similarly shaped approach operations could therefore
benefit from the insight that has been obtained in this resilience study and the type of operations that have been
considered.
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9.2 Conclusion

In this section conclusions are drawn by answering the research questions that have been posed in the beginning of
this report (section 3.3). These research questions were set up to contextualize the following research objective:

“To quantify, analyse and understand the resilient capacities of conventional approach operations during a sudden
and unexpected bad weather disturbance using a quantitative agent-based modelling and simulation approach”

Following this research objective, the conducted resilience study contributes to the need for more structured
modelling approaches for analysis and quantification of resilience in complex socio-technical systems. This study has
applied a quantitative agent-based modelling and simulation approach to examine its suitability for this need. The
suitability of such approach for more profound analysis and quantification of resilience in complex socio-technical
systems has been studied in the context of disturbed approach operations at Rome Fiumicino. The answers that are
presented for each of the five research questions below are therefore based on the obtained simulation results of this
specific case study.

1) How do conventional approach operations emerge as the result of a sudden and unexpected bad weather
disturbance and to what extent can these emergent operations be described as being resilient?

This research question was posed to explore and to capture the way in which arrival and approach operations are
affected and emerge as the result of a bad weather disturbance. The multiple parameter variation experiments that
have been conducted for this purpose considered an initial achieved runway capacity of around 36 ac-h™ and a
reduced to be achieved runway capacity of around 21 ac-h™. The obtained simulation results showed that various
vector operations, holding operations and go-arounds are initiated by the approach/tower controllers as the result of
this relatively large capacity reduction. The extent to which these adaptive strategies need to be applied is found
highly dependent on the capacities that are maintained before disturbance and the size of the capacity reduction after
disturbance. The obtained simulation results showed that more and longer vector and holding operations are required
in the situation with a relatively high maintained initial throughput capacity and a relatively high reduced runway
capacity. In other words, these capacities are found to increase the time period that is required by the controllers to
properly adjust the traffic situation in the approach sectors as the result of a bad weather disturbance. The disturbed
approach operations are found to recover again, i.e. aircraft start to resume their original stable arrival/approach
operations again once the rate at which aircraft are delivered to the approach sector is (again) equal to or smaller
than the achieved runway capacity. The resilient capacities of approach operations as the result of a bad weather
disturbance are therefore for a large part defined by the various maintained capacities before and during disturbance.

2) To what extent are executive controllers able to maintain resilient approach operations during the sudden and
unexpected bad weather disturbance?

This resilience study has in particular emphasized the role of executive controllers in achieving and maintaining
resilience during both normal and disturbed approach operations. Each of the considered controllers has been
assigned its own specific set of standard instructions that enable the controller to (re-)act in an appropriate and
realistic manner if the observed traffic situation in its airspace sector requires to do so. The simulation results, and in
particular the obtained trajectory plots showed that these modelled instructions are adequate to maintain safe,
efficient and resilient arrival and approach operations, either before and during the bad weather disturbance. The
provision of instructions as a means to maintain resilience during disturbed approach operations is found highly
dependent on the ability of the controller to decide upon the necessity, feasibility and contents of a specific
instruction. Therefore, the extent to which executive controllers are able to maintain resilience during disturbed
approach operations by the provision of instructions is primarily defined by their skills, experience and creativity. This
statement is supported by the fact that the inclusion of additional adaptive strategies (e.g. holding and vector
trombone operations) and cognitive skills (e.g. situation awareness and decision-making) has proven to further
enhance the resilient properties of disturbed approach operations. Resilience in the context of conventional approach
operations is therefore a relative property, where controllers are ‘at all time’ able to maintain a certain minimum level
of resilient performance. The specific resilient characteristics of conventional approach operations (i.e. absorption,
adaptation, recovery) are however eventually defined by the number of adaptive strategies that are considered (e.g.
operational concepts, controller intelligence and reasoning, etc.).
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3) How can the socio-technical ATM system be adapted to improve the resilient capacities of conventional approach
operations in the context of a bad weather disturbance?

Conventional approach operations are considered to be more resilient if relatively less controller actions are required
to cope with the bad weather disturbance, and when aircraft are able to resume their standard arrival and approach
operations in a relatively fast and fluent manner after having operated a specific type of adaptive strategy (e.g.
vectoring strategy). When combining this definition with the type of trajectories that are visualized in the obtained
trajectory plots there can be seen that the characteristics of the considered trombones have potential to further
improve the resilient capacities of approach operations in the context of a bad weather disturbance. The shape of the
trajectories in the obtained trajectory plots do clearly show the significant use of the trombone segments in the
modelled approach operations both before and during disturbance. Approach procedures that incorporate the
concept of tromboning can be made more resilient for a bad weather disturbance by simply applying larger
trombones (i.e. by enlarging the downwind segment). These additional leg distances can be used (‘consumed’) by
aircraft when the approach operations are confronted with a sudden capacity reduction. The workload of the
approach controllers will not be affected in such configuration since aircraft can just remain operating the fixed profile
of the enlarged trombone segment (up to a certain point).

4) What is the added value of a quantitative agent-based modelling and simulation approach for resilience
engineering over a qualitative agent-based modelling approach?

Following the identified research gaps in the field of resilience engineering this study examined the suitability of a
quantitative agent-based modelling and simulation approach for more profound analysis and quantification of
resilience in socio-technical systems. The obtained quantitative results are meant to further support and to verify the
qualitative mental simulation results that have been obtained during the qualitative agent-based modelling phase.

When comparing the simulation results and features of both approaches there can be concluded that a
guantitative agent-based modelling and simulation approach is able to provide more detail and insight about the
resilient capacities of socio-technical systems. This increased detail is first of all found in the obtained quantitative
simulation results. These results showed that, if an appropriate selection of performance indicators is considered, that
the quantitative approach is able to provide detailed predictions about (e.g.) the extent to which a socio-technical
system has to adapt to a specific disturbance, the time period that is required to recover from a disturbance, the
maximum performance loss that will be suffered, etc. The validity of these predictions is however always dependent
on the level of detail that has been incorporated in the agent-based model. The dynamic patterns that can be
observed in the obtained quantitative simulation results do however show similar shapes as the ones that are
considered in the qualitative mental simulation results. This means that a quantitative agent-based modelling and
simulation approach can be used to support and to verify the results obtained during the qualitative agent-based
modelling phase.

The results that are obtained by applying a quantitative agent-based modelling and simulation approach are
completely defined by (e.g.) the modelled aspects, interactions, behaviours and states. This means that the (to be)
measured resilient capacities are completely defined by the contents of the developed agent-based model. In this way
guantitative agent-based modelling and simulation may thus also be used to trace back the cause of specific resilient
behaviour in complex socio-technical systems, which is not possible when applying a qualitative agent-based
modelling approach. The answer that is provided for the next research question will further elaborate on this ability by
describing the specific functionalities of AnyLogic that are found useful for this purpose.

5) How does AnyLogic contribute to the implementation and simulation of formal agent-based models?

The developed formal agent-based model has been implemented and simulated in AnyLogic. AnyLogic is found to be a
very suitable and powerful software tool to study the emergent and resilient behaviours of large-scale and complex
agent-based models. AnyLogic provides a number of modelling elements and modelling methods that allow to specify
the internal states and properties of each agent and the interactions in and between agents in a very efficient,
structured and readable manner. The implementation of an agent-based model into AnyLogic is fully mapped into
Java code, which allows for unlimited and flexible extension possibilities. Because of the many graphical features and
its structured architecture AnyLogic allows to visually trace e.g. how each agent changes state during simulation, how
agents interact with each other, how the overall modelled socio-technical system evolves over time, etc. AnyLogic is
found to support a large set of powerful experiments that are relatively easy to create, such as the parameter
variation experiments and the Monte Carlo experiments. The only real shortcoming in AnyLogic is found to be its
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limited ability to internally process the obtained data while running experiments, and the fact that AnyLogic is only
able to export the obtained data to Excel.

9.3 Recommendations for further research

The experiments that have been conducted in this study do only consider the implications of a few parameter
settings. The model that has been developed for this resilience study provides however also a stable basis for further
research and analysis of arrival and approach operations. The developed software tool in AnyLogic allows to analyse in
a user friendly manner the implications of other parameter settings on arrival and approach operations. Further
research in this specific operational field could therefore be related to the implications of: wind conditions, the
distribution of wake turbulence categories, the distribution of the entry points at which aircraft enter the approach
sectors, the structure of the used STAR procedures and the corresponding trombone segments, speed and altitude
profiles and runway occupancy times (ROT). The model can of course also be extended by adding more features, detail
and type of controller actions, or by implementing new operational concepts. The tool that has been developed in
Anylogic can therefore be used as a powerful and structured starting point for further research and analysis of arrival
and approach operations and for resilience engineering in general.

It should be noted that the qualitative study of Stroeve and Everdij also considered a second operational concept
in addition to the conventional approach operations. This second type of operation is called Interval Management
(IM), which is defined as “the overall system that enables the improved means for managing traffic flows and aircraft
spacing through automated inter-aircraft spacing” [7]. It is the answer to a demand of future ATM for increased
capacity and flight efficiency while maintaining flight safety. IM is a dynamic process between flight crew, air traffic
control and CNS systems where aircraft spacing is automatically achieved and maintained by an on-board IM system,
leading to a reduction in workload of both controllers and flight crews. Studies have shown that IM results in
improved inter-aircraft spacing precision, which allows aircraft to be spaced relatively closer in comparison with
conventional approach operations. More precise inter-aircraft spacing will therefore result in improved airspace
capacity and reduced delays. IM operations differ however significantly from conventional approach operations. This
is because aircraft spacing (separation) is during conventional operations manually controlled and maintained by air
traffic control and the flight crew. During IM operations however an onboard IM system becomes responsible for
automatically maintaining (and achieving) a specific spacing with some target aircraft. Because of this different
philosophy IM operations are expected to behave significantly different during a bad weather disturbance when
compared to conventional approach operations. This is especially due to the larger traffic densities and a shift in
responsibilities when IM is active. A sudden and unexpected bad weather disturbance will therefore most likely have a
different effect on both type of operations in terms of for instance controller workload and required vectoring. Future
research could therefore be devoted to the implications of a bad weather disturbance on IM operations, since this
type of operation is still considered as a promising innovation in near future ATM.
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Appendix A Arrival and approach procedures

This appendix shows the arrival and approach procedures for runway 16L at Rome Fiumicino. The information on

these charts has been used to shape the environment and to control the flight operations of aircraft during arrival and

approach in terms of airspeed, altitude and heading.

A.1 XIBIL2A STAR procedure

Printed from JeppView for Windows 5.3.0.0 on 03 Jul 2018; Terminal chart data cycle 12-2018 (Expired); Notice: After 28 Jun 2018, 0000Z, this chart may no longer be valid
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Figure 49 — XIBIL2A RNAV STAR procedure
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A.2 RITEB2A STAR procedure
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A.3 Instrument Approach Chart Runway 16L
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Figure 51 — Instrument Approach Chart Runway 16L
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Appendix B Dynamic patterns in measured
performance indicators

This appendix presents in more detail the dynamic simulation results that have been obtained after the multiple
parameter variation experiments. These results are presented for each defined performance indicator with a series of
boxplots and histograms. These diagrams are used to visualize the dynamic patterns of each measured performance
indicator as a function of time. These captured dynamics are meant to provide more context and detail to the
“summarized” simulation results as provided in section 8.3. Appendix B.1 provides a full set of dynamic simulation
results of the measured performance indicators that correspond to experiment 1. Appendices B.2 and B.3 do only
provide partial simulation results of experiments 2 and 3 respectively, since the omitted simulation results contain
similar type of dynamic patterns as the ones that are shown in appendix B.1.
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B.1 Experiment1

This appendix is meant to provide further context to the simulation results that are presented in table 12 by providing
the measured dynamics of the following performance indicators:
e Time between landing

e Number of aircraft in approach

e Number of landings

e Number of go-arounds

e Number of vector inbound trombone
e Number of vector outbound trombone
e  Percentage flying STAR

e Percentage flying vector STAR

e Percentage flying vector merge

e Percentage flying vector IF

e  Percentage flying holding

e Timein approach

e Time flying STAR

e Time flying vector STAR

e Time flying vector merge

e Time flying vector IF

e Time flying holding

e Percentage in tactical mode

e Number of instructions
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Time between landing — Experiment 1 — Scenarios 1, 2, 3
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Number of aircraft in approach — Experiment 1 — Scenarios 1, 2, 3
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Number of landings — Experiment 1 — Scenarios 1, 2, 3
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Number of go-arounds — Experiment 1 — Scenarios 1, 2, 3
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Number of vector inbound trombone — Experiment 1 — Scenarios 1, 2, 3
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Number of vector outbound trombone — Experiment 1 - Scenarios 1, 2, 3
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Percentage flying STAR — Experiment 1 — Scenarios 1, 2, 3
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Percentage flying vector STAR — Experiment 1 — Scenarios 1, 2, 3
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Percentage flying vector merge — Experiment 1 — Scenarios 1, 2, 3
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Percentage flying vector IF — Experiment 1 — Scenarios 1, 2, 3
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Percentage flying holding — Experiment 1 — Scenarios 1, 2, 3
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Time in approach — Experiment 1 —Scenarios 1, 2, 3
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Time flying STAR — Experiment 1 — Scenarios 1, 2, 3
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Time flying vector STAR — Experiment 1 — Scenarios 1, 2, 3
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Time flying vector merge — Experiment 1 — Scenarios 1, 2, 3
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Time flying vector IF — Experiment 1 — Scenarios 1, 2, 3
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Time flying holding — Experiment 1 — Scenarios 1, 2, 3
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Percentage in tactical mode — Experiment 1 — Scenario 1
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Percentage in tactical mode — Experiment 1 — Scenario 2
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Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 2 of experiment 1
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Percentage in tactical mode — Experiment 1 — Scenario 3
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Simulation results of performance indicator “Percentage in tactical mode (TNW controller)”, corresponding to scenario 3 of experiment 1
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Simulation results of performance indicator “Percentage in tactical mode (TNE controller)”, corresponding to scenario 3 of experiment 1
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Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 3 of experiment 1
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Number of instructions — Experiment 1 — Scenario 1
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Number of instructions — Experiment 1 — Scenario 2
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Simulation results of performance indicator “Number of instructions (TWR controller)”, corresponding to scenario 2 of experiment 1
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Number of instructions — Experiment 1 — Scenario 3

TNW Controller
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B.2 Experiment 2

This appendix is meant to provide further context to the simulation results that are presented in table 14 by providing
the measured dynamics of the following performance indicators:

e Number of go-around

e Number of vector inbound trombone

e Number of vector outbound trombone

e  Percentage in tactical mode (ARR controller)

e Number of instructions (ARR controller)
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Number of go-arounds — Experiment 2 — Scenarios 1, 2, 3

Number of go-arounds
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XIBIL2A + RITEB2A STAR procedures

Time interval 0:30

Time interval 1:10

300 160
140
250
120
200
100
> >
[ [
g g
° 3 150 S 80
o o
] @
P &
60
- ° 100
40
- . . ot 50
20
R EEEEEEREEEEEEREE 0 0
CTAHNTINedNATINSOdNMNINOANNTI NS NN TN 1
EEE8EddddddANANANANANANMMAAN TS S0

Time interval

Number of go-arounds

Number of go-arounds

Simulation results of performance indicator “Number of go-arounds”, corresponding to scenario 3 of experiment 2




MASTER OF SCIENCE THESIS REPORT

Number of vector inbound trombone — Experiment 2 — Scenarios 1, 2, 3
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Simulation results of performance indicator “Number of vector inbound trombone”, corresponding to scenario 1 of experiment 2
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Simulation results of performance indicator “Number of vector inbound trombone”, corresponding to scenario 2 of experiment 2
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Simulation results of performance indicator “Number of vector inbound trombone”, corresponding to scenario 3 of experiment 2
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Number of vector outbound trombone — Experiment 2 — Scenarios 1, 2, 3
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Simulation results of performance indicator “Number of vector outbound trombone”, corresponding to scenario 1 of experiment 2
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Simulation results of performance indicator “Number of vector outbound trombone”, corresponding to scenario 2 of experiment 2
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Simulation results of performance indicator “Number of vector outbound trombone”, corresponding to scenario 3 of experiment 2
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Percentage in tactical mode (ARR controller) — Experiment 2 — Scenarios 1, 2, 3
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Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 1 of experiment 2
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Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 2 of experiment 2
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Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 3 of experiment 2
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Number of instructions (ARR controller) — Experiment 2 — Scenarios 1, 2, 3

Number of instructions Number of instructions

Number of instructions
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Simulation results of performance indicator “Number of instructions (ARR controller)”, corresponding to scenario 1 of experiment 2
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B.3 Experiment3

This appendix is meant to provide further context to the simulation results that are presented in table 16 by providing
the measured dynamics of the following performance indicators:

e  Percentage flying STAR

e Percentage flying vector STAR

e Percentage flying vector merge

e Percentage flying holding

e Number of instructions (TNW controller)

e Number of instructions (TNE controller)

e Number of instructions (ARR controller)
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Percentage flying STAR — Experiment 3 — Scenarios 1, 2, 3

Percentage flying STAR

Percentage flying STAR

Percentage flying STAR
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XIBIL2A + RITEB2A STAR procedures Timeinterval 0:30 Time interval 1:30
40 30
35 —
— 25 —
30 o _ [
25 Iy 20 [ 1
NHHHEEEHEE- ] g
H tle e ile 0 d 3020 g 15 -
° LI H
Fi AHHNE e, g g
A A s
i BANEBEE 15
. ° Sl 10
: < lala B 10
8 ) o o ® ° TR
'l . ol 5 H 5
0 O—|
coQoCQCOoOQCOOoOCCOoOQCOoCOoOQ0O0oOO0oDOoO0CO0OCOCOCOQOCO
OO0 oA NANANNMMM MMM S st SE sE sE N .
Time interval Percentage flying STAR Percentage flying STAR
imulation results of performance indicator “Percentage flyin ', corresponding to scenario 2 of experimen
Simulati It: dicator “P t ) STAR”, ding t 2 t3
XIBIL2A + RITEB2A STAR procedures Time interval 0:30 Timeinterval 1:30
35 30 m
- o 0 —
30 25 i
25 o ]
20 7
g 20 - M g M _
: (AR AR A @ g —
PUSR RSN g g | s
LU LT HEIPIRSLAEE AP £ 15 M =
| ; P
HH AR 10
: T EAR 10
. NN ]
MM . s
0 0
0000000000000 0000Q000000000000Q
GAMINOANNTNOANMINSHNMN TN ANMT N 63 81 14 61
OO0 0CO0OdTA A AN NN KoV Mo I e B I e T o s T B S o i S R T ) R .
Percentage flying STAR Percentage flying STAR

Time interval

Simulation results of performance indicator “Percentage flying STAR”, corresponding to scenario 3 of experiment 3



MASTER OF SCIENCE THESIS REPORT

Percentage flying vector STAR — Experiment 3 — Scenarios 1, 2, 3
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Percentage flying vector merge — Experiment 3 — Scenarios 1, 2, 3
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Percentage flying holding — Experiment 3 — Scenarios 1, 2, 3
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Number of instructions (TNW controller) — Experiment 3 — Scenarios 1, 2, 3
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Number of instructions (TNE controller) — Experiment 3 — Scenarios 1, 2, 3
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Number of instructions (ARR controller) — Experiment 3 — Scenarios 1, 2, 3
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Appendix C Model specification

This appendix provides the complete formal specification of the model as implemented in AnyLogic. This specification
appendix is meant to contextualize the more abstract model description as presented in chapter 5. The structure and
the contents of this appendix closely resemble the architecture of the modelling elements that are provided by
Anylogic. Appendix C.1 will therefore first provide a description of the modelling elements that have been used to
specify (and to implement) the model, together with the corresponding semantics. All the remaining sections within
this appendix relate to the formal specification of the simulation environment and each identified agent. More
specifically they mathematically specify the incorporated dynamics, stochastics, interactions, behaviours, states, data
sources, reasoning, processes, features, conditions, etc.

C.1 Specification in AnyLogic format

Anylogic provides a number of modelling elements and modelling methods that allow to specify the internal states of
each agent and the interactions in and between agents in a very efficient, structured and readable manner. The
developed formal agent-based model is fully defined by using only the following modelling elements: variables,
parameters, sets, statecharts, events and functions. The combination of these modelling elements will eventually
define the emergent behaviour and properties of the modelled socio-technical system. This appendix describes the
modelling elements and the corresponding semantics that have been used to specify the developed agent-based
model.

C.1.1 Variables and parameters

The model contains a lot of variables and parameters that each describe a specific and essential element of an agent.
The amount of variables becomes even larger when one or more populations of the same agent type are alive, for
instance the set of aircraft- and controller agents. Behaviour of a certain agent may be determined by the value of a
variable that is contained by another agent. A readable and systematic way of variable specification should be applied
because of these large sets of variables being present in the model. For this reason, many variables are extended with
an sub- and superscript to distinguish the specific agent, holding, STAR procedure, instruction and significant point
where the variable corresponds and applies to. Sub- and superscripts are added to these variables to make them more
specific and to add more context, e.g. sf”'c, vGaSi. The descriptions of the used superscripts and subscripts are provided
in table 17 and 18 respectively.

Superscript Description

c Variable that corresponds to controller agent ¢, where ¢ € C
a; Variable that corresponds to aircraft agent a;, where a; € A
a;c Variable that describes a specific situation awareness component/element of aircraft agent a; as
observed by controller agent ¢, where a; E Aand c € C
a;c Variable that describes a specific situation awareness component/element of aircraft agent a;; as

observed by controller agent ¢, where a;; € Aand c € C

Table 17 — Descriptions of the superscripts that are used in the model specification

Subscript  Description

D Variable that is related to aircraft type D, where D € D

H Variable that is related to a specific holding H, where H € Hi

I Variable that is related to a specific instruction I, where I € 1

k Variable that is related to the k™" waypoint of STAR procedure S

S Variable that is related to a specific STAR procedure S, where S € §
Windex Variable that is related to one of the identified significant points

Table 18 — Descriptions of the subscripts that are used in the model specification
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The type of variables that have been described above can be defined as ‘class variables’. The class variables are
constantly present, i.e. the variable’s lifetime is the same as the respective agents’ lifetime. Class variables therefore
provide information about the agents’ state. The value of class variables can be obtained, or changed as long as the
respective agent is alive. All the class variables have been given a unique notation and are extended with the
superscripts of table 17 if applicable.

The other type of variables that are considered in the model are defined as ‘local variables’. The local variable is an
auxiliary temporary variable that only exists while a particular function, action or block of statements is executed.
Local variables are initialized when a function, etc. is executed and are removed when the execution is finished. Since
the model contains a lot of functions and other code, it automatically contains local variables as well. Such local
variables may often have the same meaning and sometimes even a similar notation with that of a class variable. A
local variable is therefore extended with the breve (") to clarify the difference between class and local variables. Do
note that local variables are not stored and that they do not change and influence the agent’s state.

Parameters are (mostly) used to describe static values or some characteristics of the modelled agent. Multiple
agents may require the same parameter for their calculations, i.e. functions, statecharts, etc. Parameters are
therefore mostly not extended with superscripts, since these parameter values are not agent specific. Some of the
parameter tables contain parameter values that are described by “varying”. This means that these parameters are
varied in the multiple experiments that have been conducted. See chapter 8 for the exact values that have been used
throughout the multiple experiments.

C.1.2 Sets

Sets are in particular used to collect the multiple agent populations in to. Each agent that corresponds to a population
is located at a specific index within the set. All sets are considered to be ordered, i.e. the indices of the
elements/agents are fixed and only change when elements/agents are added or subtracted. Set notation is an
appropriate method to formalize the operations that can be performed in sets. This section will therefore describe the
properties and symbols of set notation that are relevant and useful with respect to specific type of sets and associated
operations that are used in the model. The mathematical representation of sets therefore takes into account the
features and characteristics of sets as processed by AnyLogic.

Consider the following four sets of elements a;, where i € N,.

A= {a1, a,, as, Ay, (15} A1 = {a3, (11} Az = {a1: Ay, Ag, az} A3 ={}

By considering these example sets the following statements hold:

Statement Description
{a,} EA a, is an element of set A
{a,} € A, a, is not an element of set A,
A CA A\, is a subset of A, i.e. every element of A, is an element of A
A, | =4 A, contains 4 elements
A, =0 A, does not contain any elements
A,[2] = a, The third element of A, is a, (the first element is located at index 0)
(i{a,}€A)=3 The index of a, within A is 3 (the first element is located at index 0)

{a,}UA, ={a;, a,,a,} Addition of element a, to A,
{a,}\ A, ={a,, a;, a,} Subtraction of element a, from A,

These basic concepts, notations and operations are often applied in the action fields of functions, statecharts and
events.
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C.1.3 Statecharts

The model contains many statecharts that each describe a specific operation, process, behaviour or specific situation
awareness component of an agent. The statecharts that are used in the model specification (may) consist of the
following constructs (figure 52):

statechart entry point — mposite stat
o : > @ statechart composite siate : "
initial state pointer /message triggered transition
tis

condition triggered transition i
| 99 ~ ta ; composite state 1 state 5 default branch transition
simple state
S state 1 )
‘ ?h Btz (%)t3 T timeout triggered transition
branch state 2 < final state
t @t ¢ bZ\ conditional branch transition
8 =) L9
T tio T transition
state 3 )—B

Figure 52 — Example statechart structure consisting of various statechart elements

Statechart Entry Point

A statechart entry point is used to indicate the initial state of the statechart. Every statechart has therefore exactly
one statechart entry point.

States

A state defines a specific location, condition or mode of operation of the agent. A state on its own is called a simple
state. When a (outer) state contains other (inner) states, the (outer) state is called a composite state. The activity of a
specific state in a statechart may influence other state(s) in different statechart(s) within the same agent or within
another interconnected agent. In order to describe every state orderly and readable, the following notation style is
used to index a specific state in one of the agent’s statecharts: (state)|statechart|[agent]. This notation style
simplifies the referencing as used in the condition triggered transitions.

Table 19 contains some of the agent notations that are used within this specification chapter. These notations are
required, because the model contains duplicate statecharts due to agent populations. Each agent type is build up and
modelled with a fixed set of statecharts. This means that a different set of states might be active among the many
agents that are alive within a certain agent population. The notations as presented in table 19 are therefore
necessary, since an agent may react upon a certain state that belongs to another agent.

[agent] Description
[c] Statechart that corresponds to controller agent ¢, where ¢ € C
[flight crew a;] Statechart that corresponds to the flight crew a; agent, where a; € A
[MCP a;] Statechart that corresponds to the MCP a; agent, where a; € A
[a; c] Statechart that describes a specific operational state of a; as observed by c, where a; € A°. The
combination of all these specific type of (SA-)statecharts will define the situation awareness of
c about q;
[a;ic] Statechart that describes a specific operational state of a;; as observed by ¢, where a;; € A°.

The combination of all these specific type of (SA-)statecharts will define the situation
awareness of ¢ about a;;

Table 19 — Agent notations that are used in the statecharts in the model specification
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Each state within a statechart may contain entry- and/or exit actions. Entry actions are executed when the statechart
enters the respective state, exit actions are executed when the statechart exits the state. Entry and/or exit actions are
in the specification sections only defined and written down when the state contains any. These actions are specified in
the following format:

e State entry actions:

1: ..the to be executed action/algorithm..

e  State exit actions:

1: ..the to be executed action/algorithm..

Initial state pointer

The initial state pointer represents the initial state of a composite state. In the situation when a (entry) transition is
taken that is connected to the border of the composite state, the simple state within the composite that is connected
with the initial state pointer will become active first (e.g. tis and state 1 in figure 52). However, when a (entry)
transition is taken that is directly connected to a simply state within a composite state, then that specific simple state
will become active first (e.g. ts and state 2 in figure 52).

State transitions

Each statechart contains one or more transitions where each transition is assigned a different name (t,, t,, etc.).
Transitions allow statecharts to switch state, which cause for instance agent behaviour to change, or result in changed
operational modes. Switching states occurs according to a specified trigger event. The transitions that are contained in
the model can be triggered by a timeout, a specified condition, or a received and matching triggering message. See
table 20 below for a description of each specific trigger type.

Trigger type Transition triggered:

Timeout & after a specified time interval, this trigger type can therefore be interpreted as a delay transition. A
state is stayed in for a given time, and left when the specified time period is passed. The timeout
transitions start counting from the moment that the statechart enters the source state of the
transition, i.e. the state on whose boundary the transition start point is located.

Condition @ once a given condition becomes true. This condition is an arbitrary Boolean expression that depends
on any state, either with continuous or discrete dynamics. This trigger type is continuously evaluated
when the transition is active.

Message Bl  upon reception of a triggering message that matches the message as specified in the properties. The
statechart receives messages and reacts to it. This trigger type is therefore used to model
communication or commands.

Table 20 — Descriptions of the different transition trigger types

All transitions are specified in one of the formats shown below. The specific structure of the transition specification
depends on the transition type that is applicable. Note that the upcoming specification sections will only describe and
define the fields (bullets) that are applicable. The Guard or Action fields for instance will not always be specified. All
type of transitions may incorporate specified actions that are performed when the respective transition is taken.

Transition t(index)

e Timeout: the timeout value after which the transition is and should be taken when the timeout elapses
e Guard: Boolean expression that should be evaluated true to allow the transition to be taken

e Action:

1: ..the to be executed action/algorithm..
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Transition t(index)

e Condition: Boolean expression that should be evaluated true to allow the transition to be taken. Such expression
often includes (multiple) states that have to be (in-)active to allow a certain transition to be taken. The introduced
state notation style is used for this purpose, i.e. (state)|statechart|[agent] for states that have be active, and
-(state)|statechart|[agent] for states that have to be inactive

e Action:

1: ..the to be executed action/algorithm..

(the conditional branch transitions that exit the branches are also specified using this conditional format)

Transition t(index)

Message triggered transitions are specified using a description that describes which agent, state(chart), action and/or
transition causes this specific transition to be triggered. Such triggering messages model in general updates of the
agents’ situation awareness or model the communication between agents. Message triggered transitions are in
general taken when a specific related state becomes active. It is therefore that this triggering message is included in
the Action field of the agent, state(chart), action and/or transition that causes this message triggered transition to be
taken. Each triggering message is formalised using the format: “Trigger tindex Of |statechart|[agent]”. The message
triggered transition is in itself formalized by describing the specific state, transition, function or event that has caused
the transition to be taken, e.g. “Triggered in (state)|statechart|[agent]”.

Branch

A branch is used to merge multiple incoming transitions into one outgoing transition or is used to split one incoming
transition into multiple outgoing transitions for multiple destinations. A branch can be interpreted as an evaluation
point in time in between the incoming and outgoing transitions and its corresponding transition actions. When the
action of the incoming transition is executed, the branch is evaluating the guards of the transitions exiting the branch.
The outgoing transition whose guard is evaluated positively (true) is taken.

Branch transitions

A second type of transition are the transitions that exit the branch state. These exiting transitions can only be
triggered by either a specified condition, or by default. There can only be one default transition that exits the branch
state. This default condition is only taken if the conditions for all other transitions that exit the branch state are false.
These types of transitions do not have triggers, since they are immediately fired after the branch has been passed and
the condition of the outgoing transition is satisfied.

Final state
The final state represents the termination point of a statechart. It is therefore that a final state can only be assigned
entry actions and that transitions may not exit a final state. The final state can be described as a simple state.

C.1.4 Events

Events are used to model repeated processes or actions and are denoted by the symbol £, ;... Here € represents the
symbol for event, agent indicates the agent where the event corresponds to (only applicable for agent populations),
and index denotes the specific type of event. The superscripts use the same notations as used in the variables and
parameters. Within the model specification there are two types of events considered.

The first type of event is the timeout triggered event and is used when one wants to model and schedule periodic
events. The timeout triggered events are formalised using the following format:

e First occurrence time: the time point at which the event should occur for the first time
e Recurrence time period: the time period between two successive events

1: ..the to be executed action/algorithm..
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The second type of event is the condition triggered event and is used when one wants to model (periodic) action(s)
after a certain specified condition becomes true. This type of event will stop working when the specified condition is
evaluated to be true. The condition triggered event can be made periodic by using a so-called restart command. Once
the condition triggered event is restarted the specified condition will be evaluated again. By applying this method the
condition triggered event keeps evaluating a specific condition. The condition triggered events are formalised using
the following format:

e Condition: Boolean expression that should be evaluated true to let the event occur

1: ..the to be executed action/algorithm..

C.1.5 Functions and actions

Each state, transition, event and function can often be described with an associated action. Such actions are specified
using a block of statements that are related to for instance agent behaviour or a specific process. These statements
are executed sequentially one after another in a top-down order. They can either be specified as a (re-usable) function
or as a unique set of statements that are associated with a single state, transition, event, etc.

A function that calculates and returns a certain output is throughout this formalisation chapter generally denoted
with the symbol F and extended with a sub- or/and superscript to clarify the meaning of the function. A function
generally requires argument values that are used to perform a certain action or to return some value. These function
arguments are put between parentheses, i.e. F(arg,, argy, ..).

C.2 General

This appendix provides the general variables, parameters, sets, functions and (type of) statecharts that are used by
and which relate to multiple agents in the model.

C.2.1 Variables, parameters and sets

Variable State space Unit  Description
ty R, s Current model time, i.e. time point in the simulation, startingat t, =0
tine R, s Time period required by the agent to inform another agent about a certain

situation or condition

Table 21 — List of general variables that are used by the multiple agents in the model

The controller and aircraft agents are modelled with some intelligence that is able to define:

e the specific direction of turning;

e the distance that has to be travelled to reach a specific point in space taking into account the circular shaped
trajectory that is flown during the turning movement;

e the heading direction at which an aircraft should stop turning to reach a specific point in space.

This intelligence is modelled with the variables that are listed in table 22 and which are visualized in figure 53.
These variables describe two types of distances and two types of heading directions and are used to define the
position and orientation of an aircraft (i.e. a;) relative to a specific significant point (i.e. w). The first category of
variables consider the aircraft already pointed towards the significant point that it wants to fly to, or consider the
aircraft’s heading angle already parallel to the desired heading direction. These variables contain the subscript “D”,
which stands for direct. These type of variables do not take into account the turning movement that is required to
arrive at the desired significant point or desired heading direction. The other category of variables do take into
account the effects of turning movements that are required to arrive at this desired point or heading direction. These
variables contain the subscript “A”, which stands for arc/tangent. Both the notions direct and tangent are often used
in the model specification.
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Variable State space Unit Description

dpw R, NM Distance (tangent) between a; and w
dD,W R, NM Distance (direct) between a; and w
J)Aw {0, 360] deg Bearing (tangent) of w seen from a;
Vow {0, 360] deg Bearing (direct) of w seen from a;

Table 22 — Variables that are used to define the position and orientation of a; relative to w

Figure 53 — Visualization of the type of variables that are used to define the position and orientation of a; relative to w

Parameter  Value Unit  Description
e 53 s Minimum value of £
i 1.75 NM Turn radius of aircraft in the simulation environment
[ 1800 s Time point at which the model will begin to measure and collect simulation

output, i.e. the time period that is required to create a stabilized and condensed
flow of approaching traffic within the simulation environment

Vips.e 2 kt Allowed speed error

Z 50 ft Allowed altitude error
Ui,y 7.6 s Mean value of ¢

Ot 0.3 s Standard deviation of ¢,

Table 23 — List op general parameters that are used by multiple agents in the model

Set Contents Description
A - Collection of all aircraft agents that are currently alive in the simulation environment
C {c;,¢,,¢5, ¢4} Set of executive controller agents that are considered in the model, where ¢, represents the

TNW controller, where c, represents the TNE controller, where c, represents the ARR
controller and where c, represents the TWR controller

D {D,,D,}  Set of aircraft types that are considered in the model, where D, represents the B738 aircraft
type and where D, represents the B744 aircraft type
H {H,} Set of holding patterns for each S. Both S, and S, have however only one holding pattern
modelled, i.e. Hg = {H,} and H,= {H,}
I {L,, L,...I,;} Set of instructions that are considered in the model.
J {1,2,3,4,5} Set of indices that relate to the five identified reference aircraft
S {5, S,} Set of STAR procedures that are used in the model, where S, represents the XIBIL2A
procedure and S, the RITEB2A procedure
W {Wy, W,}  Collection of wake vortex categories that are considered in the model, where W}, represents

the MEDIUM category and where W, represents the HEAVY category

Table 24 — List of sets that are used in multiple sections in the model specification
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C.2.2 Functions

This appendix provides the set of functions that are used by multiple agents. These functions are related to probability
distributions, conversions, wind conditions, geometry, bearings and distances.

C.2.2.1 Uniform distribution

Function U([, i)

Argument State space Unit  Description

[ co<[<il - Minimum value of X

i [<ii<oo - Maximum value of X
Variable State space Unit  Description

=

X (I, - Random variable

r X= U(i, il) (distribution function supported in and provided by AnyLogic)
2 return: X

Function 1 — Uniform distribution

C.2.2.2 Normal distribution

Function (i, &)

Argument State space Unit Description

i R - Mean value of the normal distribution V"

o R, - Standard deviation of the normal distribution ¥
Variable State space Unit  Description

X R - Random variable

1 X = N(f, &) (distribution function supported in and provided by AnyLogic)
2 return: X

Function 2 — Normal distribution

C.2.2.3 Truncated normal distribution

Function V; (i, &, [, i)

Argument State space Unit  Description

Jri R - Mean value of the normal distribution '
) R, - Standard deviation of the normal distribution V'
[ o<[<il - Minimum value of X
U [<ii<oo - Maximum value of X
Variable State space Unit  Description

X [0, ] - Random variable

1 X=N(i &)

2. while (X <IVv X > i) then

3: X= ]\f([i, 5’)

4 return: X

Function 3 - Truncated normal distribution
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C.2.2.4 Lognormal distribution

Function L(i,, 5,,1)

Argument State space Unit  Description
7. R., - Mean value of the normally distributed logarithm of X
0, R, - Standard deviation of the normally distributed logarithm of X
[ R, - Minimum value of X, shifts the minimum from 0 to [
Variable State space Unit  Description
0, R, - Standard deviation of the lognormal distribution
I R, - Mean value of the lognormal distribution
X R - Random variable

1 & =V(In(a7 / fi; +1))

2 jiy = In(E,) - %07

3 X= LG, 7, Z) (distribution function supported in and provided by AnyLogic)
4 return: X

Function 4 - Lognormal distribution

C.2.2.5 Conversion from radians to degrees and vice versa

- 360°
X \1/)050 X
T — 0 270° 90°
Yrao
y Yy
Yt 180°

(a) Heading angles expressed in radians (b) Heading angles expressed in degrees

Figure 54 — Visualization of the two different ways in which heading angles can be expressed

Function CX2(ep)

Argument State space Unit Description
Vrso (-m, m] rad Heading angle expressed in radians, as applied in AnyLogic
Variable State space Unit Description
Voc (0, 360] deg Heading angle expressed in degrees, with respect to magnetic north
Parameter Value Unit Description
%4 1.3 deg Magnetic variance at Rome Fiumicino

11 if (Pgeo 2 0) then

2 lﬁDEcle)MD -180/ 1 +90

3: else if (g, < -%4717) then

4 &DEG = (lljRAD +m)- 180/ m +270
5. else if (Pgap < O A Ppyp > -%77) then
b II}DEG = (lpRAD +%m)-180/ 1

7

8

9

end if

lﬁDEG =V
©if (Ppee < 0) then
10: i += 360
11: end if

12: return: Y

Function 5 — Conversion from (AnyLogic) radians to (magnetic) degrees
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Function C2ES(\pec)

Argument State space Unit Description
1/7DEG {0, 360] deg Heading angle expressed in degrees, with respect to magnetic north
Variable State space Unit Description
Vrno (-m, ] rad Heading angle expressed in radians, as applied in AnyLogic
Parameter Value Unit Description
V 13 deg Magnetic variance at Rome Fiumicino

lpvRAD = (IZ}DEG -90+V)-m/180

2: return: Y,

Function 6 — Conversion from (magnetic) degrees to (AnylLogic) radians

C.2.2.6 Conversion from IAS to TAS and vice versa
Variable State space Unit Description
P R, Pa Pressure at Z
T R K Temperature at #
Zc R, m Altitude
p R., kg-m3  Density at Z
Parameter Value Unit Description
T 0.3048 - [ft] to [m] conversion factor
e 0.5144444 - [kt] to [m-s™] conversion factor
s 1.94384449 - [m-s™] to [kt] conversion factor
9o 9.80665 m-s?  Acceleration of gravity at sea level
P, 101325 Pa Pressure at sea level
R 287.06 J-kg™t-K™1 Specific gas constant
I 288.15 K Temperature at sea level
y 1.4 - Ratio of specific heats of air
A -0.0065 K-m?®  Lapse rate (temperature with height increase)
Do 1.225 kg'm3 Density at sea level

Table 25 — Variables and parameters corresponding to functions 7 and 8

Function C133 (U, Z)

Argument State space Unit Description
Tips R, kt Indicated (calibrated) airspeed
zZ R, ft Altitude
Variable State space Unit Description
Diasc R, m-s?  Indicated (calibrated) airspeed
Uras R, kt True airspeed

L3 _ KTs
L Tiage = Dias * furs

2: ZC=Z' NTT

3 T=T,+AZ
~—90
= T\AR
“ P=n(3)
. gz b
> P=rz
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7: return: U,

Function 7 — Conversion from calibrated airspeed (IAS) to true airspeed (TAS)

Function CJ%* (T, Z)

Argument State space Unit Description
Uras R, kt True airspeed
V4 R, ft Altitude
Variable State space Unit Description
Tias R, kt Indicated (calibrated) airspeed
Trasc R, m-s?  True airspeed
L Uppgc = 17TA5  fues

Ze=Z-
3 T= 0 +/12
~90

A ()"

»
e’
n

P
RT
i1
2 2
. ox ZAPo A-1p —2 \2A-1 ] MPS
6: VUips = - 1p0 0[(14‘; VUrasc -1 _1J' KTS

7: return: U,

w
el

Function 8 — Conversion from true airspeed (TAS) to calibrated airspeed (IAS)

C.2.2.7 Calculate angle between two bearings or radials

Function 9 calculates the angle between two specified heading directions 1, and 1,, i.e. the direction and magnitude
of change between those directions. It always calculates the smallest angle between two heading directions, i.e. the
angle that results in the fastest completion of the desired turning movement.

360° 360°

270° 90° 270°

90°

180° 180°
(a) P, <180 (b) 180 < 1,

Figure 55 - Two orientations with different calculations of heading change

Function F,(1,,1,)
Argument State space Unit  Description

Y, {0, 360] deg Initial radial or bearing, i.e. reference radial
U, {0, 360] deg  Desired radial or bearing
Variable State space Unit  Description

o Angle between 1, and 1,, 8 > 0 denotes a clockwise direction of change and
g [-180, 180] deg '8 ween i), and , o ise irect &
6 < 0 denotes a counter-clockwise direction of change
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L if (1P, ==1),) then

2: é = O

3: else if (), < 180 A ), <1, <1, + 180) then //corresponding to area 1 in figure 55a
4 0 =1, -, |

5: elseif (l,bv1 <180 A IZJZ < 1,51) then //corresponding to area 2 in figure 55a

6: 6=- | 1132 - 1/71 |

7: elseif (1/31 <180 A IIJ1 +180< IIJZ) then //corresponding to area 3 in figure 55a

& §=-|(1),~180) - (i, + 180)|

9: elseif (180 < lﬁ A 1/71 < 1/72) then //corresponding to area 1 in figure 55b

10: 6= I lpvz - 12;1 |

11: else if (180 < Y, A Y, — 180 < P, <,) then //corresponding to area 2 in figure 55b
12: é='|l;[’z_1/;1|

13: else if (180 < Y, A ), <, — 180) then //corresponding to area 3 in figure 55b

14 6 =|(), +180) - (), — 180)|

15: end if

16: return:

Function 9 - Calculate heading change and direction of change

C.2.2.8 Calculate the wind component

360° Yy 3?0
\
~ \ ~
! . P
\ HW
270° —— 90° 270°<
Oy
\
\
\
{
| VA y
180° Y 180°
(a) Headwind (b) Tailwind

Figure 56 — Two different wind configurations

360° 360°

360°

Y
270° 90° 270° 90° 270° 90°
180° 180° 180°
(a) P <90 (b) 90 < <270 (c) 270< )
Figure 57 - Three orientations with different wind calculations
Function Fy, ({y, )
Argument State space Unit  Description
Py {0, 360] deg Direction from which the wind originates, with respect to true north
1/7 {0, 360] deg Magnetic direction in which the longitudinal axis of the aircraft is pointed
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Variable State space Unit  Description

Angle between 1 and 1), i.e. the wind component angle. 8, > 0 denotes

6, -90, 90 de o
W [ ] € tailwind and 8,, < 0 denotes headwind
Parameter Value Unit  Description

%4 13 deg Magnetic variance at Rome Fiumicino
1: 1[) +=V
2: if (Y <90 A 90 + P < Uy, < 270 + 1)) then //corresponding to area 2 in figure 57a
3 By= 1)+ 180) |
4. elseif (90 < l;[J <270A IIJW > lﬁ + 90) then //corresponding to area 2 in figure 57b
5 éwz |¢_(1pw_180)|
6: elseif (90 < lﬁ <270A l/jw < l[j —90) then //corresponding to area 3 in figure 57b
7. By = |19 - (P +180)|
8 elseif (270 < l/j A 1/)V -270< l/jw < l/j —90) then //corresponding to area 2 in figure 57¢
o: =1 — (h, + 180)|
10: else if (1) < 90 A Y, < 90 + ) then //corresponding to area 1 in figure 57a
1 §w=-|ll7—1l7w|
12: else if (l/)v <90 A l/)vw >270+ l,l)v) then //corresponding to area 3 in figure 57a
13 By =-1(p +180) - (Y, — 180)|
14: elseif (90 < IZJ <270A |1ZJ - J’wl < 90) then //corresponding to area 1 in figure 57b
15: éwz'llp_lpvwl
16: else if (270 < l[j A 1/jw < lﬁ —270) then //corresponding to area 3 in figure 57¢
17 By=-1( - 180) - (b, + 180)|
18: else if (270 < Y A, > P — 90) then //corresponding to area 1 in figure 57c
19: §w='|1z;_1pw|
20: end if

21: return: 6,

Function 10 — Calculate wind component angle

C.2.2.9 Get wind speed at specific altitude

Function F, (%)

Argument State space Unit Description

A R, ft Specific altitude layer to return the wind speed for
Variable State space Unit Description
v R Kt Set of wind speed variables that were assigned for multiple altitudes in action 1
w + in appendix C.3.3
Ty R, kt Wind speed at a specific altitude Z, obtained after applying linear interpolation
1: if (0 < Z < 2000) then
2. ﬁw — ,UVFVLOOO +(2-0)- (vVFvLozo _ UVFVLOOO) / (2000 - 0)
3: elseif (2000 < Z < 3000) then
4: Ty = VEO20 4 (= 2000) - (172030 — 1yf192°) / (3000 — 2000)
5. continue likewise
6: else if (30000 < Z) then
7 T, = viB00
8: end if
9: return: 7,

Function 11 — Return wind speed at specific altitude
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C.2.2.10 Get wind direction at specific altitude

Function Fy, (Z)
Argument State space Unit Description
Z R, ft Specific altitude layer to return the wind direction for
Variable State space Unit Description
v (0, 360] deg Set of wind direction variables that were assigned for multiple altitudes in
action 1 in appendix C.3.3
B (0, 360] deg YVind dire.ction at a specific altitude Z, obtained after applying linear
interpolation
1: if (0 < Z<2000) then
2 = PR+ (2= 0) - Fy(i™, i) / (2000 - 0)
3: elseif (2000 < Z < 3000) then
4 Py = PHO2 + (F = 2000) - Fo (2, %) /(3000 — 2000)
5: continue likewise
6: elseif (30000 < Z) then
8: end if
9 if (i, > 360) then
10: 1, =360
11: else if (), < 0) then
12: ), +=360
13: end if

14: return: Y,

Function 12 — Return wind direction at specific altitude

C.2.2.11 Calculate ground speed

Function F,_(Z, U, )

Argument State space Unit Description
Z R, ft Altitude of aircraft
Tins R, kt Indicated (calibrated) airspeed of aircraft
P (0, 360] deg  Heading of aircraft
Variable State space Unit Description
Ugs R, kt Ground speed
Tras R, kt True airspeed at altitude Z
Dy R, kt Wind speed at altitude Z
T c R kt Wind speed component of #,, parallel to }
6, [-90, 90] deg Wind component angle (function 10)
P, (0, 360] deg  Wind direction at altitude Z
Vrps = Cras(Vins) Z)
By = %, (2)
Pu = Fy, (2)

éw = :Few(lpw' Ip)

Vgs = Unas + Dwc

N v ok w N R

return: U

By = Dy - cOs(By, - T / 180)

Function 13 — Calculate and return the ground speed of an aircraft
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C.2.2.12 Calculate “direct” bearing

Function atan2(y, X)

Argument State space Unit Description

¥ R NM y-position of a certain point in the simulation environment
X R NM X-position of a certain point in the simulation environment
Variable State space Unit Description
g (-m, m] rad Bearing of (X, ¥) seen from (0, 0) or relative to a different coordinate

1: if (X >0) then

2 6 = arctan(y/X)

3: elseif (X <OA ¥ 20)then
4 6 = arctan(y/X) + o

5: elseif (X <0 A ¥ <0)then

6 6 = arctan(y/X) - 1

7: elseif (X ==0A y >0) then
8 0 =%

9: elseif (¥ ==0A y <0) then
10: 0 =-%r

11: elseif (X == 0 A ¥ == 0) then
12: @ = undefined

13: end if

14: return: 6

Function 14 — Calculate the “direct” bearing between two points in the simulation environment

A
*(X,¥)
/ %
/
.\ ,
S, o
\\6
< » X
7
// \
2 \
s
. %
3 .
» ’
v
y

Figure 58 — atan2(¥, X) returning angle 8

(¥o, ¥o)

Figure 59 — Overview of the arguments, variables and parameters that correspond to functions 15 and 16
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C.2.2.13 Calculate “tangent” bearing

Function Fy, (1, Xo, Yo, o, Vo, 17)

Argument State space Unit  Description
P {0, 360] deg Initial reference heading to start turning from
X, R NM Initial x-position, i.e. point of origin
Vo R NM Initial y-position, i.e. point of origin
X R NM Desired x-position, i.e. point of destination
Vo R NM Desired y-position, i.e. point of destination
Variable State space Unit  Description
d R, NM Distance (tangent) between (X, ¥;) and (X,, ¥,)
d, R, NM Distance that has been travelled over the circular arc
dc R, NM Distance (direct) between (¥, ¥,) and (X, )
d. R, NM Distance (direct) between (X, ¥,) and (X, ¥:)
czo R, NM Distance (direct) between (X,, ¥,) and (X,, V)
X R NM x-position of the centre of the turning circle
Xe R NM x-position at which the turning movement should be terminated
Ve R NM  y-position of the centre of the turning circle
Ve R NM  y-position at which the turning movement should be terminated
@ R rad  Angle between i, and
B {0, 360] deg  Angle that the aircraft has turned during the turning movement
5@ [-180, 180] deg  Angle between ¥ and 1,
VJ,D [-180, 180] deg  Angle between ) and 1,
P, {0, 360] deg  Bearing (direct) of (X,, y,) seen from (X, ;)
1/3C (-m, m] rad Bearing (direct) of (X, y.) seen from (X, ¥,)
A {0, 360] deg Bearing (direct) of (X, ) seen from (X,, ¥,)
Pe (-m, m] rad Bearing (direct) of (X, ¥:) seen from (X,, V)
Py R rad Bearing (direct) of (X,, J,) seen from (X, )
Parameter Value Unit  Description
dpy 1 NM Minimum distance that is required between (X, ) and (X,, ¥,) before a
tangent distance is calculated, otherwise a direct distance is considered
0, 1 deg Minimum angle that is required between 1 and 1, before a tangent distance is

calculated, otherwise a direct distance is considered

L 1130 = Chee(atan2(y, — ¥,, X, — X))
g
d
&A = l/jD

if (16,1 >6,Ad >dy,) then

L P N D
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7y = Folth, Pp)
= ‘/((fo - fo)2 + (}7D - yo)z)

if (95,2 0) then

Vo =CoS()-m /2
else if (6 < 0) then

Yo = CUS(P) +1 /2
end if
Xe=Xo—17- COS(I/)VO)
Ve = Yo =17 - sin(y)
de=V((X, - %c)z + (Y- yc)z)
&E = V(‘zcz - T'TZ)
P = atan2(¥c = o, X = Xo)
@ = asin(r; / d.)
Ye =
if (65,2 0) then
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19: 1/3E +=a

20.  elseif (< 0) then
21: lz}E =

22 end if

23t ¥, =Xy +dg - cos(P)

24: Ve=¥p+ dE : Sin(lzjs)

25: l/jA = Cpec (atan2(i, — ¥, X, — X))

26 Oy, =Fol, )

27: if((0,20A0520)V(Fy <06y <0)) then

28: B =161

20 elseif((85,20A8;<0)V(Fy<0A8y>0) then
30: B =360—|6y,1

31: end if

32: d,=2-m-1r- /360
332 d=d.+d,

34: end if

35: return: IIJA

Function 15 — Calculate “tangent” bearing between two points in the simulation environment

C.2.2.14 Calculate “tangent” distance

Function F,(1, Xo, Vo, Xo, Vo, ;)

See function 15 for information about the arguments, variables and parameters used
L ?lpA(l/)l 5501 5”01 XD' }70: rr)
2: Return: d

Function 16 — Calculate “tangent” distance between two points in the simulation environment

C.2.2.15 Determine the required wake vortex separation distance

Function F, (W, I¥},)

Argument State space Unit  Description

w, W - The WTC of the preceding aircraft
W, W - The WTC of the succeeding aircraft
Variable State space Unit  Description
S5 R, NM Required wake vortex separation distance between W, and 7,
Parameter Value Unit  Description
Swm 3 NM Wake vortex separation minima between MEDIUM and MEDIUM WTCs
Shm 5 NM Wake vortex separation minima between HEAVY and MEDIUM WTCs
S 3 NM Wake vortex separation minima between MEDIUM and HEAVY WTCs
Sun 4 NM Wake vortex separation minima between HEAVY and HEAVY WTCs
L if (W, == W, AW, == W,) then
2: §s = Sum
3: elseif (W, == W, AW, == W,,) then
4: §s = Sym
5. else if (W, == W, A W, == W) then
6: Ss = Swm
7. elseif (W, == W, A W, == W,) then
8: §5 = Shn
9: endif

10: return: §
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Function 17 — Return ICAO wake vortex separation distance between aircraft pair

C.2.2.16 Floor function

The floor() function returns the largest integer less than or equal to a given number. The floor() can be mathematically
described as max{m € Z| m < x}, where x € R.

C.2.3 Statechart: communication of capacity updates

The communication between agents about capacity updates has been modelled similarly. The concerned agents can
either send or receive capacity updates. This section provides a general description of how this specific
communication has been modelled and is meant to prevent duplicate descriptions in the model specification.

9.3.1.1 Sending a capacity update

The sending of a capacity update is modelled using the structure of the |Contact with agent about capacity update|
|sending agent| statechart (figure 60). All the statecharts of the multiple agents that are related to the sending of a
capacity update have a similar structure as that of the | Contact with agent about capacity update||sending agent|
statechart.

(no contact required with agent)
Represents the situation in which there is no need to send a capacity update to another agent, i.e. the sending agent is
not informed about a capacity change or has not observed a change in the weather conditions at the airport.

(contact required with agent)

Represents the situation in which the situation awareness of the agent has been updated with the changed weather
conditions. This update can be achieved either by observation or by communication. The notified agent will
immediately try to contact the agent(s) that should also be informed about the changed capacity at the airport.

(agent has been informed)
Indicates that the capacity update has been sent to the receiving agent, which marks a finished and irreversible
communication between the two concerning agents about the capacity update.

; Contact with agent about capacity update

Cno contact required with agent)

t

( contact required with agent )

t

( agent has been informed )

Figure 60 — | Contact with agent about capacity update|[sending agent]
Transition t,

Transition t; is taken once the sending agent has been informed about either changed weather conditions or a
capacity update

Transition t;

Transition t, models the time period that is required by the sending agent to make contact and to inform the receiving
agent about the capacity update. The durations of all capacity updates have been modelled with the same
distribution. This time period comprises both the sending of the capacity update and the reception of a confirmation
from the receiving agent.

e Timeout:

e Action:

L t”“F = L('utml:’ o-th’ ller)
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9.3.1.2 Receiving a capacity update

The receiving of a capacity update is modelled using the structure of the | Contact with agent about capacity update |
|receiving agent| statechart (figure 61). All the statecharts of the multiple agents that are related to the reception of a
capacity update have a similar structure as that of the |Contact with agent about capacity update||receiving agent|
statechart.

(on stand-by for capacity update)
Represents the situation in which the receiving agent
waits for an incoming message from the sending agent

. ; Contact with agent about capacity update
about a capacity update.

("on stand-by for capacity update )

(capacity update received)
Indicates that the receiving agent is informed about the
reduced runway capacity at the airport, which marks C

the finished and irreversible contact between the Figure 61 — | Contact with agent about capacity update|[receiving agent]
receiving and sending agent.

4

capacity update received )

Transition t,
Transition t; is taken once the sending agent has informed the receiving agent about a capacity update.

C.3 Environment

C.3.1 Coordinate system

The simulation environment is built on a local tangent plane, which prevents the necessity to take into account the
curvature of the earth. This assumption is valid, since the considered approach sectors are relatively small. All
positions/coordinates are in the model specified according to the coordinate system as applied in AnylLogic (figure 62)
to make the specification and implementation more consistent. The positive direction of rotation is clockwise in the
coordinate system as applied in AnyLogic. The axis origin, i.e. the origin of the simulation environment is defined at
coordinate 42°53'22"N 10°46'41"E.

[-%
p=)
o0
c
£
£
<]
a

Figure 62 — Coordinate system used in AnyLogic

C.3.2 Parameters

Tables 26-27 provide all the relevant parameter values of the multiple significant points. The coordinates of each
significant point in the xy-plane relative to the axis origin are defined by the Haversine formula.

Haversine formula

Argument State space Unit  Description

A, [-180, 180] deg  Longitude of the significant point
Doy [-90, 90] deg Latitude of the significant point
Variable State space Unit  Description
X, R NM x-position of the significant point relative to the origin (0,0)
Vi R NM  y-position of the significant point relative to the origin (0,0)
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Parameter Value Unit  Description
v 0.539956 - [km] to [NM] conversion factor
e 6371 km Radius of the earth
Ar 10.77806 deg Longitude of the reference coordinate, i.e. the specified origin
Or 42.88944 deg Latitude of the reference coordinate, i.e. the specified origin

1 X%, =1 -2asin(V(cos(q,) - cos(@g) - sin?(%A,, — %A.))) - fkM //arcsin is in radians

2: j, =1 - 2asin(V(sin®(%@,, — %g))) - fiM //arcsin is in radians
3: return: X,, y,

Function 18 — Adjusted Haversine formula to calculate the coordinates of each significant point within the xy-plane relative to the origin (0,0)

Parameter Value Unit  Description
dWTHRrWS,k Table 29 NM Distance between wy,, and wg, along the legs of the STAR procedure
— 10.7 NM Distance between wy,; and wi
ki, s Table 28 - Waypoint (number) that specifies wg
k,S,S Table 28 - Waypoint (number) that specifies wg,
ks Table 28 - Waypoint (number) that specifies wg,
ks Table 28 - Waypoint (number) that specifies wg
ky. s Table 28 - Waypoint (number) that specifies wgy,
K. 13 - Number of waypoints in S;, including the entry point
K, 12 - Number of waypoints in S,, including the entry point
My, Table 29 - Name of wg (only used for clarification in the table 29)
Ny Table 27 - Name of wg ;4 (only used for clarification in the table 27)
Viasws Table 29 kt Speed limit (IAS) at wg
Vias,ws Table 27 kt Speed limit (IAS) in holding stack
Vinsw,e 200 kt Speed limit (IAS) at w
A1, 185 kt Go-around speed
Wek Table 29 NM  x-position of wg
Xwgpn g, NM  x-position of wg,, where k ==k,
w5 Table 29 NM  x-position of w; g,
Xw,,s, 42.0 NM  x-position of wy, s
Xw,s, 55.0 NM x-position of wy, 5,
Xy o0 81.0 NM  x-position of w;_g ,
Xwigs, 2 54.0 NM  x-position of w_g ,
Xwigs,n 30.0 NM  x-position of w_g, ,
Xwigs,2 74.0 NM x-position of w g, ,
Xwygs, 54.0 NM x-position of wy_g,
X, 74.0 NM  x-position of wy_g,
Xwgpy, Table 27 NM  x-position of wg
Xwg o Table 27 NM  x-position of wg
X, 62.6 NM x-position of w;
Xy 65.8 NM  x-position of wy,
Xwyer, 66.1 NM  x-position of wyp
X st 66.2 NM  x-position of wygr,
Ywgy, Table 29 NM  y-position of wg,
Ywsum Yws NM  y-position of wg,,, where k ==k, ¢
Ywiy s Table 29 NM  y-position of wy, g,
Ywi,s, 19.0 NM  y-position of wy, g,
Ywi,s, 15.0 NM y-position of wy, g,

150



MASTER OF SCIENCE THESIS REPORT

Yy, 32.0 NM  y-position of w g ,
Ywigs,2 68.0 NM y-position of Wi s,
Vw5, 48.0 NM y-position of Wi, 5,1
Vw52 74.0 NM  y-position of w g, ,

Ywigs, 68.0 NM  y-position of w_g,

Yw,s, 62.0 NM  y-position of w g,

Yws Table 27 NM  y-position of wgy,

Ywsio Table 27 NM  y-position of wgy .

Yw,e 56.5 NM y-position of w;

Yo 66.7 NM  y-position of wy,

Yvnsr 67.8 NM  y-position of w,p,

Vs 68.1 NM  y-position of wyg,

Zyg, Table 29 ft Altitude constraint at wg

Zys Table 27 ft Altitude (minimum) in holding stack

Zy, 3000 ft Altitude constraint at wy;

z,, 2000 ft Go-around altitude

W Table 29 deg  Longitude of wg,

A 12.1903 deg Longitude of w;

A 12.2614 deg  Longitude of wy;

Awsry 12.2692 deg  Longitude of wy

Aers 12.2717 deg  Longitude of wye,

Pws, Table 29 deg  Latitude of wg,

O, 42.0158 deg  Latitude of w

Pure 41.8458 deg  Latitude of wyy,
Puvery 41.8275 deg  Latitude of wyp
Puery 41.8217 deg  Latitude of wyg,

Y, Table 29 deg Magnetic track of wg, i.e. bearing of wg, seen from wg,_;
Yo, Table 27 deg  Magnetic track of the inbound leg towards wg
Vg o Table 27 deg Magnetic track of the outbound leg towards wg
Yo 161 deg Magnetic track of wy,, i.e. bearing of wy,; seen from w;,
Y 191 deg Magnetic direction of both wy, and wyg,

Table 26 — Multiple parameter values that describe essential information about each significant point in the model.

W, Ws,H,I Ws,H,0 Y Ws,H,1 Y Ws,H,0 Z; Ws,H leS'WS,H I'DWS,H,I wws,y,o

s, S, |s Ss|s sls s|[s s s s |s s |s o os|s s
H|H,|GOPOL RAVUX[35.5 69.0(28.3 62.2[33.2 28.8| 36.2 25.0 | 9000 10000| 220 220 | 96 276|148 328

Table 27 — Parameter values that define holding H (H € H) of S (S € S), i.e. wsy, and wg o

k14,5 kl;,S klg,s kIm,S ku;,s
S, S, |s s, |s, s|s s|s s,
8 719 8|5 4|4 3|2 1

Table 28 — Waypoint numbers of the STAR procedure that define a specific instruction or airspace section
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nWS,k (pWS,k z W5,k X Ws k Y Ws,k
S5 S, S5 S, S5 S, S5 S, S5 S,
0 XIBIL RITEB | 42.7969 42.6986 | 10.9839 12.1636 9.1 61.0 9.6 15.5
1 IPLEK  RAVUX | 42.5442 42.4764 | 11.5167 12.3411 | 32.6 69.0 | 24.7 28.8
2 | GOPOL LIGBU | 42.4036 42.3614 | 11.5828 12.4325 | 355 73.1 | 33.2 35.7
3 | GIXOM ESALU | 42.2619 42.2197 | 11.6489 12.4922 | 385 75.8 | 41.7 44.2
4 | USIRU VAKAB | 42.0475 42.1850 | 11.7411 12.3422 | 42.7 69.2 | 54.6 46.3
5 | GIPAP RF442 | 42.0831 42.2644 | 11.8906 12.3086 | 49.3 67.7 | 52.4 415
k 6 | RF422 RF443 | 421625 42.3439 | 11.8567 12.2753 | 47.7 66.2 | 476 36.8
7 | RF423  RF444 | 42.2419 424236 | 11.8228 12.2417 | 46.2 64.6 | 429 320
8 | RF424 RF446 | 42.3211 42.3886 | 11.7886 12.0911 | 44.7 58.0 | 381 341
9 | RF426 RF447 | 42.3567 42.3089 | 11.9386 12.1250 | 51.3 59.5 | 36.0 389
10 | RF427 RF448 | 42.2772 42.2294 | 11.9725 12.1586 | 52.8 61.1 | 40.8 43.6
11 | RF428 EXAMA | 42.1978 42.1500 | 12.0064 12.1922 | 543 62.6 | 455 48.4
12 | SUVOK N/A 42.1183 N/A 12.0403 N/A 55.9 N/A | 50.3 N/A
Zwg,, Vins l/JWS,k WrHR WS k lez,s,k Y Wi, sk
S, S, S, S, S, S, S, S, S, S, s, S,
0 | 19000 17000 250 250 N/A N/A 123.2 952 | N/A  N/A | N/A N/A
1 9000 10000 250 230 122 148 95.2 79.7 46 98 6 24
2 9000 9000 250 230 159 148 86.3 71.7 7 99 42 33
3 9000 6000 230 220 159 161 77.3  62.7 6 103 52 50
4 6000 6000 220 220 161 251 63.7 55.8 5 80 63 64
5 6000 6000 220 220 71 341 56.8 50.8 52 70 72 22
k 6 6000 6000 220 220 341 341 51.8 45.8 32 70 31 22
7 6000 6000 220 200 341 341 46.8 40.8 32 70 31 22
8 6000 6000 200 200 341 251 41.8 33.8 32 52 31 16
9 6000 6000 200 200 71 161 34.8 28.8 46 74 18 62
10 | 6000 6000 200 200 161 161 29.8 23.8 54 74 68 62
11 | 6000 4000 200 200 161 161 24.8 18.8 54 74 68 62
12 | 4000 N/A 200 N/A 161 N/A 19.8 N/A 54 N/A 68 N/A

Table 29 — Multiple parameter values that describe essential information about wg,

C.3.3 Wind model

Variable State space Unit Description
vy R, kt Wind speed random variable at altitude z *
Yz {0, 360] deg Wind direction random variable at altitude z *
Parameter Value Unit Description
Av,, 5 kt Wind speed margin that is both added to and subtracted from the mean
Hozs where the total range is used to pick a random sample from
Ay, 20 deg Wind direction margin that is both added to and subtracted from the mean
Moz, where the total range is used to pick a random sample from
oz Table 31 kt Mean (i.e. baseline) wind speed at altitude layer z *
Kz Table 31 deg Mean (i.e. baseline) wind direction at altitude layer z *

* where z is expressed in flight levels, corresponding to the flight levels that are provided in table 31.

Table 30 — Parameters that describe the default wind speed and -direction at a specific altitude layer
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Koz Hyg
FLOOO 6 220
FLO20 7 210
FLO30 6 210
FLO50 3 135
FLO64 3 340
FL100 16 340
FL140 20 350
FL180 20 10
FL240 28 360
FL300 18 10

Table 31 — Wind speed and -direction data that corresponds to a specific altitude layer (flight level), serving as default input for the wind model

B = | Uy = Btk oo + AV |

B = | Uty gy = ATk oo + AV |
continue likewise

B0 = | Ulptygooo = Ak, Moo + AT
Y0 = F, (Ulptygoro = Ay, iygpom + Athy)
P = oy (Ulkyon = B gy + B3h)
continue likewise

PR = Fy (Ul — Dby, ygom + Athy))

Action 1 — Assigning values to the wind speed (vZ) and wind direction ()Z) variables, chosen from a uniform distribution u(l, )

e LI U

Function Fy, (1))

Argument State space Unit  Description
P, R deg  Wind direction that will be corrected if found to be outside the range (0, 360]
Variable Statespace Unit Description
l/jw,c (0, 360] deg  Corrected wind direction
1/3w,g= l/jw
if (Y, > 360) then
Py -= 360
else if (1, < 0) then
Py, += 360
end if
return: J)W,C

No v wnNRe

Function 19 — Correct wind direction when being outside of the viable range of (0, 360]

C.4 Executive controller

C.4.1 Variables, parameters and sets

Some of the variables in table 32 below are dependent on and defined by the STAR procedure that a; is/has been
operating (i.e. $%°¢), by the specific waypoint where a; is referenced to (i.e. k%€) or by a specific index that defines the
significant point where a; will be vectored to when flying the vector inbound IF instruction (i.e. N%°). These dependent
variables contain the subscripts “S”, “k”, “N” respectively, where § = §%¢, k = k%‘ and N = N%°,
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Variable Statespace Unit Description
as A° - Aircraft where c is in contact with
af A€ - Aircraft that is available/required to receive I (I € I°), as identified by ¢
bf‘,j Boolean - Boolean that indicates if a; is available for a vector inbound STAR instruction
b:‘,j Boolean - Boolean that indicates if a; is available for a vector inbound merge instruction
bf‘,f Boolean - Boolean that indicates if a; is available for a vector inbound IF instruction
paic Bool Boolean that indicates if a; is available for a vector inbound trombone instruction
oolean -
A with respect to both a,; and as;
Pl Boolean Boolean that indicates if a; is available for a vector inbound trombone instruction
Al with respect to a,;
psic Boolean Boolean that indicates if a; is available for a vector inbound trombone instruction
Al with respect to as;
bf}fo Boolean - Boolean that indicates if a; is available for the handover to ARR instruction
b:\l‘,f1 Boolean - Boolean that indicates if a; is available for the handover to TWR instruction
bf‘,fz Boolean - Boolean that indicates if a; is available for the handover to GND instruction
b:‘,fs Boolean - Boolean that indicates if a; is available for the landing clearance instruction
bf’,fs Boolean - Boolean that indicates if a; is available for the holding entry instruction
b:‘,; Boolean - Boolean that indicates if a; is available for the holding exit instruction
b:‘,; Boolean - Boolean that indicates if a; has a separation minima conflict with a, ;
b:}; Boolean - Boolean that indicates if a; has a desired spacing conflict with a, ;
bf‘,; Boolean - Boolean that indicates if a; requires a vector outbound merge instruction
b:}; Boolean - Boolean that indicates if a; has a separation minima conflict with a,;
b:?; Boolean - Boolean that indicates if a; has a desired spacing conflict with a,;
bs;: Boolean - Boolean that indicates if a; requires a vector outbound trombone instruction
b:,",'i Boolean - Boolean that indicates if a; requires a go-around instruction
b:‘,fs Boolean - Boolean that indicates if a; requires a holding entry instruction
b:f,’i Boolean - Boolean that indicates if a; requires a holding altitude instruction
dZ"'WCSk R, NM  Distance (tangent) between a; and wg
f,lf‘fsﬂll R, NM  Distance (direct) between a; and wg y,
SLWCIF R, NM  Distance (direct) between a; and wy
\',l’wch R, NM  Distance (via) between a; and wie via wg,,
ooyt R, NM  Similar description as d,., , but applied to a,;
dyert R, NM  Similar description as d,}, , but applied to a,;
d\',l_"';m R, NM  Distance between a; and wy,, defined by the operational state of q;
— R, NM  Similar description as d,, , but applied to a,
dyst R, NM  Similar description as d,, , but applied to a,,
dm:k R, NM  Similar description as dy, , but applied to a;;
a; R NM  Similar description as d.’ , but applied to a,;
V,WrhRr + V,WTHR 4,1
\‘,Zf,,‘T:R R, NM  Similar description as dyi, , but applied to as,
::/L;II':R:WS,k R, NM  Distance between wy,, and wg, along the legs of the STAR procedure
I¢ I¢ - Instruction that is (“currently”) instructed by c to a;
[ % I - Last instruction that has been instructed by c to q;
jgif N, - Index of a; in A,
Jar N, - Index of a; in A
j,‘;;'c N, - Index of q; in A
Jaey N, - Indexof a;in Agy
K% N, - Number of waypoints in S%¢
k®c [0, K%<] - Current waypoint number of §%¢
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k7;§ [0, K%<] - Waypoint (number) that corresponds to wg o
kZ""E [0, K<) - Waypoint (number) that corresponds to wy,
kf;; [0, K%“] - Waypoint (number) that corresponds to wg
kii(;,cs [0, K%€] - Waypoint (number) that corresponds to ws
kZi;.CS [0, K%<] - Waypoint (number) that corresponds to ws y,
fioe R, s Minimum value of ¢ as defined by M¢
I R, s Minimum value of t{ as defined by M€
fon R, s Minimum value of t&, as defined by M€
fon R, s Minimum value of t§,, as defined by M*
Mce M - Current contextual control mode of ¢
Nawe N, - Index that defines to which w,_g v a; will be vectored
(O N, - Number of aircraft that are currently flying vector outbound merge
s R, NM  Actual spacing between a; and a, ;
sg 2 R, NM  Actual spacing (direct) between q; and a,;
5\7 2 R, NM  Actual spacing (via) between q; and a,;
s%c R, NM  Actual spacing between a; and a;;
§%anc R, NM  Actual spacing between a; and a,;
§%si€ R, NM  Actual spacing between q; and as;
ssa”'c R, NM  Separation minima between a; and a;
s R, NM  Separation minima between a; and a,;
ssa e R, NM  Separation minima between a; and a;;
ssa 4 R, NM  Separation minima between a; and a,;
ssa s R, NM  Separation minima between a; and as;
sy R, NM  Desired spacing between a; and a, ;
sl‘f 2 R, NM  Desired spacing between a; and a,;
sljl e R, NM  Desired spacing between a; and as;
sj 4 R, NM  Desired spacing between a; and a,;
sf s R, NM  Desired spacing between a; and a;
Sac S - STAR procedure that is/has been operated by q;
15;11'['61 R, s Default time buffer between a; and a, ; as applied by c,
t:”’cz R, s Default time buffer between a; and a, ; as applied by c,
t:1""£3 R, s Default time buffer between a; and a, ; as applied by c,
t;l““ R, s Default time buffer between a; and a,; as applied by c;
£ R, s Default time buffer between a; and a,; as applied by ¢,
tioe R, s Time period required by c to identify tasks
tis R, s Time period required by ¢ to send instruction to a;
tén R, s Recurrence time period of the scanning practice of c, i.e. event &,
téo R, s Time period required by ¢ to schedule the identified tasks
vel© R, kt  Ground speed of a;
vt R, kt  Ground speed of as;
e R, kt  Indicated (calibrated) airspeed of a;
vli"s_l R, kt Instructed indicated airspeed
Vintws, R, kt  Speed limit (IAS) at wg
Uﬁé’;,w R, kt  Speed limit (IAS) in holding stack
W awe W - WTC of q;
W @i W - WTCof a,;
W e w - WTCofa,,
W asi€ W - WTC of a;;
W aic W - WTC of a,;
W asi< W - WTC of as;
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NM
NM
NM
NM
ft
ft
ft
ft
ft
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deg
deg
deg
deg
deg
deg
deg
deg
deg
deg
deg
deg
deg
deg
deg

x-position of a;
x-position of wg
x-position of wg
x-position of wy, g
x-position of wy, s
x-position of w;_gy
x-position of w;_
x-position of wg,
y-position of a;
y-position of wg
y-position of wgy,
y-position of w;, g
y-position of w;, ¢
y-position of w; gy
y-position of w;_¢
y-position of wg,
Altitude of a;

Instructed altitude
Altitude constraint at wg
Altitude (minimum) in holding stack
Required altitude in holding stack

Angle between i,

w, and . i.e. interception angle at w;

Mean value of t; as defined by M¢

Mean value of tS as defined by M¢

Mean value of t,, as defined by M*¢

Mean value of t§,, as defined by M€

Standard deviation of t; as defined by M¢

Standard deviation of tS as defined by M¢

Standard deviation of t&, as defined by M¢

Standard deviation of t$,, as defined by M¢

Heading direction of a; with respect to magnetic north
Magnetic track of wg,, i.e. bearing of wg seen from wg,_,
Magnetic track of wg 4, i.e. bearing of wg ., seen from wg
Bearing (tangent) of ws seen from a;

Bearing (direct) of wg . seen from q;

Bearing (tangent) of w;, 5, seen from a;

Bearing (direct) of w,, 5, seen from q;

Bearing (tangent) of w;, ¢ seen from a;

Bearing (direct) of w;, ¢ seen from q;

Bearing (tangent) of w;_s y seen from a;

Bearing (direct) of w;_g v seen from a;

Bearing (tangent) of w;_ seen from a;

Bearing (direct) of w;_g seen from a;

Bearing (tangent) of w; seen from q;

Bearing (direct) of w;. seen from a;

Table 32 — List of variables that belong to the controller agent ¢
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Parameter Value Unit  Description

Maximum allowed number of aircraft that are flying the vector outbound merge
Qo 2 i operation at which holding operations become required

Maximum allowed number of aircraft that are flying the vector outbound merge
Qo 0 i operation at which aircraft may be instructed to exit the holding
t;gq varying S Default time buffer between a; and a, ; as applied by ¢, in reduced capacity mode
t;g'q 10 s Default time buffer between a; and a, ; as applied by ¢, in normal capacity mode
tggfz varying S Default time buffer between a; and a, ; as applied by ¢, in reduced capacity mode
ts_gcz 10 S Default time buffer between a; and a, ; as applied by ¢, in normal capacity mode
t; 15:3 10 S Default time buffer between a; and a, ; as applied by ¢, in reduced capacity mode
t;}f'% 10 s Default time buffer between a; and a, ; as applied by ¢, in normal capacity mode
t‘:zc"f 70 s Default time buffer between a; and a,; as applied by c; in reduced capacity mode
tt;zc'j'c3 15 s Default time buffer between a; and a,; as applied by c; in normal capacity mode
t;zc" 20 s Default time buffer between a; and a;; as applied by c, in reduced capacity mode
t;}f’c" -10 s Default time buffer between a; and a;; as applied by c, in normal capacity mode
t;;i,\',lq 0 s Additional time buffer between a; and a, ; as applied by ¢,
t;;,l'if 0 S Additional time buffer between a; and a, ; as applied by ¢,
t:;‘;z 0 s Additional time buffer between a; and a, ; as applied by c,
t:u;fz 0 s Additional time buffer between a; and a, ; as applied by c,
t;;",\',l% 0 s Additional time buffer between a; and a, ; as applied by c;
t;}w"'f 0 s Additional time buffer between a; and a, ; as applied by c;
t;ﬁi,\',? 10 s Additional time buffer between a; and a,; as applied by c;
toms’ 15 s Additional time buffer between a; and a,; as applied by c,
t;i’j\f" 0 s Additional time buffer between a; and a;; as applied by ¢,
t;fj;f“ 0 s Additional time buffer between a; and a;; as applied by ¢,

Ug 45 deg  Maximum allowed interception angle at w;;
B, 18 deg  Bound that determines whether w; g, or w;_g, should be used

Table 33 — List of parameters that belong to the controller agent ¢

Set Contents Description

A° C A  Sorted list of aircraft that controller c is responsible for. A€ is sorted by d\‘,l_i’waHR
A, C A  Sequence of aircraft that are flying the intermediate- or final approach segment
Ay C A Sequence of aircraft that will be or have been instructed the vector inbound IF instruction, but
which have not yet intercepted w;
Ay, C A Sequence of aircraft that are operating the vector outbound trombone instruction in general
Aps C A, Sequence of aircraft that are operating the vector outbound trombone instruction towards wy_
A s C A Sequence of aircraft that are operating the vector inbound trombone towards wg
A C A Sequence of aircraft that are or have been flying the STAR procedure S
Agy C A; Sequence of aircraft that are flying in holding pattern H
Ic cl Collection of identified tasks/instructions by controller ¢
M {M;, M,} Collection of contextual control modes in which ¢ may operate, where M; represents the tactical
control mode and where M, represents the opportunistic control mode
Ty Collection of recent time points at which instructions have been provided by ¢

Table 34 — List of sets that belong to the controller agent ¢
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Figure 63 — Example scenario that visualizes the use and purpose of some aircraft collections that are used in the model

C.4.2 Initial actions and values

Each controller will initially operate in the (tactical)| Control mode|[c] state. See the entry actions of the (tactical)
state in appendix C.4.5.4 for the initial values of each of the variables that define the performance of the controllerin
this specific state.

Each controller will initially maintain a throughput capacity that is in accordance with the nominal runway capacity.
See the entry actions of the (recovered capacity update received)|Contact with supervisor about recovered
capacity|[c] state in section C.4.5.6 for the initial values of the time buffer variables that are used to maintain the
initial throughput capacity.

C.4.3 Functions

C.4.3.1 Define vectoring accuracy

Function 20 is used to model the inaccuracies and uncertainties of the controller in providing proper (inbound) vector
instructions. The function returns a separation buffer (type Il) that eventually will be added to the ‘estimated’ distance
d.

Figure 64 — Two regions with different vector accuracies as defined by the ‘threshold’ distance

Function %, (d, M)

Argument State space Unit Description
d R, NM Distance between a; and the significant point where a; will be vectored to
M M - Contextual control mode of the controller
Variable State space Unit Description
U, R NM Mean value of §;
Js, R, NM  Standard deviation of §;
Sg R NM Separation buffer (type Il)
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Parameter Value Unit Description

dys, 15 NM Distance (radius) from the significant point where a; will be vectored to,
which marks the boundary between the two regions where different
vectoring accuracies apply

Us,io 0.5 NM  Mean value of §; when d > d,;, and M == M,
Us, i -0.4 NM Mean value of 5, when d > d,s, and M == M,
Hsys0 -0.3 NM  Mean value of §; when d < d,;, and M == M,
Hsy st -0.2 NM Mean value of §, when d < d,s, and M == M,
Os.10 varying NM Standard deviation of 5, when d > d,, and M == M,
Oso11 varying NM  Standard deviation of §; when d > d,;, and M == M;
Os,50 varying NM Standard deviation of §; when d < d,, and M == M,
Os,51 varying NM  Standard deviation of §; when d < d,;, and M == M;
1. if (d >d,y,) then
2 if (M == M,) then
3 Ug, = Usy i1
4 Os, = Osy i1
5: else if (M == M,) then
6 ﬁsa = HUsg L0
7 655 = 0Og, 10
8 end if
9: elseif (d <d,y,)then

10:  if (M == M,) then

11: Us, = Usys1

12: O, = Os, 57

13:  elseif (M == M,) then
14: Us, = Usys0

15: 5’55 = Og.50

16: end if

17: end if

18: Sy = N (i, J5,)
19: return: §;

Function 20 — Calculation of the separation buffer that is used to model the vectoring (in)accuracy

C.4.3.2 Update the assigned positions of vector points

Function 25 is used to model the so-called “opening” vectors. The principle of these modelled “opening” vectors is
visualized in figure 65. Table 35 contains the parameter values that describe how the position of each vector point will
change after a position update.

~

™o
1
1
1
1
|
\
|
1
1
|
1
1
|
\
|

Wsk-1 Ws k+1

Figure 65 — Visualization of the “opening” divergent vectors due to updated positions of the respective vector waypoints
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AxWIZ,S,k o Wi, Sk

S, S, S, S,

0 N/A N/A N/A N/A
1 -5 0 0 -5
2 0 0 -5 5
3 0 0 -5 -5
4 0 5 -5 0
5 -5 0 0 0
k 6 0 0 0 0
7 0 0 0 0
8 0 5 0 0
9 -5 0 0 0
10 0 0 0 0
11 0 0 0 0

12 0 N/A 0 N/A

Table 35 — Parameter values that describe how the positions of each vector point will change after a position update

Function Twlz (S, k)

Argument State space Unit Description
S S - STAR procedure where the to be updated w g belongs to
k [0,..,Ks] - Waypoint number that corresponds to the to be updated w;
Parameter Value Unit Description
Axwlz,&k Table 35 NM Degree by which the x-position of w; g will change after position update
Ayw,zyslk Table 35 NM Degree by which the y-position of w; g, will change after position update
L Xy, tF AxWIZ,S,k

2: ywlz,S,k += AyWIZ,S,k

Function 21 - Position update of the vector point wy, s i

C.4.4 Events

C44.1

Update situation awareness of controller about a;

Event £, models the updating process of the situation awareness of controller ¢ about a; (Vc € C A Va; € A°). This
event collects all essential and required data to identify and instruct the set of defined tasks. The contents of action 2
below provide a structured overview of the multiple subprocesses that are considered in this event. The majority of
these subprocesses are meant to define the feasibility and necessity of the set of identified instructions. The memory
of the controller agent about the feasibility and/or necessity of each instruction is modelled using a number of
Boolean variables. The Boolean variables that are assigned in event £, will eventually be evaluated in the condition
triggered transitions of the so-called SA-statecharts (appendix C.4.5.1).

e First occurrence time: starts immediately

e Recurrence time period: t&,

Event &,

1: tSCCN = [’(#gsm'o}cscw’ gSCN)
2: Update SA of controller about the position and orientation of a;
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e Observe the position of a; relative to wgy,
e Observe the position and orientation of a; relative to the multiple vector points
e Observe the distance between a; and wy;
e Determine the waypoint number k%< during vector outbound STAR operations
3: Update SA of controller about the situation between a; and a, ;
e Find available a,;
e Observe actual spacing between a; and a,;
e Define separation minima and desired spacing between a; and a,;
e  Check vector outbound STAR requirement for q;
e Decideif a; is available for a vector inbound STAR instruction
e Check holding entry requirement for a;
e Decide if a; is available for holding entry
e Decide if a; is available for holding exit
e Check holding altitude requirement for a;
4:  Update SA of controller about the situation between a; and a,;
e Find available a,;
e Observe actual spacing between a; and a,;
e Define separation minima and desired spacing between a; and a,;
e Check vector outbound IF requirement for a;
e Decide if a; is available for a vector inbound IF instruction
e  Check vector outbound merge requirement for a;
e Decide if a; is available for a vector inbound merge instruction
e  Check vector outbound trombone requirement for q;
5. Update SA of controller about the situation between a; and a;;

Find available a;;
e Observe actual spacing between a; and a;;
e Define separation minima and desired spacing between a; and a;;
e Decide if a; is available for landing clearance

6: Update SA of controller about the situation between a;, a,; and a;;

Find available a,; and as;
e Observe actual spacing between a; and a,;, and between q; and as;
e Define separation minima and desired spacing between a; and a,;, and between a; and as;
e Decide if a; is available for a vector inbound trombone instruction
7:  Update SA of controller about handover of q;
e Decide if a; is available for handover to ARR
e Decide if a; is available for handover to TWR
e Decide if a; is available for handover to GND

Action 2 — Updating process of the situation awareness of controller ¢ about a;, where a; € A° (V¢ € C)

Update SA of controller about the position and orientation of a;
The first set of actions are (for the most part) meant to identify and specify the position and orientation of q; relative
to the multiple significant points.

Observe the flight data of a; from the radar screen

1 x%C = x4
2 yai,c - yai
3: z%C=z%
4: lpai,c - ll)ai
. apc _ o a;
5 Vins = Vias
6 V" = B (27, v, )
7. W€ =W%
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8 Suct =g
9 k%t =

Obtain the required data of wg) that corresponds to a;

a;c

10: Xy, = *
a;c

18 Yy, =
a;c

12: 2, =*
a;,c

13: lesw“ *

14: Py, =
a;,c

15 W;,k+1 =*

16: d‘(:’i';SRrWS,k =*

* obtain data in appendix C.3.2

Observe the position and orientation of g, relative to wg

¢ _ AC ar@C Ay AHC A M€ o AiC
17: Y, = Fp (4, 56, Y5, 2,0, Ve 1)
L, @C CRAD a,c ac Ge _ yage
18: %‘m Cots (atan2(y o Y Xy, — XN )
a,c . a;c

a;c
19: dAlek = Td(lpal,c’ x4, yal'c stk' yWSk’ T'T)

wai,c aac

(xai,c’ yai,c)

; Ws k41 {% S,IAF Wie w
—————————————— A * Wrnr
I

1

|

| I
WS,k—l | WTHR Wsk

Figure 66 — Visualization of the variables that are used to define the position and orientation of a; relative to wg

Observe the position and orientation of q; relative to w,,

a;c ;
20: Itl}A,W,F - TI/JA lpalc x4 yal,c’ xw”:l )’w.F, rT)
b, = Coec(@tan2(y,,, =y, x,, —x%°))

22: dpiy = Falh ™, X9, Yy, Xy, Y 1)
a;c a;c a;c a;c a;c
23 dVLWIF Td(ll}al'c auC, yal'c leSMI' yW.lsM\’ ) + V(( WLSM\ WIF) (yW;w B leF)Z)

l/)ai,c

(xai,cl yai,C)

a;,c
Ws,mi’

a;c
Ws,mi

(x

(a) a; directly referenced to w (b) a; referenced to wie via wg

Figure 67 — Visualization of the variables that are used to define the position and orientation of a; relative to w,.
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Observe the position of a; relative to wgy,

24:

die = V((x — xR+ (s~ ye)?)

Observe the position and orientation of g; relative to the multiple vector points

25:
26:
27:
28:
29:

xai,c — %
Wi,,5k

a,c
yWIZSk -
a;c

- AuC o @C 4, A;C
lpAles;c TlPA(lp XY xWIZSk'yWI Sk’ T)

a;,c CRAD a,c a,c L W€ _ 5 FoC
Drle,S,k DEG(atanz(yw, Sk y ' ’lez,s,k ! ))

. a;c
Bauc = TB (lpA,llAle' lprHR

30: if (|B%°| 2 5,) then

3. N%°=1

32: elseif (| %°| < B,) then

33: N%=2

34: end if

35: va"l‘:sw = *

36: y“tjli;CSN =*

37: lpAWI;,SN - V’A(lpauc x®E, y e x;llcsw' le SN’ )
38 Yo, oy = Sé‘(?(atanZ(yﬁj’ZN Y Ko~ )
o = P 0 K, 5 V)

40:
41:

42:

ll’g’;}f, s Cote (atanz(yaucs yal g x;l/ll'cs —x%°))
. . a;c
e = P 00 X0, 5 K 3 )

Ig.
alc RAD _ a,c alf a;c
DWigs DEG(atanz(yw, s Y Xy T X ))

* obtain data appendix C.3.2

WTHR

Figure 68 — The angles that are used by the controller agent to define the specific vector operation and vector point

Observe the distance between a; and wy,;

43:

44:
45:

if (((STAR)|SA operation|[a;, c] A —~(passed final waypoint)|SA STAR progress|[a;, c]) V {vector merge)|SA
operation|[a;, c] V (vector STAR)|SA operation|[a;, c] V {vector outbound trombone phase 2)|SA operation|[a;, c] V
(vector inbound trombone)|SA operation|[a;, c] V (holding)|SA operation|[a;, c]) then

d\(/l,i'\/\fwn = d‘;l;‘T’ERvWS,k + dii’WCs,k

else if ((vector IF)|SA operation|[a;, c]) then
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a6:  dyy =dyn A dy

47: else if ((intermediate approach)|SA operation|[a;, c] V (final approach)|SA operation|[a;, c]) then
a8 dyiy = V(X = X5+ Yy = Y )?)

49: else

50: d\‘II,CvCTHR =0

51: end if

Determine the waypoint number k%°¢ during vector outbound STAR operations

Models the reasoning of the controller agent in defining the most logical and suitable waypoint (ws,) to vector a; to.
This reasoning is based on the classification of a; in one of the two possible zones that are bounded by the so-called
update radials ;;° and yy%’. Both update radials are directed towards wg  of a; and enclose the radial ¥, (circle

sector @ in figure 69). The update radials are defined by the bisector(s) of the radials 1,,/, and 1,,", . The current

waypoint number of a; (k%°) is updated (i.e. incremented) once a; switches zone, i.e. once g, is positioned outside the
region that is enclosed by the two update radials (circle sectors (2) and (3) in figure 69). Note that the directions of the
update radials approach the logic and reasoning that a controller applies when instructing a vector inbound STAR. The

reasoning that has been modelled is applicable at all time and to all kind of trajectories and route structures.

Figure 69 — Visualization of the update radials, i.e. the angles and heading directions that define when the controller will update k¢

Variable State space Unit  Description
e [-180, 180] deg  Angle between " and "

Wsk+1
SfL'C (0, 360] deg Update radial oriented left of the leg between wg,_; and wg,
Sfr;c (0, 360] deg Update radial oriented right of the leg between wy,_; and wg
Parameter Value Unit  Description
T 4 NM Radius that guarantees viable turning movements, >2 - r;
0, 20 deg  Angle that defines the shape of the update radials ;" and ¥, and used to

‘tune’ the size of the area that is enclosed by the two update radials (D)

52: Q%€ = Fyhot hot )

Wsk? TWsk+1

53: Yot =Pyt + Y% + 90— 6,

T PWwsk
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55:
56:
57:
58:
59:
60:
61:
62:
63:
64:
65:

66:

67:

68:
69:
70:
71:
72:
73:
74:
75:
76:
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U = Wy + %% =90 + 6,
if (g < 0) then
51 += 360
else if (" > 360) then
ot -= 360
end if
if (Y5, <0)then
$1¢ 4= 360
else if (1,4 > 360) then
Us -= 360
end if
Oy = FoWoy, Wit
Oy = FolWmny, VU5
if ((vector outbound STAR)|SA operation|[a;, c] A {available for waypoint update)|SA waypoint update history|
[a;c] A (((lel‘:vf <0V G:ZUE >0)Ad >r)vd,s <)) then

AWs AWs

Trigger t, of | SA waypoint update history|[a;, c]

if (k% # K% —1) then
k% C++
k%++

end if

if ((nearing final waypoint)|SA STAR progress|[a;, c]) then
Trigger ts of | SA STAR progress|[a;, ]

end if

end if

Update SA of controller about the situation between a; and a, ;

The second category of clustered actions describe the controller’s situation awareness of aircraft a; and a, ;. This

obtained information is used to decide upon the necessity and feasibility of the vector outbound STAR, vector inbound
STAR, holding entry, holding exit and holding altitude instructions.

Find available a,;

: JX;C = (i{a;} € Ay)
Dy = (i} € Ag )
: if (j,.° > 0) then

a,; = Agljg - 1]
obtain W*.:€ and d

aq,i,C
VWi

: end if

sHhic

Figure 70 — Visualization of the observed actual spacing between a; and a, ;
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Observe actual spacing between a; and a,;

83: if (jgé‘c > 0) then
84: §MiC = dai:C da1,i'C

VWi Vwg
85: end if

Define separation minima and desired spacing between a; and a,;

Variable State space Unit  Description
§:""'C R, NM Separation buffer (type |) between a; and a, ;
£ R, s Time buffer between g, and a, ;

86: if ({a;} € A“) then
87: Eélu'f - tgwﬁ
88: if (W€ == W, A W% ==W,,) then
. @€ A0
89: A
90: else if (W %€ == W, A W %€ == W) then
T
92: end if
93: elseif ({a;} € A2) then
94: E:Livc - t:u'Cz
95: if (W€ == W, A W% ==W,,) then
97: else if (W€ == W, A W% == W) then
YA€ | QqC
98: tB += tB,1MH ’
99: end if
100: else if ({a;} € A%) then
101: E;M,M—' - t::u'f-'s
102: if (W3e€ == W, N W %€ == W,,) then
103: =t
104: else if (W %€ == W, A W %< == W) then
. e B (2 B
105: tB += tB,MH
106: end if
107: end if
108: 5, = v £ /3600

109: if (j,'* > 0) then

110: s = Fy (W, W)
111: end if

112 Sau,c a“-,c \,a”,c

U = SS B

Check vector outbound STAR requirement for a;

113: by;. = false
114: by;o = false
if (jgg'c >0 A ((STAR)|SA operation|[a;, c] V {vector inbound STAR)|SA operation|[a;, c]) A ~(holding})|SA operation|

115:
[a;, c] A =(holding)|SA operation|[a,;, c]) then
16: if (% < 5."") then
117: bey., =true
118: else if (s ™€ < SS”'C) then
a;c
119: by;,, = true

120: end if
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121: end if

Decide if a; is available for a vector inbound STAR instruction

Variable State space Unit  Description

5;1}3‘6 R NM Separation buffer (type Il) between a; and a,; when instructing I
< Qq ;,C i
122: 5, = Fo(dprs o M)

123: b," = false
124: if ((f.* == O A\ (vector outbound STAR)|SA operation|[a;,c]) V 1% == I,) then
125: b, =true

i€
u

<@y
+ 3y

126: else if ((jggc >O0A(s%>s °) A (vector outbound STAR)|SA operation|[a;, c]) V I%¢ == L,) then
127: b, =true

128: else if ((vector required)| SA vector outbound merge requirement|[a;, c]) then

129: b} =false

130: end if

Check holding entry requirement for a;

Variable State space Unit  Description

a A - Iterator, i.e. specific aircraft in A, starting at A[0]
131: by = false
132: @y, =0
133: for (Vd € A) do
134: if ((vector outbound merge)|SA operation|[d, c]) then
135: Qo+t
136 end if
137: end for
138: if (k% < k)" A(Qap, 2 Q. V Ay | >0) A ~(assigned holding entry)|SA holding entry||a;, c]) then
139: by =true
140: end if

Decide if a; is available for holding entry

Parameter Value Unit  Description
i, 1 NM Minimum allowed value of dgf‘fSHl for a feasible holding entry instruction
wwg 5 NM  Maximum allowed value of dy', for a feasible holding entry instruction

141: b, =false
if (k% == k" A ((STAR)|SA operation|[a;, c] V (vector inbound STAR)|SA operation|[a;, c]) A d,,, . <dq,

DWsH1 =

142: )
dyw,, ) V19 == I;5) then
143 b} =true
144: end if
// ¥
\
/ d dl'WS,H,I__ _ \
dai,c A/ UWsH, - e \
Dwspy 1 T 5 o \
T T 17 > \ \
o I \ \
N l | A ) !
T T w T I
\ S,H, / |
\
\ . / I
\ % / /
| \ &3 — & 4 /
\ ~—-=" /

Figure 71 — Distances relative to ws , that are used to determine if a; is available for holding entry
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Decide if a; is available for holding exit

Variable State space Unit  Description

a A% - Iterator, i.e. specific aircraft in A%, starting at A%[0]
b Boolean - Temporary Boolean
s, R., - Multiplier of sf““c describing the rate at which q; exits the holding
ke N, - Current waypoint number of a
kZCS N, - Waypoint (number) that corresponds to wg o
ch N, - Waypoint (number) that corresponds to wg
S“g’,fe R NM Separation buffer (type Il) between a; and a,; when instructing I,
Parameter Value Unit Description
Do, 1 - Minimum allowed value of dgf‘fsm for a feasible holding exit instruction
fsuo 1 - Multiplier of SS”'C describing the default rate at which a; exits the holding
foun 3 - Multiplier of sf“’c describing the adjusted rate at which a; exits the holding
145: “;‘,fs = T;B(dDWsm M°)

146: bA‘,m— false

147: fo = fouo

148: for (Vd € A%) do

19 if (K% == k'S v k% == k]5) then
150: fsy = fopn

151: break

152: end if

153: end for

154: b = false

155: if (j,'* == 0) then

156: b = true

157: elseif (jg*" > 0 A (s%4C > f,, - s+ 50Y)

BI16
158: b= true
159: end if
160: if ((j4"° ==0A b A d[‘f";s > Gowg N Qi < Qyy,, N (straight flight)| Heading control[[MCP a;]) V 1% == I,¢) then
161: bA,m- true
162: end if

Check holding altitude requirement for a;

163: by =false

164: Zyyye, = Zuey

165: if (- (holding)[SA operation|[a;, c]) then
166: ZRWSH wSH + floor(| Ag | / 2) - 1000
167: else if ((holding)|SA operat/onj [a;, c]) then
168:  Zgy,, = Zug, *+ floor(jy” /2) - 1000

Ws,H
169: if (2 = ZRWSH) then
170: b 1, = true
171: end if
172: end if

Update SA of controller about the situation between a; and a, ;

The third category of clustered actions describe the controller’s situation awareness of aircraft a; and a, ;. This
obtained information is used to decide upon the necessity and feasibility of the vector outbound IF, vector inbound IF,
vector outbound merge, vector inbound merge and vector outbound trombone instructions.
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Find available a,;

173: ' = (i{a;} € Ay)
e

174: if UA.: > 0) then

. _ (a;,C
175: Ay = A|F[JAIF 1]
176: obtain W@, g%

177: end if

az i€

d®“ and d

Dwie? VWi VIWTHR

Observe actual spacing between a; and a,;
178: if (j > 0) then
179: s = dosy — dgzw: //figure 72a

if ((vector IF)|SA operation|[a,,;, c] V ((STAR)|SA operation][a,;, c] A (final segment)|SA STAR

180:
progress|[a,; c])) then

. a2iC _ a;C az i€ .
181: s, = dV'Ww - dD,w|F //figure 72b
182: else

a,i,C a;c az,i€ .

183: sz’ = dV.Ww - de/an //figure 72c
184: end if
185: end if

(a) (b) (c)

Figure 72 — Three different types of observed actual separation distances between a; and a,;

Define separation minima and desired spacing between a; and a,;

Variable State space Unit  Description
§;1 2 R, NM Separation buffer (type |) between a; and a,;
£, R, s Time buffer between a; and a,;
186: £, =7
187: if (W% == W, A W %< == W) then
188: Esz""c += t:ﬁ"hfg
189: else if (W %€ == W, A W %€ == W) then
190:  E 4=
191: end if
192: 5% =y £ / 3600

193: if (jg;‘f > 0) then
194 57 = F (Wi, W)
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195: end if
L L€ _GC < @2,i,C
196: Sy e B

Check vector outbound IF requirement for a;

197:
198:
199:
200:
201:
202:
203:
204:
205:

a,c _
b, = false
aic _
b, = false
if (ju.* > 0 A (vector inbound IF)|SA operation|[a;, c]) then
if (557" < 5.**) then
be: =true
else if (s,>" < s,*"°) then
b =true
end if
end if

Decide if a; is available for a vector inbound IF instruction

Variable State space Unit  Description

”gj;c R NM Separation buffer (type Il) between a; and a,; when instructing I,
<2iC _ a;c

206: 5357 = Fs,(dpy, M©)

207: b,y =false

208:
209:
210:
211:
212:

213:

214:

216:
217:

if (j == 0) then
b} =true

az i€ Az, C

else if (j; > 0 A\ (s,™" > 5, +35

<@z iy

6l “) A (vector inbound IF)| SA operation| [a,; c]) then
a;c

b,; =true
end if
if ((b:i,’: N ((STAR)|SA operation|[a;, c] V {vector outbound IF)|SA operation|[a;, c] V ({vector outbound STAR)|SA
operation|[a;, c] A (final segment)|SA STAR progress|[a;, c])) A ~(vector merge)|SA operation|[a;, c] N f%* < ug) V
[%¢ == L) then

by =true

. else

b, = false
end if

Check vector outbound merge requirement for q;

218:

219:

220:
221:

222:

223:
224:

by;: = false
if ((STAR)|SA operation|[a;, c] N\ (base segment)|SA STAR progress|[a;, c] A (not available for vector) |SA
vector inbound IF|[a;, c]) then //figure 73a
by =true
end if
if ((vector STAR)|SA operation|[a;, c] A (base segment)|SA STAR progress|[a;, c] A jgg >0 A (vector merge) [SA
operation|[a, ; c]) then //figure 73b
by, =true
end if
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Ws, mi Ws, Mo W, mi

A"

(a) a; flying STAR procedure (b) a; flying vector STAR

Figure 73 — Two typical configurations between a; and a, ; that require a; to fly a vector outbound merge operation

ecide if a; is available for a vector inbound merge instruction

Variable State space Unit  Description
s N NM Separation buffer (type Il) between a; and a, ;, and between a; and a,; when
Bls instructing I
225: 551 = Fy (dy, ,, MO)

a;c _
226: b,y =false

I a ;¢ auC  wa,
227: if (jg'* == 0V (' > 0 A s, > 5, +37°)) then

v ] Bls
28: b, =true
229: end if
230: if (byfe A (g == 0V (" > 0 A s > 57 + 574)) then
231 b, =true
232: else
233 b, =false
234: end if

235: if (~(vector outbound merge)|SA operation|[a;, c]) then
236 b, =false

237: end if

238: if (/%€ == [;) then

239: b, =true

240: end if

Check vector outbound trombone requirement for a;

Parameter Value Unit  Description

Distance around w that marks the area where conflicting aircraft (a;) will be

d 6
oMie instructed the vector outbound trombone operation

241: by = false
if (((STAR)|SA operation|[a;, c] A ({passed final waypoint)|SA STAR progress|[a;, c] V {(nearing final waypoint})|SA
242: STAR progress|[a;, c])) V ({vector outbound STAR)|SA operation|[a;, c] A {passed final waypoint)|SA STAR
progress|[a; c])) A\ {not available for vector)|SA vector inbound IF|[a;, c]) then
243 by =true
else if ((vector inbound IF)|SA operation|[a;, c] A =(in no conflict)|SA vector outbound IF requirement|[a;, c] A
dpiy. < dy,) then
5. by =true
246: else if ((vector outbound IF)|SA operation|[a;, c] A B > uz) then
247: by =true
248: end if

244:
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| dvan: |
B —

Figure 74 — Example situation in which a; is likely to receive a vector outbound trombone instruction

Update SA of controller about the situation between a; and a;;

The fourth category of clustered actions describe the controller’s situation awareness of aircraft a; and as;. This
obtained information is used to decide upon the necessity and feasibility of the landing clearance and go-around
instructions.

Find available a;;

249: j,° = (i{a;} € Ay
.a;,C

250: if (]A\FA >0) then

_ .a;,c
251 as; = Apaljy,, — 1]
252: obtain W %€, 42>

253: end if

V,WrhR

Observe actual spacing between a; and a;;

254: if (j,' >0) then

. az;¢ — JWC _ gBiC
255: N T
256: end if
as; a;
Wryr . Wie
| Sa3},',c |

Figure 75 — Visualization of the observed actual spacing between a; and as ;

Define separation minima and desired spacing between a; and a;;

Variable State space Unit  Description

< BiC

5, R, NM Separation buffer (type I) between a; and a,;
£ R, s Time buffer between a; and a,;
257: fé’-z,hc — t;z,i'czz
258: if (W%e€ == W, A W% == W) then
) $03,C | 03;C
259: tB += tBj-IM )
260: else if (W %€ == W, A W% == W) then
. $03;C | G3;C
261: tB += tB,?VIH )
262: end if

A3 ;,C LC 03
263: 3,7 = v £ /3600
-,

264: if (j,* > 0) then
265 s = Fy (Wi, W)

266: end if
L LA3C 0 A3;,C  403;C
267: S, =S + Sg
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Decide if a; is available for landing clearance

@ _
268: b,| =false

269: by = false
270: if ((final approach)|SA operation|[a;, c] A jz* >0 A 5% < 5,°*) then

a,c _
271 by =true

272: else if ((final approach)|SA operation|[a;, c] A j,"* == 0) then

X apc _
273 b,; =true

274: end if

Update SA of controller about the situation between a;, a,; and as;
The fifth category of clustered actions describe the controller’s situation awareness of aircraft a;, a,; and a,;. This
obtained information is used to decide upon the feasibility of the vector inbound trombone instruction.

Find available a,; and as;

Variable State space Unit Description
a, Ag - Iterator, i.e. specific aircraft in A, starting at the last item of Ay, i.e. at Ag[| Ag|]

Qs Ag - Iterator, i.e. specific aircraft in Ag, starting at the first item of Ag, i.e. at Ag[0]
e N, - Current waypoint number of d,
ks N, - Current waypoint number of d;

275: for (Vd, € Ag) do //reverse order iteration, starting at the last element of the set
276 if (|As| >0 N Kk™ > kj“s A d, # a;) then

277: A, == Ei4

278: obtain W% and dy &
'WTHR

279: break

280: end if

281: end for

282: if (|A; 5| >0N A, s[|A 5| —1] # a;) then //replace a, ; if there are already aircraft operating the vector inbound trombone
283: a,;==A 1A, s —1]
284 obtain W%:€ and dy %
WTHR
285: end if
286: for (Vd. € A;) do //iteration will start at first element of the set

287 if (k% < kj"¢ A s # a; A ~(vector inbound trombone)|SA operation |[ds, c]) then
288: as; == Qs

289: obtain W<, d,»" and v

290: break

291:  endif

292: end for

Observe actual spacing between a; and a,;, and between a; and a;
293: if (3a,;) then

. ;¢ — JWC
294: st = d\,_wTHR dVWTHR
295: end if
29: if (Jas;) then
297:  s%eC=dr —dy

VWrie | VWi
298: end if

Qq,iC
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i€

< 7 /

Figure 76 — Visualization of the observed actual spacing between a; and a,;, and between a; and as;

Define separation minima and desired spacing between a; and a,;, and between q; and a;;

Variable State space Unit Description
5;1 4 R, NM Separation buffer (type ) between a; and a,;
“: s R, NM Separation buffer (type ) between a; and as;
£, R, s Time buffer between a; and a,;
£ R, s Time buffer between a; and as;
299: 5;14,1'15 - tsLi'Ca
300: if (W€ == W, N W %< == W},) then
. $4iC | _ Q€
301: " =ty
302: else if (W€ == W, A W %< == W) then
303: B 4=t
304: end if
305: §.*" =y £ /3600
306: if (3a,,;) then
307: S;“”'C = F, (Wi, W e
308: end if
309: 534,1"0 — SSaA'i'C + §é14,i'0
310: F,% = ¢
311: if (W%e€ == W, A W %< == W},) then
312: B =ty
313: else if (W< == W, A W% == W) then
314: o =t
315: end if
L xO50C _ | G55C 05
316: §7 = v " £ /3600
317: if (Jas;) then
318: Sgs,uc — TSS(WaS'i'C' Wai,c)
319: end if
L A5iC _ GsC < 0s;,C
320: Su - Ss B

Decide if a; is available for a vector inbound trombone instruction

Variable State space Unit Description

a;,c

Sar, R NM Separation buffer (type Il) between a; and a,; when instructing I,

a;,c _ a;c
321 Syp = :FSB(dA,WS’k, MF€)

ay;,C
322: b, " =false

Algy
323: if (Aa,,;) then
324; bf‘}gc = true

A4,i,C

325: elseif (Ja,; A\ (s> s,

+ s;j’gc)) then

g€ _
326: bA_I9 =true
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327: end if

as ;,C
328: b,," =false
WIg

329: if (Aas;) then

asiC _
330: bA,19 =true

331: elseif (3as; A 5% > sSS""C) then
. i€ =
332: W, = true
333: end if
334: b} = false
235, if ((bZ‘}':c A b:zc A {vector outbound trombone phase 2)|SA operation|[a; c] N |A; 5| >0NA A, ¢[0] == a;) V [%* ==
I,) then
bai,c _
336: 1, = true
337: end if

Update SA of controller about handover of a;
The last category of clustered actions describe the controller’s situation awareness of aircraft a; about its availability
for handover.

Decide if a; is available for handover to ARR

338: b,;. =false
: if ({a;} € A% Vv {a;} € A%) A k%° > kzi;fs A {in no conflict)|SA vector outbound STAR requirement|[a;, c] A
(STAR)|SA operation|[a;, c]) V [%* == I,,) then
340: b, =true
341: end if

Decide if a; is available for handover to TWR

342: b™° =false

Al
343: if (({a;} € A% A {final approach)|SA operation|[a;, c]) V [%€ == I,;) then
34: b, =true
345: end if

Decide if a; is available for handover to GND

346: b, =false
if (({a;} € A% A ((constant ground run)|SA operation|[a;, c] V {vacate runway)|SA operation|[a;, c] V {runway
: vacated)|SA operation|[a;, c])) V [%€ == I,,) then
348: b, =true
349: end if

C.4.4.2 Update number of recently provided instructions

Event £ models the situation awareness of controller ¢ (c € C) about its current and recent workload. This situation
awareness is periodically updated by keeping track of the number of provided instructions in the recent past (T}).
Figure 77 depicts a general timeline with time points at which instructions have been provided by controller c. These
time points are denoted by x-marks. The ‘instructions that have been provided in the recent past’ can be described as
those that were instructed at time points that fall within the time interval t,. Event £, is meant to periodically update
the current number of time points that lie within this time span t,. All these found time points are collected in the set
Ty, which is used to define the controller’s workload and with that the control mode wherein the controller is
operating.

X
X
X

-

tA=O | t, | t

Figure 77 — Time points at which instructions have been provided by c, visualized by a x-mark
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e First occurrence time: starts immediately
e Recurrence time period: t;,

Event &},
Parameter Value Unit  Description
t, 600 s Time interval that is used to describe the workload of the controller in terms of
provided instructions in the near past, i.e. described with respect to t,
ta, 10 s Recurrence time period of event &£,

1: Update the time points within T with the most recent (instruction) time points, i.e. time points that lie within t,

Action 3 — Update the situation awareness of ¢ (Vc € C) about the number of recently provided instructions, i.e. the contents of Tf

C.4.4.3 Manage merging sequence towards wg

Event E;is'c manages the merging sequence towards wy, i.e. the sequence in which aircraft will be instructed the vector
inbound IF operation. Aircraft will be added to the merging sequence once they pass wg.

*  Condition: k%* > ks

a;,c
Event £,

L {a} U A

Action 4 — Manage sequence in which aircraft will be vectored towards w

C.4.5 Statecharts

C.4.5.1 Situation awareness

The situation awareness of controller ¢ about the situation of a; (a; € A, ¢ € C) is modelled using a set of statecharts
that each describe a specific situation or situational element in terms of observation, reasoning and memory. Table 36
provides an overview of the SA-statecharts that are considered in the model specification.

Statechart Models the situation awareness of ¢ about Appendix
|SA operation| the operational mode of a; during arrival/approach C.4.5.1.1
|SA STAR progress| the progress/position of a; in the STAR procedure C.4.5.1.2
|SA vector instruction history| the time period since the last instructed vector to q; C.45.1.3
|SA waypoint update history| the time period since the last update of k% C.45.14
|SA STAR speed| the airspeed of a; when flying the STAR procedure C.4.5.1.5
|SA STAR altitude| the altitude of a; when flying the STAR procedure C.4.5.1.6
|SA STAR speed instruction requirement| the necessity of [, C.4.5.1.7
|SA STAR altitude instruction requirement| the necessity of I, C.4.5.1.8
|SA vector outbound STAR requirement| the necessity of I, and [, C.4.5.1.9
|SA vector inbound STAR| the feasibility of I, C.4.5.1.10
|SA vector outbound merge requirement| the necessity of I, C.4.5.1.11
|SA vector outbound STAR history| the feasibility of I, C.4.5.1.12
|SA vector inbound merge| the feasibility of I, C.4.5.1.13
|SA vector outbound IF requirement| the necessity of I, and I, C.4.5.1.14
|SA vector inbound IF| the feasibility of I, C.4.5.1.15
[SA vector outbound trombone requirement| the necessity of I, C.4.5.1.16
|SA vector inbound trombone| the feasibility of I, C.4.5.1.17
|SA handover to ARR| the feasibility of I,, C.4.5.1.18
|SA handover to TWR| the feasibility of I, C.4.5.1.19
|SA handover to GND| the feasibility of I, C.4.5.1.20
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|SA landing clearance| the feasibility of I,; and necessity of I,, C.4.51.21
|SA holding requirement]| the necessity of I;5 C.4.5.1.22
|SA holding entry| the feasibility of I, C.4.5.1.23
|SA holding exit| the feasibility of 1,4 C.4.5.1.24
[SA holding altitude requirement| the necessity of [, C.4.5.1.25

Table 36 — List of statecharts that are used to describe the situation awareness of controller ¢ (c € C) about the situation of a; (a; € A€)

The majority of the SA-statecharts are related to the situation awareness of the controller about the necessity and
feasibility of the modelled instructions. The Boolean variables that are evaluated in the condition triggered transitions
of these statecharts are defined in event £, in appendix C.4.4.1. These specific SA-statecharts are each composed of
five similar type of states. These specific states can be described with the following general descriptions:

e (notavailable): indicates that a; is not (yet) considered available for instruction I.

(available): indicates that a; is considered available for instruction I.

(assigned): indicates that a; has already been instructed instruction I.
(not required): indicates that instruction I is not considered required based on the observed situation of a;.

(required): indicates that instruction I is considered required based on the observed situation of a;.

C4.5.1.1 SA operation
The |SA operation||a;, c] statechart (figure 78) models the situation awareness of the controller agent about the
operational state of a;.

(STAR)
e  State entry actions:

1: Trigger transition te of |SA STAR progress||[a;, c]

(vector outbound trombone phase 2)
e  State entry actions:

a;,c = J,%C
1: k k]g's

e  State exit actions:
1 {a}\A,
2 {a}\ A s

(vector inbound trombone)
e  State exit actions:
1 {a\ Ay s

(intermediate approach)
e  State entry actions:
1 {a}b\ Ay

2 {a;}U A,

3. if (v <v,) then
4

5

a _ 4%
UIAS,S = Vka

end if

(go-around)
e State entry actions:

1 {a;}\ Ap

(deceleration)

Represents the deceleration phase of a; just after touchdown at wy,; by using its brakes, spoilers and thrust reverse.
e  State entry actions:

1 {a}\ Ag

. a;  _
2: Vpss = Vst
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P = Coee(atan2(Yy, ., =¥, Xw,, = X))

WhsT1

(constant ground run)
Represents the phase in which a; taxies with a constant speed over the runway up to the moment when q; is located
next to Wyerq OF Wyer,-

(vacate runway)
Represents the period in which a; starts turning its nose wheel in order to vacate the runway up to the moment when
it really has vacated the runway.

e  State entry actions:

Qa,

A = 1PWHST

Qa,

DlS = ll}WHST
T = Tusr * fum

1
2
3:
4: Trigger t; of |Heading control|[MCP a;]

(runway vacated)
Represents the taxiing of a; after it has vacated the runway. This state is still modelled to provide the TWR controller
the ability to hand the aircraft over to GND if this has not been done yet when the aircraft was still on the runway.

e  State entry actions:

holding vector merge W vector STAR

1 {a}\ A
B(

N\Nt; ts [
; C holding outbound) ( vector inbound merge } ~— -C vector inbound STAR)
26 T
b | A
g t3 ts ' g te to E.§ ) t12 ths '
holding inbound ) Cvector outbound merge)J (vector outbound STAR)
é 4 t ? é ts tm;‘ —B—J Btn = X
SA operation IO-»C STAR Ga] s
R tzs i t16i
& g Eg t22
( vector inbound trombone) vector inbound IF
i t17 tis é
Cvector outbound trombone phase 1 &t
= 20 vector outbound IF) 21
t24 ?1&3
vector IF
vector outbound trombone phase 2)

intermediate approach
vector outbound trombone ( v PP
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Otz Btzs
ta9 , |
go-around j= = {_ final approach )
taq \ t30
(. I R
.) ( deceleration )

A

Otss

( runway vacated )——(E)—-(
\

Figure 78 — | SA operation|[a;, c]

taa

?taz

( constant ground run )
L

133

vacate runway

)J

touchdown
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(final state)

Marks the last state of the |SA operation|[a;, c] statechart. At this stage the aircraft is removed from all aircraft
collections and then removed from the model (i.e. simulation)

e  State entry actions:

L {a;}\A

The remaining states do not have any entry- and/or exit actions

Transition t,;
The timeout value of t;, is chosen such that a; is given sufficient time to leave the dense airspace section between w;
and wg ,c before the controller may consider a; available again for a vector inbound trombone instruction.

Parameter Value Unit Description

ty,, 60 s Timeout value of t3 in |SA operation|[a;, c]

e Timeout: t;

Transition tz;

Transition ty7 is taken when the controller was not able to evaluate a feasible vector inbound trombone operation
within the time period ¢, , i.e. a; is currently located too far away from wg, for still being instructed a vector inbound
trombone operation.

Parameter Value Unit Description

t,, 200 s Timeout value of t7 in |SA operation|[a;, c]

e Timeout: L,
e Guard: [%#],

Transition t3o
e Condition: z% < |2%| /60 - At

Transition ts,

The (go-around) state has no modelled actions associated and has also not a really important meaning in the model.
This timeout transition is only modelled to visualize the flown go-around procedures in AnyLogic, which are used for
validation.

Parameter Value Unit Description

t,, 320 s Timeout value of ts1 in | SA operation|[a;, c]

e Timeout: ¢

Transition ts;

e Condition: Vi < Vg

Transition ts,
Transition tz4 models the total time that each aircraft requires to leave the runway. This phase starts when the aircraft
starts turning its nose gear when still being aligned with the runway centreline and ends when the aircraft has left the
runway in total.

Parameter Value Unit Description

ty,, 10 s Timeout value of t34 in |SA operation|[a;, c]

e Timeout: ¢,

Transition tss
Transition t3s models the time period in which the TWR controller can still hand the aircraft over to GND when this is
not yet done when the aircraft was still on the runway.

Parameter Value Unit Description

L., 40 s Timeout value of tss in |SA operation|[a;, c]

e Timeout: t;
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Transition (remaining)

Many of the transitions in the |SA operation|[a;, c] statechart are triggered in states and transitions of other
statecharts. The table below lists the states and transitions where the specific transitions in the |SA operation|[a;, c]
statechart are triggered in. Each of these transitions do not contain any actions.

Transition State or transition where the specific transition in | SA operation|[a;, c] is triggered in

t (holding entry instruction)| Contact with flight crew a;][c]

t, (holding exit instruction)| Contact with flight crew a;][c]

ts te of [Interception of fly-by waypoints|[MCP a;]

ta ty of |Interception of fly-by waypoints|[MCP a;]

ts {vector outbound merge instruction)| Contact with flight crew a;|[c]

te {vector inbound merge instruction)| Contact with flight crew a;|[c]

ty ti and t, of |Interception of fly-by waypoints|[MCP a;]

ts ty, t2 and ts of | Interception of fly-by waypoints|[MCP a;]

to {vector outbound merge instruction)| Contact with flight crew a;|[c]

tio {(vector outbound merge instruction)| Contact with flight crew a;|[c]

tn {vector outbound STAR instruction)| Contact with flight crew a;|[c]

t2 (vector inbound STAR instruction)| Contact with flight crew a;|[c]

tis {vector outbound STAR instruction)| Contact with flight crew a;|[c]

tia {vector outbound trombone instruction)| Contact with flight crew a;|[c]

ts {(vector inbound IF instruction)| Contact with flight crew a;|[c]

te {(vector inbound IF instruction)| Contact with flight crew a;|[c]

t7 {(vector outbound IF instruction)| Contact with flight crew a;|[c]

tis {(vector inbound IF instruction)| Contact with flight crew a;|[c]

to {vector outbound trombone instruction)| Contact with flight crew a;|[c]

t20 {vector outbound trombone instruction)| Contact with flight crew a;|[c]

tn ts and t4 of | Interception of fly-by waypoints|[MCP a;]

t22 {vector outbound trombone instruction)| Contact with flight crew a;|[c]

taa {vector inbound trombone instruction)| Contact with flight crew a;|[c]

t2s ti and t, of |Interception of fly-by waypoints|[MCP a;]

tae (holding entry instruction)| Contact with flight crew a;][c]

tas t, of | Glide slope interception|[MCP a;]

tao {go-around instruction)| Contact with flight crew a;][c]

tas {passed wy,) and (passed w,;,) of | SA HST|[flight crew a;]
C.4.5.1.2 SA STAR progress —
The |SA STAR progress|[a;, c] statechart (figure 79) models the situation ; SA STAR progress fﬂf
awareness of the TNW/TNE/ARR controller agent about the specific position of s D
a; in the trombone segment of the STAR procedure.

@own wind segmenb
No further clarification needed for the (downwind segment), (base segment) ;
and (final segment) states !
( base segment )
(not nearing final waypoint) @ t,
Indicates that a; is positioned on a leg within the final segment that is not (final segment, )
connected to Wyur. (not nearing final waypoint)
(nearing final waypoint) t3
Indicates that a; is positioned on a leg within the final segment that is C T )
connected to wg, . This state indicates therefore that a; is about to complete =
its flown STAR procedure. ta ? ¥ ts
( passed final waypoint )

(passed final waypoint) L . /|

Figure 79 —|SA STAR progress||[a;, c]
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Marks the completion of the flown STAR procedure. This state can either be achieved when a; has passed wg ¢, or
when a; is no longer able to receive a vector inbound STAR instruction towards W .

Transition t; - t4
All condition triggered:
Transition Condition
t ((STAR)|SA operation|[a;, c] A k% > k;'"5) V ({vector STAR)|SA operation|[a;, c] A k% > ks~ 1)
t, ke > kit
ts k==K -1
ts (STAR)|SA operation|[a; c] Ad,. <dy

AWs

Transition ts
Triggered in the “Determine the waypoint number k¢ during vector outbound STAR operations” phase in event &S,
(appendix C.4.4.1). In this situation q; is passing/has passed wg s While flying a vector outbound STAR operation.

Transition te
Triggered in the entry actions of (STAR)|SA operation||a;, c]

C.4.5.13 SA vector instruction history

The | SA vector instruction history|[a;, c] statechart (figure 80) models the memory of the TNW/TNE/ARR controller
about the last vector operation that has been instructed to a;. This memory is required to prevent the provision of too
many vector instructions to the same aircraft in a relatively short time period. The statechart therefore imposes a time
period in which the controller cannot instruct a new vector operation to a;.

(available for vector instruction)

Indicates that the controller is free to instruct a; a vector operation. This
means that the last vector instruction for a; has been instructed a sufficiently
long period ago, according to the modelled memory of the controller. (availab/efor vector instruction)

o b

; SA vector instruction history

(vector recently instructed)
Activated just after the controller has instructed a vector operation to a;. C vector recently instructed )
When this state is active the controller temporarily cannot instruct a; a new
vector operation.

Figure 80 — | SA vector instruction history|[a;, c]

Transition t,

Triggered in (vector outbound STAR instruction), {(vector inbound STAR instruction), (vector outbound merge
instruction), (vector inbound merge instruction), {vector outbound IF instruction), (vector inbound IF instruction),
{vector inbound trombone instruction) of | Contact with flight crew a;|[c]

Transition t;

Defines the time period in which the controller cannot instruct a new vector operation to a;. The duration of this
timeout period is chosen such that it prevents the controller from providing too frequent vector instructions to the
same aircraft. It is assumed that the value of this timeout triggered transition represents a reasonable and sufficient
long time period after which the controller may again intervene if necessary.

Parameter Value Unit Description

tav 30 s Timeout value of t, in | SA vector instruction history|[a;, c]

e Timeout: t,,

C.4.5.14 SA waypoint update history

The |SA waypoint update history|[a;, c] statechart (figure 81) models the memory of the TNW/TNE/ARR controller
about the last time that it has updated its situation awareness with respect to the current wg, of a;. The statechart
imposes a time period in which the controller cannot update k%*°. This time period makes sure that aircraft that are
operating the vector outbound STAR will not be instructed a vector inbound STAR that is directed towards an
unrealistic waypoint.

(available for waypoint update)
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Indicates that the controller is free to update the waypoint number k%<

when a; is operating the vector outbound STAR instruction. o~
; SA waypoint update history

(wz?ypomt. recently updated) . ( available for waypoint update)
Activated just after the controller has updated the waypoint number k%-*, =

When this state is active the controller temporarily cannot update k%=°. (] t

ta

waypoint recently updated )

Transition t,
Triggered in the “Determine the waypoint number k% during vector Figure 81 —|SA waypoint update history|[a;, c]
outbound STAR operations” phase in event &, (appendix C.4.4.1).

Transition t,

Defines the time period in which the controller cannot update k%*¢. The duration of this timeout period (i.e. t,,) is
chosen such that it prevents too frequent and therefore unrealistic increments of k%°¢. The transition makes sure that
the controller keeps on referencing a; to the same waypoint for a given period of time before the controller can
consider another waypoint to be more suitable for a vector inbound STAR instruction.

Parameter Value Unit Description

taw 40 s Timeout value of t, of | SA waypoint update history|[a;, c]

e Timeout: t,,

C.4.5.15 SA STAR speed

The |SA STAR speed|[a;, c] statechart (figure 82) models the situation awareness of the TNW/TNE/ARR controller
about the airspeed of a;. The statechart compares the observed airspeed of a; with the airspeed that a; is desired to
fly when considering the current position of a; along the STAR procedure or within the arrival phase in general. This
observation is used to evaluate if the current airspeed of q; is in proportion with the prescribed speed constraints of
the STAR procedure.

(correct speed)
Indicates that the observed airspeed of q; is in proportion with the prescribed speed constraints of the STAR.

(too fast)
Indicates that the observed airspeed of q; is higher than the prescribed speed constraints of the STAR.

(too slow)
Indicates that the observed airspeed of q; is lower than the prescribed speed constraints of the STAR.

Transition t; - ta

All condition triggered: TSA STAR speed
Transition Condition

@ L aC correct speed
t Vs > vIAlSW s T Vinse )
‘< t
t les = les WS * Vipse ? étz ta? é 4
a;c
t3 U|A5 < U|Als WSk U|A5'g Ctoofast) GOO SIOW)

ta les = les W, ~ Vias,e Figure 82 — |SA STAR speed|[a;, c]

C.4.5.1.6 SA STAR altitude

The |SA STAR altitude|[a;, c] statechart (figure 83) models the situation awareness of the TNW/TNE/ARR controller
about the altitude of a;. The statechart compares the observed altitude of a; with the altitude that a; is desired to fly
when considering the current position of a; along the STAR procedure or within the arrival phase in general. This
observation is used to evaluate if the current altitude of a; is in proportion with the prescribed altitude constraints of
the STAR procedure.

(correct altitude)
Indicates that the observed altitude of a; is in proportion with the prescribed altitude constraints of the STAR.
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(too high)
Indicates that the observed altitude of a; is higher than the prescribed altitude constraints of the STAR.

(too low)
Indicates that the observed altitude of a; is lower than the prescribed altitude constraints of the STAR.

Transition t; - ta
All condition triggered:

SA STAR altitude

Transition Condition

a;c 5 %€ correct altitude

t z%e > ZW‘M +Z, ( )

t, 24 < 7, + 2z, tﬁ? (%)tz t3§> é)u
. a;c .

ts z% <z, —Z; Ctoo h/gh) Ctoo Iow)
. a;c

ta Z%C > Zy, ~ Ze

Figure 83 — | SA STAR altitude|[a;, c]

C.4.5.1.7 SA STAR speed instruction requirement

The |SA STAR speed instruction requirement|[a;, c] statechart (figure 84) models the situation awareness of the
TNW/TNE/ARR controller about the state of a; concerning the requirement of a STAR speed and/or altitude
instruction. The statechart compares both the actual observed speed and instructed speed of a; with the speed that g;
is desired to fly when considering the current position of a; along the STAR procedure or within the arrival phase in
general. By evaluating this comparison the controller can decide if a speed instruction is required.

(no instruction required)

Indicates that a SA STAR speed and/or altitude instruction is not considered to be required based on the observed
airspeed data of a;. It indicates that the current airspeed of a; is in proportion with the prescribed speed constraints of
the STAR procedure, or that q; is (already) operating the desired and instructed airspeed.

(instruction required)
Indicates that both the actual- and instructed airspeed of a; do not match with the airspeed that q; is desired to fly
when considering the current position of a; along the STAR procedure or during arrival in general.

;SA STAR speed instruction requirement

60 instruction requireoD

2 L.

( instruction required )

Figure 84 — | SA STAR speed instruction requirement|[a;, c]

Transition t,

e Condition: ({too fast)|SA STAR speed|[a;, c] A v,g, > Vg, ) V ((too slow)|SA STAR speed|[a;, c] A vy < Vg, ,)

Transition t,

Note that t, will also be taken if a; is currently still approaching the instructed airspeed despite not being yet operating

the desired and instructed airspeed.

e  Condition: ((too fast)|SA STAR speed|[a;, c] A v,g, == Uy, ) V ({too slow)|SA STAR speed|[a;, c] A v == 10, )
V (correct speed)| SA STAR speed|[a;, c]

C.4.5.1.8 SA STAR altitude instruction requirement

The |SA STAR altitude instruction requirement|[a;, c] statechart (figure 85) models the situation awareness of the
TNW/TNE/ARR controller about the state of a; concerning the requirement of a STAR speed and/or altitude
instruction. The statechart compares both the actual observed altitude and instructed altitude of a; with the altitude
that a; is desired to fly when considering the current position of a; along the STAR procedure or within the arrival
phase in general. By evaluating this comparison the controller can decide if an altitude instruction is required.
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(no instruction required)

Indicates that a SA STAR speed and/or altitude instruction is not considered to be required based on the observed
altitude data of a;. It indicates that the current altitude of q; is in proportion with the prescribed altitude constraints
of the STAR procedure, or that a; is (already) operating the desired and instructed altitude.

(instruction required)
Indicates that both the actual- and instructed altitude of a; do not match with the altitude that q; is desired to fly
when considering the current position of a; along the STAR procedure or during arrival in general.

SA STAR altitude instruction requirement

G)o instruction requirecD

2 B

C instruction required )

Figure 85— |SA STAR altitude instruction requirement|[a;, c]

Transition t,
e Condition: ((too high)|SA STAR altitude|[a;, c] Az > z,"°) V ({too low)|SA STAR altitude|[a;, c] Az < z,")

Wsk Ws,k

Transition t,

Note that t, will also be taken if a; is currently still approaching the instructed altitude despite not being yet operating

the desired and instructed altitude.

e Condition: ((too high)|SA STAR altitude|[a;, c] A z** == z,",) V ({too low)|SA STAR altitude|[a;, c] A 2" == 2, ) V
(correct altitude)|SA STAR altitude|[a;, c]

C.4.5.1.9 SA vector outbound STAR requirement

The | SA vector outbound STAR requirement|[a;, c] statechart (figure 86) models the situation awareness of the
TNW/TNE/ARR controller about the state of a; concerning the requirement of a vector outbound STAR instruction.

; SA vector outbound STAR requirement

( in no conflict

TR S TR

( separation minima conflict desired spacing conflict)
ts

Figure 86 — | SA vector outbound STAR requirement|[a;, c]

Transitions t; - te
All condition triggered:

Transition Condition Transition Condition
by ==true to by ==false A by, ==false
t2 bS‘,; ==false A b:‘,; == false ts bsll; == true
ts by ==false Abyj" ==true te by ==false Ab¢ ==true
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C.4.5.1.10 SA vector inbound STAR
The [SA vector inbound STAR|[a,, c] statechart (figure 87) models the situation awareness of the TNW/TNE/ARR
controller about the state of a; concerning the vector inbound STAR instruction.

Transitions t, ta, ta ; SA vector inbound STAR

All condition triggered: (not available for vector)
Transition Condition t t) 1
b bzi == true (avai/able for vector) At
t; b, == false =
(STAR)|SA operation|[a;, c] V [
ta (vector outbound STAR)|SA operation||[a;, c] V C assigned vector )

{vector outbound merge) |SA operation||[a;, c]

Figure 87 — | SA vector inbound STAR][a;, c]
Transition t;

Triggered in (vector inbound STAR instruction)| Contact with flight crew a;|[c]

C.4.5.1.11 SA vector outbound merge requirement
The | SA vector outbound merge requirement|[a;, c] statechart (figure 88) models the situation awareness of the ARR
controller about the state of a; concerning the requirement of a vector outbound merge instruction.

Transition t, ’ SA vector outbound merge requirement
e Condition: b;}f: true (no vector required)
- ?h t2 é
Transition t,
 Condition: by} == false (__vector required )

Figure 88 — | SA vector outbound merge requirement|[a;, c]

C.4.5.1.12 SA vector outbound STAR history

The | SA vector outbound STAR history||[a;, c] statechart (figure 89) is used in the model to incorporate a time period in
which the ARR controller is not able to instruct the vector outbound merge to a;. This statechart has only a function
when a; is flying the vector outbound STAR operation near the base segment of the STAR procedure. At a given point
in time the vector outbound merge instruction may become required for a; (| SA vector outbound merge
requirement|[a;, c]) while a; is still operating the vector outbound STAR. The |SA vector outbound STAR history|[a;, c]
statechart is meant to prevent the ARR controller from instructing too quickly the vector outbound merge operation
while the vector outbound STAR has been instructed just recently. This modelled delay will result in a relatively longer
execution of the vector outbound STAR instruction, which in turn will improve the resilient buffer capacities near the
base segment of the STAR procedure. Only if a; has been operating the vector outbound STAR for a sufficient period of
time a; becomes available again for the vector outbound merge instruction. Figure 90 visualizes the relative effects of
different values for the timeout triggered transition t, within the |SA vector outbound STAR history| statechart. The
timeout value of this transition defines and shapes the buffer areas around the base segment of the STAR procedure.

(available for vector outbound merge)

Indicates that q; is available to receive a vector outbound merge _
instruction when considering the duration of the flown vector ; SA vector outbound STAR history
outbound STAR operation.

( available for vector outbound merge )

(not available for vector outbound merge) t, 23 t,
Activated just after the controller has instructed a; a vector outbound |
STAR operation. When this state is active the controller temporarily

cannot instruct a; a vector outbound merge operation. Figure 89 — |SA vector outbound STAR history|[a;, c]

Cnot available for vector outbound merge)
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v wy »S

(a) relative small t,,, (b) relative large t,,

Figure 90 — Relative impact of different values for t, on the buffer capacities of the STAR procedure around the base segment

Transition t,
Triggered in (vector outbound STAR instruction)| Contact with flight crew a;|[c]

Transition t;

Transition t, defines the time period in which the controller temporarily cannot instruct a; a vector outbound merge
operation, because a vector outbound STAR operation has been instructed just recently. The duration of this timeout
period is chosen such that it allows a; to operate the vector outbound STAR for a sufficient period of time. This
timeout value thus prevents a too quickly instructed vector outbound merge operation while a; has been instructed
the vector outbound STAR operation just recently. It is assumed that the value of this timeout triggered transition
represents a reasonable and sufficient long time period after which the controller may instruct the vector outbound
merge operation as a continuation of the vector outbound STAR operation. The relative impact of different values for
tas, on the resilient buffer capacities of the STAR procedure around the base segment are visualized in figure 90.

Parameter Value Unit Description

L, 90 s Timeout value of t, in | SA vector outbound STAR history|[a;, c]
e Timeout: t,,,

C.4.5.1.13 SA vector inbound merge
The |SA vector inbound merge|[a;, c] statechart (figure 91) models the situation awareness of the ARR controller
about the state of a; concerning the vector inbound merge instruction.

Transitions t;, ta, ta SA vector inbound merge

All condition triggered: ( not available for vector)
Transition Condition )
a;c t t2
t b," ==true .
' A (available for vector) @ ta
ta b,;, == false o
ta ke > kit [

( assigned vector )

Transition t; Figure 81 |54 vector inbound |

r - rin nd mer i)
Triggered in (vector inbound merge instruction)| Contact with flight crew a;|[c] gure vector inbound merge|a;, c]
C.4.5.1.14 SA vector outbound IF requirement
The | SA vector outbound IF requirement|[a;, c] statechart (figure 92) models the situation awareness of the ARR
controller about the state of a; concerning the requirement of a vector outbound IF instruction.

: SA vector outbound IF requirement

( in no conflict )
TR SR T
( separation minima conflict vé?. desired spacing conflict
ts
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Transitions t; - te
All condition triggered:

Transition Condition Transition Condition
t by ==true ts by ==false A b == false
[ C— ac __ a,c __
t, bR,Im ==false A b,{‘,a2 == false ts bR’[G‘1 == true
a,c __ a,c __ apc __ apc  _ _
ta by, ==false A by ==true te by, == false Abg;  ==true

C.4.5.1.15 SA vector inbound IF
The |SA vector inbound IF|[a;, c] statechart (figure 93) models the situation awareness of the ARR controller about the
state of a; concerning the vector inbound IF instruction.

Transitions t, t3, ts, ts ; SA vector inbound IF
All condition triggered: (not available for vector)
Transition Condition %)h t, ]
a;c —_

h bf{.ll w7 frue (available for vector) @ta

ta b,; ==false B

t {vector outbound IF)|SA operation|[a;, c] V ¥ ts

{vector outbound trombone phase 1)|SA operation|[a;, c] ( assigned vector )

ts (intermediate approach)|SA operation|[a;, c] ts

Transition t; ( finished vector )

Triggered in {vector inbound IF instruction)| Contact with flight crew a;][c] Figure 93 — |A vector inbound IF|[a;, c]
C.4.5.1.16 SA vector outbound trombone requirement

The | SA vector outbound trombone requirement|[a;, c] statechart (figure 94) models the situation awareness of the
ARR controller about the state of a; concerning the requirement of a vector outbound trombone instruction.

Transition t, ; SA vector outbound trombone requirement

e Condition: b == true
Rla ( no vector required)

Transition t, %)h t; (%)

e Condition: b} == false ( vector required )

Figure 94 — | SA vector outbound trombone requirement|[a;, c]

C.4.5.1.17 SA vector inbound trombone
The | SA vector inbound trombone|[a;, c] statechart (figure 95) models the situation awareness of the ARR controller
about the state of a; concerning the vector inbound trombone instruction.

Transitions ty, t;, ta —

All condition triggered: ; SA vector inbound trombone
Transition Condition ( not available for vector)
bal,c —_ ‘
t A, == true t, t,
t bi==false
2 Al @vai/able for vector) @ ta
ta (STAR)|SA operation|[a;, c] =
[
Transition t; ( assigned vector )
Triggered in (vector inbound trombone instruction)
[Contact with flight crew aiJ [C] Figure 95 — | SA vector inbound trombone||[a;, c]
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C.4.5.1.18 SA handover to ARR

The |SA handover to ARR|[a;, c] statechart (figure 96) models the situation -
awareness of the TNW/TNE controller about the state of a; concerning the handover : SA handover to ARR
to ARR instruction.

( not available for handover)

Transition t; t t
Condition: b,}" == true C avai/ableﬁ)lr handover )
Transition t, ? ts

e Condition: b, == false ( handed over ]

Transition t; Figure 96 — | SA handover to ARR|[a;, c]

Triggered in (handover to ARR controller instruction)| Contact with flight crew a;|[c]

C.4.5.1.19 SA handover to TWR

The |SA handover to TWR][a,, c] statechart (figure 97) models the situation
awareness of the ARR controller about the state of a; concerning the handover to
TWR instruction.

SA handover to TWR

( not available for handover)
Transition t, t,

e ; t

e Condition: by}" == true .

' ( available for handover )
Transition t; = ts
e Condition: b, == false 1

i ( handed over )
Transition t; Figure 97 — | SA handover to TWR|[a;, c]
Triggered in (handover to TWR controller instruction)| Contact with flight crew
a;|[c]

C.4.5.1.20 SA handover to GND
The |SA handover to GND|[a;, c] statechart (figure 98) models the situation awareness of the TWR controller about

the state of a; concerning the handover to GND instruction. —
SA handover to GND
Transition t; ( not available for handover)
g a;,c
e Condition: b, == true
vi12 t @ étz
1
Transition t; ( available for handover )
ane a;,c T
e Condition: b, == false =
W1z ' t3
Transition t; ( handed over )

Triggered in (handover to GND controller instruction)| Contact with flight crew a;|[c] Figure 98 — |SA handover to GND| [, c]

C.4.5.1.21 SAlanding clearance
The |SA landing clearance|[a;, c] statechart (figure 99) models the situation awareness of the TWR controller about
the state of a; concerning the landing clearance instruction.

- ; SA landing clearance
Transition t;

 Condition: b, == true

( not available for landing clearance )

t

Cavai/able for landing clearance)
I

= : ;
ts * Cno feasible landing clearance)

Transition t, ta

e Condition: b" == true

Transition t3
Triggered in (landing clearance instruction)| Contact with flight crew a;|[c] ( assigned landing clearance )

Figure 99 — |SA landing clearance|[a;, c]
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C.4.5.1.22 SA holding requirement
The [SA holding requirement]|[a;, c] statechart (figure 100) models the situation awareness of the TNW/TNE controller
about the state of a; concerning the requirement of a holding entry instruction.

Transition t; ' SA holding requirement
e Condition: b} == true ("no holding required )
Transition t, ? b tzé

e Condition: by} == false ( holding required )

Figure 100 — | SA holding requirement|[a;, c]

C.4.5.1.23 SA holding entry
The |SA holding entry|[a;, c] statechart (figure 101) models the situation awareness of the TNW/TNE controller about
the state of a; concerning the holding entry instruction.

Transition t, ; SA holding entry

e Condition: b,"* ==true (not available for holding entry)

2
o, @h t é
Transition t,

( available for holding entry )

e Condition: b, == false
X ts

Transition t3 C

Triggered in (holding entry instruction)| Contact with flight crew a;|[c] assigned holding entry )

Figure 101 - | SA holding entry|[a;, c]

C.4.5.1.24 SA holding exit

The |SA holding exit|[a;, c] statechart (figure 102) models the situation awareness of the TNW/TNE controller about

the state of a; concerning the holding exit instruction. —
; SA holding exit

( not available for holding exit )

Condition: b, == true
TR

Transition t, ( available for holding exit )
ey a;c
e Condition: b,; == false !

Transition t;

Bt;

Transition t; ( assigned holding exit )
Triggered in (holding exit instruction)| Contact with flight crew a;|[c]

Figure 102 - | SA holding exit|[a;, c]

C.4.5.1.25 SA holding altitude requirement
The |SA holding altitude requirement|[a;, c] statechart (figure 103) models the situation awareness of the TNW/TNE
controller about the state of a; concerning the requirement of a holding altitude instruction.

Transition t;

e ? SA holding altitude requirement
e Condition: by; == true

Cno altitude instruction required)

Transition t; (? t t2 é)

e a,c __
*  Condition: byj == false ( altitude instruction required )

Figure 103 — |SA holding altitude requirement|[a;, c]

C.4.5.2 Workflow

The [Workflow][c] statechart (figure 104) models the way in which controller ¢ (¢ € C) continuously identifies,
schedules and executes observed tasks.

(task identification)
e State entry actions: (VI €1)
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Variable State space Unit Description

a A° - Iterator, i.e. specific aircraft in A°
L af=0
2: for (Va € A°) do //see table 8 for the specific controller(s) ¢ where this identification process belongs to
3: if (states of q; that should be active to identify instruction I, see table 37) then
4: {IyuIe
5: aj=d
6: break
7: end if
8 end for

I == States of a; that should be active to identify I

((STAR)|SA operation|[a;, c] V (vector STAR)|SA operation|[a;, c]) A ({instruction required)|SA STAR speed
instruction requirement|[a;, c] V (instruction required)| SA STAR altitude instruction requirement|[a;, c])
(separation minima conflict)|SA vector outbound STAR requirement|[a;, c] A {available for vector instruction)
|SA vector instruction history|[a;, c]

(desired spacing conflict)|SA vector outbound STAR requirement|[a;, c] A {available for vector instruction)|SA
vector instruction history|[a;, c]

(available for vector)|SA vector inbound STAR|[a;, c] A\ (available for vector instruction}|SA vector instruction
history|[a;, c]

(vector required)|SA vector outbound merge requirement|[a;, c] A (available for vector outbound merge)|SA
vector outbound STAR history|[a;, c] A (available for vector instruction)|SA vector instruction history|[a;, ]
(available for vector)|SA vector inbound merge|[a;, c] A {(available for vector instruction)|SA vector instruction
history|[a;, c]

(separation minima conflict)|SA vector outbound IF requirement|[a;, c] A {available for vector instruction})| SA
vector instruction history||a;, c]

(desired spacing conflict)|SA vector outbound IF requirement|[a;, c] A\ (available for vector instruction)|SA
vector instruction history||a;, c]

(available for vector)|SA vector inbound IF|[a;, c] A {available for vector instruction)|SA vector instruction
history|[a;, c]

(vector required)|SA vector outbound trombone requirement||[a;, ]

(available for vector)|SA vector inbound trombone|[a;, c]

(available for handover)|SA handover to ARR|[a;, c]

(available for handover)|SA handover to TWR|[a,, c]

(available for handover)|SA handover to GND|[a;, c]

(available for landing clearance)|SA landing clearance|[a;, ]

(no feasible landing clearance)|SA landing clearance|[a;, c] A ={(go-around)|SA operation|[a;, c]

(available for holding entry)|SA holding entry|[a;, c] A (holding required})|SA holding requirement|[a;, c]
(available for holding exit)|SA holding exit|[a;, c]

(altitude instruction required)|SA holding altitude requirement|[a;, c]

*here d is iterated over A;_instead of A°

Table 37 — The set of states corresponding to a; that should be active in order to let controller c identify instruction I

(task scheduling)
State entry actions:

N uw ok wWwN R
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if (I,, € I°) then

I°=1,

else if (1,, € I°) then

I°=1,

continue likewise
elseif (I, € I°) then
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8: end if

highest priority - I, - I,, - Ig- o1 - I, - Iis - Lig- I, - I, - L, - I - Iy - I3 - Iy - Iy - Iy - I, - L7 - 1, - lowest priority

Table 38 — Task/instruction priorities used in the task scheduling process

(task execution)
e State entry actions:

L {t,}UTY

e  State exit actions:
1. [°=0Q

2. [°=0

Transition t,

e Timeout: £

e Action: _

1 tioe = LIUE o0 Ot Lty) ; Workflow

tIDE
C task identification )

Transition t,
Transition t, is the default branch transition of (b,)

Transition ts
e Condition: I€# @

Transition t,

e Timeout: t&,
e Action:

1 tap = Llug, , of,, lE,) Figure 104 — |Workflow|[c]

( task execution )

Transition ts
e Condition: {(no contact)|Contact with flight crew a;|[c]

C.4.5.3 Contact with flight crew a;

The | Contact with flight crew a;|[c] statechart (figure 105) models the communication between c (c € C) and the
flight crew a; agent (a; € A°€) from the controller’s perspective.

(no contact)
Indicates that there is currently no active communication between ¢ and the flight crew a;.

(in contact)
Indicates that ¢ has successfully made contact with the flight crew a;. The controller is within the {in contact) state
either sending I¢ or receiving pilot read-back of I¢.

(sending instruction)
Represents the time period in which ¢ communicates the scheduled I¢ (I€ € 1) to the flight crew a;.

(receiving pilot read-back)
Represents the time period in which the controller is receiving pilot read-back after having sent €.

All the remaining descriptions of the |Contact with flight crew a;|[c] states formalise the specific contents of the
instructions that may be sent by ¢, where ¢ == c%. Note that the variables that are assigned in these entry/exit actions
all belong to ag, i.e. a; = a¢. The specific aircraft agent where the identified and scheduled task should be instructed to
has been assigned in the (task identification)[ Workflow][c] state. All the entry actions of the remaining states will
initially contain the following two statements when a¢ has been assigned:

1: Trigger t; of [Contact with c%|[flight crew a;]
20 =]

191



MASTER OF SCIENCE THESIS REPORT

3:

Jo€ = ¢

(STAR speed and/or altitude instruction)

State entry actions:

LA S S

C — c
ac=ay,

a; _ _a;c
z, = ZWS’k

a,c _ _a;C
Z, = ZWS,k

a; _ _ a;C
Vins) = UIAS,WSJ(

a;,c _ a;c
Vipsy = 1AS,Wg

(vector outbound STAR instruction)

State entry actions:

1
2
3
4
5:
6
7
8
9

10:
11:

12:

if (I°==L,,) then

C — c
ac = aj,,
elseif (I° == I,,) then
C — c
ac = ap,,
end if
a; _ _ac
2 = Zy,
a,c _ _a,c
2" = Zy,,

a; _ . ac
Vins) = leS'Ws,k
a;,c _ . a,c
vIAS,I - v|As,w5,k

:\l.f = lpZ;/Clz,s,k

o1 = Yoims, s
Trigger ti and t1s of |SA operation|[a;, c],
t1 of | SA vector instruction history|[a;, c] and
t1 of | SA vector outbound STAR history|[a;, c]

13: TW’Z (Sai,cv kai'c)

(vector inbound STAR instruction)

State entry actions:

=

L X N D U A W N

C — [
a = aj,

a _ _ac
ZI = ZWS,k

a,c _ _ac
Z = Zyy,

a _ . ac
Vias) = Viaswg
a,c _ anc
Vias) = Viaswg
a _ .a;,C
AlT l/)A,Wsyk
a _ .a;,C
DI = II)D,WS,;(
a _ a;,c
X = st,k

a _ . a;c
Y= yWS,k

Trigger t12 of |SA operation|[a;, c],

: 13 of | SA vector inbound STAR|[a;, c] and

t1 of | SA vector instruction history|[a;, c]

(vector outbound merge instruction)

State entry actions:

N

AN

C — AC
ac=a,

a;,c — J,%4C
k=1’

a; — 1,%C
k%= k15,s

a; _ _a,c
zZ = ZWS,k
‘Uai _ vai,c

1as = Yiaswg ),
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’ Contact with flight crew a;

@ no contact
é) b in contact éh
( 1
( receiving pilot read-back)
2 sending instruction t;
(ti>(5 TAR speed and/or altitude instruction)
/ti>( vector outbound STAR instruction )
/ti>( vector inbound STAR instruction )
/2»( vector outbound merge instruction )
/k»( vector inbound merge instruction )
(ti>( vector outbound IF instruction )
(t1—°>( vector inbound IF instruction )
Mvector outbound trombone instructiorD
‘>< >t£D-C vector inbound trombone instruction)
&Chandover to ARR controller instruction)
&»(handover to TWR controller instructio@
&b(handover to GND controller instructiorD
%( landing clearance instruction )
&»( go-around instruction )
&C holding entry instruction )
M holding exit instruction )
&( holding altitude instruction )
\
.

Figure 105 — | Contact with flight crew a;][c]
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ai _ q,aiC
6: W = lpA,w,4,S

a; _ a;c
7: D, l/)D,W,*S

Trigger ts, to and tio of |SA operation|[a,, c]
and t; of |SA vector instruction history|[a;, c]

(vector inbound merge instruction)
e State entry actions:

C — C
1. Ac=ay
a; a;c
2 7=z,
a; _ o a,c
30 Upgi = UIAS,WSVk
a; _ oq,d0C
4 Yp = lpA,wS,,(
a _ o, @i C
50 Yy, = lpD,ws}k
a; a;,c
6 X = Xug,
a; _ a;c
7N = yWS,k

Trigger te of |SA operation|[a;, c], ts of |SA vector inbound merge|[a;, c] and t; of |SA vector instruction
history|[a;, c]

(vector outbound IF instruction)
e  State entry actions:
if (I°==1I,,) then
ac=aj,,
else if (1€ == I,,) then
aé= af&2
end if
ARSIV
o1 = Voo

8: Trigger ty; of |SA operation|[a;, c] and t; of | SA vector instruction history|[a;, c]

AN A >

)

(vector inbound IF instruction)
e  State entry actions:

1 ac=aj
a;
2z =2y,
a; _
3: v|A5,| = vIAS,W”:
a; _ a;,c
4: AT Paw,
a _ p.a;,C
5: DI~ lpD,w,F
6: Xlai = X,
a _
7N T Yw,e
. Trigger tis, tis and tys of |SA operation|[a;, c] , ts of |SA vector inbound IF|[a;, c] and t; of | SA vector instruction
" history|[a;, c]
o {a;}\ A

(vector outbound trombone instruction)
e  State entry actions:

1 ac=aj,
a; _ _a,c
20 Z) = Zy,
a _ . a;c
3t Viasi = Viaswgy
a _ p.a;,C
4: Yh = lpA,W,&S
a; _ _1.a;,C
5 WYp, = lpD,w,&S
6: Trigger ti, t1s, t20 and ty2 of |SA operation|[a;, c]
7 {a}\ Ay
8 {a}\Ag

193



MASTER OF SCIENCE THESIS REPORT

9: {al} V) AIE
10: {a;} U A, ¢

(vector inbound trombone instruction)
e  State entry actions:

Variable Initial value State space Unit  Description

a - A - Iterator, i.e. specific aircraft in Ag, starting at Ag[0]
b false Boolean - Boolean that indicates if as; is found
2 0 N, - Index of ag; in Ag, where § == §%
ka - N, - Current waypoint number of d
1 ac=aj,
a; _ _a,c
2 7' =2,
a; _ . a;c
30 Uipsy = les,wslk
a; _ 5.a;,C
4 Al = l»bA,ws,k
a; _ a;,c
5 DI~ FDwgy
a; _ a;c
6 X = Xug,
a; _ . a;,c
70 = .VWSV,(
N Trigger ta4 of |SA operation|[a;, c] , ts of [SA vector inbound trombone|[a;, c] and t; of | SA vector instruction
" history|[a; c]
a;,c
9: restart &,
10: {a;} VA,
11: for (Vd € Ag) do
122 if (k% <k, ) then
13: 1= (i{a}eAy)
14: {a;} U Ag //add a; atindex T in Ay, i.e. add a; before d
15: b = true
16: break
17: end if
18: end for

19: if (b == false) then
20: {a;} U A //add a; to Ag, i.e. add q; after last element of Ag
21: end if

(handover to ARR controller instruction)
e  State entry actions:

1 ai=aj,
2. {a;}\ A, where ¢ == c% and ¢ € {c,, ¢,}
3: Trigger t3 of |SA handover to ARR|[a;, c]

(handover to TWR controller instruction)
e  State entry actions:

1 ac=aj,
2: {ai} \ AC, Where C == Cai == C3
3: Trigger ts of |SA handover to TWR|[a;, c]

(handover to GND controller instruction)
e  State entry actions:

1: aé= aIC12
2 {ai} \ AC, Where C == Cai == C4
3: Trigger ts of | SA handover to GND][a;, c]

(landing clearance instruction)
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e  State entry actions:

1: ag = a§13
2: Trigger t3 of |SA landing clearance|[a;, c]

(go-around instruction)
e  State entry actions:

c— pC
ac=aj,

a _
Z = Z114

17|Zfs,| = Vinsty,

{a;}\ A¢, where ¢ == c% ==,
{a}\ A

Trigger taq Of | SA operation||a;, ]

A A S i

(holding entry instruction)
e  State entry actions:

1 ai=aj,
2 ke = ki
3 k%= kzi;‘cs
a; _ a;c
Z = ZR,WSVH
a;c _ _a;c
5 2 = Zpuygy
a; - a;,Cc
6: Viasi = Vinswgy
7: {al} U AS,H
8: Trigger t; and t26 |SA operation|[a;, c] and ts of | SA holding entry|[a;, c]

(holding exit instruction)
e  State entry actions:

1 ai=aj,
a; _ 1.q;
2: Al = Pwgy,
3 WYoi = Yo,
A _ G
4: X, st,m
a; a;
5 % = yWS,H,I
6: {al} \ AS,H
7: Trigger t, of |SA operation|[a;, c] and t; of [SA holding exit|[a;, c]

(holding altitude instruction)
e State entry actions:

. A= ¢
1. ac=ap,
a _ _ac
2z = ZRrWS,H

3 Zal-,c _ Zal-,c
L4 RWs i

Transition t;
e Condition: (task execution)| Workflow|[c]

Transition t;
e Timeout: £
e Action:

1: Trigger t, of [Contact with c%|[flight crew a;]

c - c c Jc
2 Uy = ‘C(”tms’ Ot tws)

Transition t3
Triggered in each simple state in {execution and read-back}|Contact with c%|[flight crew a;], i.e. when c receives read-
back by the pilots of a;.
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Transitions t4 - t2
All condition triggered:

Transition Condition Transition Condition Transition Condition Transition Condition

ta [€== 11 to [€ == 16’1VIC == 16,2 ta I¢ == 111 tio I == 116
ts I€ == 12'1VIC == 12’2 tio I¢ == 7 tis I€ == 112 t2o I == 117
te [€== 3 tn I¢ == 8 te I€ == 113
t7 IC ==y t12 IC ==lg t17 IC == 114
tg IC == g t13 IC == 110 t1g IC == 115

C.4.5.4 Control mode

The |Control mode|[c] statechart (figure 106) models the different contextual control modes of controller ¢ (¢ € C)
and the corresponding implications of each specific control mode.

(tactical)
Parameter Value Unit Description

Lter 2.1 s Minimum value of ¢ *
Ltr 2.6 s Minimum value of ¢ *
legor 0.6 s Minimum value of t&, *
tonor 0.4 s Minimum value of £, *

Heper 1.1 s Mean value of £, *

He s 2.5 s Mean value of ¢ *

Hegenr 1.4 s Mean value of t&, *

Mg 1.0 s Mean value of t§, *

Otiper 0.4 s Standard deviation of ¢ *

Otinst 0.2 s Standard deviation of £ *

Otenr 0.2 s Standard deviation of t&, *

Otgunr 0.3 s Standard deviation of t§,, *

* when c is operating in the tactical control mode

Table 39 — Parameter values that define the durations of the scanning and task identification, -scheduling and execution processes when the
controller is operating in the tactical control mode

e  State entry actions:

L M¢=M,
2: HE,DE = Hegyr 6: ,UaNs = Hegeyr 10: ,UESCN = g 14: ‘LLESHD = Utgenr
3: ame = Ot s 7: cr{ms = Otnr 11: a{s o = Otens 15: afs wo = Otens
4 Ui =l 8 i = lens 12: g =l 16: lg, = les
5 tioe = LGy Of o L) 9 s = LG 0f0 lE,) 13t tsa = LIME 08 0 E) 17t = L(UE,,0 OF,0 L)
(opportunistic)
Parameter Value Unit  Description
tioko 1.1 s Minimum value of £ *
tinso 2.5 s Minimum value of ¢t *
Ltono 0.4 s Minimum value of t&, *
Ltguoo 0.3 s Minimum value of tg,, *
Hepeo 11 s Mean value of £, *
Mo 1.4 s Mean value of ¢ *
Mgy 11 s Mean value of t&, *
Htgno 0.6 s Mean value of t§, *
Otipeo 0.4 s Standard deviation of ¢} *
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Otinso 0.3 s Standard deviation of ¢ *
Otsno 0.2 s Standard deviation of t&, *
Otao 0.6 s Standard deviation of t§,, *

* when c is operating in the opportunistic control mode

Table 40 — Parameter values that define the durations of the scanning and task identification, -scheduling and execution processes when the
controller is operating in the opportunistic control mode

e  State entry actions:

L M¢=M,
2 Uiy = U 6 Uiy, = U 10: pt = H 14: Ui, =M
! Lipe tseno ' Lins Lseno + Ptsen tseno © Plgyp tseno
. ¢ = . c = . A4C = . c =
3 O-tIDE - o-tSCN,O 7 o-tms - atsm,o 1L O-tSCN - atsm,o 15 O-tSHD - O-tSCN,O
. [ . c  — L] = . Jc =
4 lfms - lfscu,o 8 Ly = lfscw,o 12: lfscw - lfscw,o 16: gy = ltscw,o
5 tﬁ)E = L('uglmz’ o-tClDE’ lEIDE) 9 tﬁ“s = L(‘ugms’ O-tCle’ lgle) 13: tSCCN = L('ugsm’ atCSCN’ l(t:SCN) 1 tSCHD = L(‘ugsrm’ O-tCSHD' lgSHD)
Parameter Value Unit Description
Quio 20 - Bound (i.e. number of instructions) that marks the transition from the tactical

control mode to the opportunistic control mode when the number of recently
provided instructions exceeds @, ,

Qurr 15 - Bound (i.e. number of instructions) that marks the transition from the
opportunistic control mode to the tactical control mode when the number of
recently provided instructions drops below @,

iti Control mode
Transition t; i
«  Condition: |T¢| 2 Q,

t
Transition t,
e Condition: |Tf| < Q¢

opportunistic

Figure 106 — | Control mode]||[c]

C.4.5.5 Contact with supervisor about reduced capacity

The | Contact with supervisor about reduced capacity|[c] statechart (figure 107) models the contact between the
supervisor and the controller in which the controller agent is informed about the reduced throughput capacity due to
a sudden bad weather disturbance at the airport.

{on stand-by for reduced capacity update)
e State entry actions: N/A

(reduced capacity update received)
e State entry actions:
1: if (c ==¢,) then

a1 a1,5,Cq —
2: t.,” =t/ i . .
s 8o ’ Contact with supervisor about reduced capacity
3: elseif (c == ¢,) then .
2 (M2 _ @2 ( on stand-by for reduced capacity updute)
: B ~ "BCp
5. elseif (c == ¢;) then t
ay ;,C: a ;,C: T T
6: t, "= thC'D : ( reduced capacity update received )
7. taz,i:% - taz,irCB
' B B.Cp Figure 107 — | Contact with supervisor about reduced capacity||c]
8: elseif (c == c,) then
. 3,i,Cq _ 030,Cs
9: t, = tB'CD
10: end if

197



MASTER OF SCIENCE THESIS REPORT

Transition t,

e Condition: (c == ¢, A (TNW controller has been informed)|Contact with TNW controller about reduced capacity|
[Supervisor APP]) V (c == c, A\ (TNE controller has been informed)|Contact with TNE controller about reduced
capacity|[Supervisor APP]) V (c == ¢, A {(ARR controller has been informed)|Contact with ARR controller about
reduced capacity|[Supervisor APP]) V (c == ¢, A (TWR controller has been informed)| Contact with TWR controller
about reduced capacity|[Supervisor TWR])

C.4.5.6 Contact with supervisor about recovered capacity

The |Contact with supervisor about recovered capacity|[c] statechart (figure 108) models the contact between the
supervisor and the controller in which the controller agent is informed about the recovered throughput capacity due
to normalised weather conditions at the airport.

{on stand-by for recovered capacity update)
e State entry actions: N/A

(recovered capacity update received)
e  State entry actions:

1 if (c == c,) then

s _

3: elseif (c == ¢,) then ; Contact with supervisor about recovered capacity
4 ts "= tél,}‘;'cz (on stand-by for recovered capacity update)

5. elseif (c == c;) then t,

6 ty" =ty ; .

;. t:“,cg _ t;‘é 7,03 ( recovered capacity update received )

8: elseif (c == c,) then Figure 108 — | Contact with supervisor about recovered capacity||[c]

T TV

10: end if

Transition t,

e Condition: (c == ¢, A (TNW controller has been informed)|Contact with TNW controller about recovered capacity|
[Supervisor APP]) V (c == c, A {TNE controller has been informed)|Contact with TNE controller about recovered
capacity|[Supervisor APP]) V (c == c, A (ARR controller has been informed)|Contact with ARR controller about
recovered capacity|[Supervisor APP]) V (c == ¢, A (TWR controller has been informed)|Contact with TWR
controller about recovered capacity|[Supervisor TWR])

C.5 Feeder controller

C.5.1 Applied strategy in modelling aircraft generations

This section is meant to clarify the use of the fictitious aircraft pairing a, and a, that is used to model feasible aircraft
generations at each entry point. The general setup can be seen visualized in figure 109. The aircraft pairing a, and a, is
used by the feeder agent to define the required time period between two subsequent generations at each entry point.
Fictitious aircraft have been considered instead of already generated aircraft since they allow to compare the desired
inter-arrival time periods with the required inter-arrival time periods due to the required separation distance between
a, and a,. In that way the fictitious aircraft a, and a, enable aircraft generations at ws, (S € S) with 1) a sufficient
initial separation between the generated aircraft and 2) with a rate that approaches the desired throughput capacity
of the feeder agent.
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________ ’_)ﬂz a1 AWs, o Ws. 1

Ws. 2

Ws, 2

) a, ) a, a Ws o
- e = — = - — 2’
”51,1

Figure 109 — General aircraft setting with a, and a, at ws, (VS € S) as considered by the feeder agent

The initial spacing between a, and a, is achieved and managed using the same separation practice as the one that is
applied by the controller agents. Figure 110 visualizes the variables that are used by the feeder agent to guarantee
sufficient (initial) spacing between the (to be) generated aircraft. These specific variables are used in the multiple
sections below that relate to the specification of the generation practice of the feeder agent.

Figure 110 - Logic behind the generation of aircraft while ensuring a viable separation between a, and a, at wg

C.5.2 Variables, parameters and sets

Variable State space Unit  Description

Cc R, ach™  Desired (total) throughput capacity
D' D - Aircraft type of a,
Dg* D - Aircraft type of a,
lt, R, s Minimum value of ¢,
Sgs R, NM Separation buffer (type 1) between a, and a,
Sss R., NM Separation minima between a, and a,
Sus R., NM Desired spacing between a, and a,
ts R, s Default time buffer between a, and a,
tas R, s Time buffer between a, and a,
t; R, s Recurrence time period of &
tus R., s Minimum time point at which a next feasible aircraft generation may occur
tes R., s Required time period between the generations of a, and a, to achieve and
guarantee sufficient initial spacing
Uy, R, s Maximum value of t;
Vess R., kt Initial ground speed of a,
W \1% - WTC of a,
1A w - WTC of a,
U, R, s Mean value of t,

Table 41 — List of variables that belong to the feeder agent

199



MASTER OF SCIENCE THESIS REPORT

Parameter Value Unit  Description

C varying acch™  Desired (total) throughput capacity in normal capacity mode
Cy 21 ach™  Desired (total) throughput capacity in reduced capacity mode
tho 40 s Bound that determines the band width of ¢, i.e. [;_and u;,

ty b 10 s Time buffer between a, and a, in reduced capacity mode

t: ¢ 60 s Time buffer between a, and a, in normal capacity mode

tgl‘fw 40 s Additional time buffer between a, and a,

torm 60 s Additional time buffer between a, and a,

O, 10 S Standard deviation of ¢,

Table 42 — List of parameters that belong to the feeder agent

Set Description

Tes Set of time points that define when q; should be generated at ws, (S € S) according to event &

Table 43 — List of sets that belong to the feeder agent

C.5.3 Initial actions and values

1. C=(
_ M2

20 tg= tB,C,

3 g, =3600/C

4y = pp — tog

5. Up = U, + g

6: to = Nelle, O ler Us,)

Action 5 — Setting up the variables of the feeder agent that require an initial value

W = Fy)

D' = Fp(Ws")

W™ = Fu()

Dg? = Fp(Ws™)

Vess =F sz(Zws,o' Vias,ws o1 lpWs,o)

lgs =g

if (VVSa1 =W, A Vl/'sa2 ==WW,) then

_ 22
tB,S += tB,HM

else if (W," == W;, A W, == W},) then
lgs += t;;th

: end if

: Sgs = tys * Vgss / 3600

D S5 = Fo (WS, W)

P Sys=Ssst Sps

t tas = Sys/ Vgss - 3600

16: tys=0

L 0 N QU R wNR

P N o s
U r W N P O

Action 6 — Set up initial aircraft pairing a, and a, at ws, (VS € S)
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C.5.4 Functions

C.5.4.1 Generate random WTC

Function F()

Variable State space Unit Description
w w - WTC, either MEDIUM (W) or HEAVY (W)
X [0, 100] % Random variable that determines which W will be returned
Parameter Value Unit Description
P, 80 % Probability of WTC being of category W,
1 X =7U(0, 100)
2. if (X <P,) then
3: ]/T/' = VI/M
4: else
5: W = Vl/H
6: end if
7: return: W

Function 22 — Generate random WTC

C.5.4.2 Generate random aircraft type

Function F,,(W)
Argument State space Unit Description
w w - WTC, either MEDIUM (W) or HEAVY (W)
Variable State space Unit Description
D D - Aircraft type, either B738 (D,) or B744 (D,)
1 if (W == W) then
2 D =D,
3: elseif (W == W,) then
4 D= D,
5. end if
6: return: D

Function 23 — Generate random aircraft type that corresponds to a given WTC

C.5.5 Events

C.5.5.1 Generation of time points

Event &, is concerned with the generation of time points at which aircraft are (to be) generated at one of the entry
points and models the attempt of the feeder agent to deliver a desired number of aircraft per time period at the entry
points to approach the desired throughput capacity. Figure 111 visualizes the probability density function that is used
to define the recurrence time period of &, i.e. to define the desired inter-arrival times.

Figure 111 — On scale truncated probability function that is used to define t;
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e First occurrence time: tg,
e Recurrence time period: ¢;

Event &,
Variable State space Unit Description
X [0, 100] % Random variable that determines at which wg, (S € S) a; will be generated
Parameter Value Unit Description
P, 35 % Probability that a; will be generated at wg_ ,
teo 1 s First occurrence time of &
1 X =7U(0, 100)
2: if (5(" < Ps,) then
3 taU T,
4: else
5 t, U ']I“;_S2
6: end if
7 to = Neley 0t Lo Us,)

Action 7 — Creation of aircraft generation time points

C.5.5.2 Generation of aircraft agents

Event €, s is concerned with the actual generation of aircraft agents at wg, (S € S). This second event is meant to
evaluate the feasibility of the generated time points by &; in terms of initial separation. This specific event first
defines the minimum time point at which aircraft may be generated by considering the required spacing between a,
and a,. Then the event compares the (first) scheduled and desired generation time point with the minimum
generation time point. An aircraft agent will only be generated once the actual model time point is larger than the
minimum generation time point or larger than the desired generation time point, whichever is greater. By confirming
to this condition, traffic is generated conform the specified throughput capacity and without risk of initial conflicts.
When the second event considers a generation at one of the entry points not (yet) feasible, then the scheduled time
point is set ‘on hold’ until it satisfies the specified condition. Figure 112 shows the relations between the time points
ty, Tesl0] and tys.

tA=0

v
~

I

o~
>
5 SRS IR, Py

1
1
|
+
|
|
|
|
|
|
|
|
1
I

Figure 112 — Relations between the time variables that are used in events E; and € i, ¢

e Condition: Tog# @ A (tys < Ty s[0] <ty V T s[0] < tys<t,), where SES

Event &,
Variable  State space Unit Description
¢! {ci,c;}eC - Initial controller agent
D4 D - Aircraft type
Sa S - STAR procedure
vligo [vIAS,WSLOI U|As,w52,0] kt Initial calibrated airspeed
W W - WTC
X, (X, 01 Xuws, o] NM Initial x-position
V! s, 0 Yws, 0] NM Initial y-position
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. (Zwg, 07 Zws, o) ft Initial altitude

. g, o Y, ] deg Initial heading
* all the variables of above correspond to the (to be) generated aircraft a;

Z

a; _
X, = st’(’
a _
yo - ywm

a; _
Z, = ZWS’0

a;  _
les,o - les,wS'0

gi = Ipws,o

W = VVSU—1

D% = D;1

§%=5
: if (S% ==5,) then
cl=c
: else if (S% == §,) then
Cl =6,
: end if
: Create aircraft agent and assign the initial variables of above
: T 5l0] \ Tes
WS =W
: D§1 = D;Z
W =Fy )
: D = Fpl5)
P Vgss = Tvcs(zws,o' Viaswg o1 1/JW5,0)
tlgs =g
i (WS == W, AW == W) then
tos+= Lo
: else if (W, == W, AW, == W) then

_ A2
tB,S = tB,MH

: end if

: Sgs = tgs " Vgss / 3600
D Sgs = Fy (WS, W)

P Sys = Ssst Sps

t trs = Sus/ Vgss - 3600
D tys =ty t b

© o N > U B~ W N

W oW WwNNNRNNNNNNNRNERRR B |2 B B B B
N P O © ®® N O U & W NP OO ®® N U B WN P O

33: restart £, 5

Action 8 — Generate aircraft a; at wg (S € S), and set up new aircraft pair a, and a,

C.5.6 Statecharts

C.5.6.1 Contact with Supervisor APP about reduced capacity

The |Contact with Supervisor APP about reduced capacity|[feeder] statechart (figure 113) models the contact between
the Supervisor APP and the feeder controller in which the feeder agent is informed about the reduced throughput
capacity due to a sudden bad weather disturbance at the airport.

{on stand-by for reduced capacity update)
e State entry actions: N/A

(reduced capacity update received)
e  State entry actions:
1. C=¢(,
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N o v ok w N

Wi, =3600/C

ts = t;‘ng
ltG = U, — bog

Ug, = U, Lo
tG = ‘Ni’(l’ltcr O-CG! ltG' ut‘G)
Clear Ty

; Contact with Supervisor APP about reduced capacity

( on stand-by for reduced capacity update)

t

( reduced capacity update received )

Figure 113 — | Contact with Supervisor APP about reduced capacity||[feeder]

Transition t;

C.5

Condition: (feeder has been informed)| Contact with feeder about reduced capacity|[Supervisor APP]

.6.2

Contact with Supervisor APP about recovered capacity

The |Contact with Supervisor APP about recovered capacity|[feeder] statechart (figure 114) models the contact
between the Supervisor APP and the feeder controller in which the feeder agent is informed about the recovered
throughput capacity due to normalised weather conditions at the airport.

(on stand-by for recovered capacity update)

(recovered capacity update received)
State entry actions:

State entry actions: N/A

c=¢

1

2 ty=t

3, =3600/C

4 L= pe — g

51 Up = Pe + g

6: t = Nelley) Ors Ley Ue,)

a2
B,C,

’ Contact with Supervisor APP about recovered capacity

(on stand-by for recovered capacity update)

t

( recovered capacity update received )

Figure 114 — | Contact with Supervisor APP about recovered capacity|[feeder]

Transition t;

Condition: (feeder has been informed)| Contact with feeder about recovered capacity|[Supervisor APP]

C.6 MCP

C.6.1 Variables, parameters and sets

Some of the variables in table 44 below are dependent on and defined by the STAR procedure that a; is/has been
operating (i.e. $%), by the specific waypoint where q; is referenced to (i.e. k%) or by the aircraft type of q; (i.e. D%).
These dependent variables contain the subscripts “S”, “k”, “D” respectively, where S =S%, k = k% and D = D%.

Variable State space Unit Description
dy R, NM Travelled distance per At
dziwsk R, NM Distance (“tangent”) between a; and wg
fjmws’k R, NM Distance from wg ) to start intercepting wg
g:iWS,H,I R, NM Distance (“direct”) between a; and wg
;LIWS'H'O R, NM Distance (“direct”) between a; and ws 4
di"WIF R, NM Distance (“tangent”) between a; and w,
dz;}p.wlp R, NM Distance from w, to start intercepting w
dg"WTHR R, NM Distance (“direct”) between a; and wy,
dg.inm R, NM Distance (“direct”) between a; and w
S.insn R, NM Distance (“direct”) between a; and Wyer,
D D - Aircraft type
K% N, - Number of waypoints in S%
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k% [0, K] - Current waypoint number of S%
Z;TVD R, kt Minimum indicated airspeed at wr,,
(. R, kt Minimum final approach speed
Sa S - STAR procedure that is/has been operated
op R, kt Maximum indicated airspeed at wy,,
%,n R, kt Maximum final approach speed
v R kt-s™? Acceleration/deceleration
vcal‘) R, kt-s7? Acceleration during climb
v[‘f’[, R_ kt-s? Deceleration during descent
v R_ kt-s™ Deceleration in level flight
v R, kt Indicated airspeed at Wy,
vFa,; R, kt Final approach speed
Ve R, kt Ground speed
vk R, kt Indicated (calibrated) airspeed
vli;_g R, kt Indicated (calibrated) airspeed as set by the flight crew a; agent
290 R, kt True airspeed
W W - WTC
x4 R NM Xx-position
xfi R NM x-position of the point to which the aircraft is set to turn
E R NM x-position of wg
L R NM x-position of wg
X o R NM x-position of wg 4
ya R NM y-position
ysai R NM y-position of the point to which the aircraft is set to turn
Ve R NM y-position of wg
Vs R NM y-position of wg
Yo R NM y-position of wg
Z% R ft-min?  Vertical speed
z% R, ft Altitude
7" R, ft Altitude as set by the flight crew a; agent
Y% [-90, 90] deg Flight path angle
Varo [0, 90] deg Approach angle
6.,  [-180,180] deg Angle between 1% and . |
6, [-180, 180] deg Angle between 1% and 1,
P (0, 360] deg Heading direction with respect to magnetic north
:/is,k (0, 360] deg Magnetic track of wg, i.e. bearing of wg, seen from wg,_;
,i"&kﬂ (0, 360] deg Magnetic track of wg .4, i.e. bearing of wg .1 seen from wg,
‘Z;,H,I (0, 360] deg Magnetic track of the inbound leg towards wg,
;;H}O (0, 360] deg Magnetic track of the outbound leg towards wg y
Zis (0, 360] deg Heading direction (tangent) as set by the flight crew a; agent
[‘,‘fs (0, 360] deg Heading direction (direct) as set by the flight crew a; agent
lllijSvk (0, 360] deg Bearing (tangent) of wg, seen from a;
ll)ngS,k (0, 360] deg Bearing (direct) of wg seen from a;
ll’gfwm (0, 360] deg Bearing (direct) of wg ,;, seen from q;
wﬁfwm (0, 360] deg Bearing (direct) of wg, , seen from q;
l,bj‘;”,F (0, 360] deg Bearing (tangent) of w,. seen from q;
;iwlp (0, 360] deg Bearing (direct) of w,. seen from a;
;;HR (0, 360] deg Bearing (direct) of wy,; seen from a;
P R degs™t  Current and real rate of turn
I R degst  Achievable rate of turn per At
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Table 44 — List of variables that belong to the MCP a; agent

Parameter Value Unit Description
i 5.40-10™ - [m] to [NM] conversion factor
lymw 140 kt Minimum indicated airspeed of D, at wyz
lvm2 155 kt Minimum indicated airspeed of D, at wyz
lvFA.D, 160 kt Minimum final approach speed of D,
lyFA’DZ 180 kt Minimum final approach speed of D,
7 1.75 NM Turn radius
Tust 275 m Radius of turnoff curve of both wyr; and wyr,
Up,e, 150 kt Maximum indicated airspeed of D, at wyz
Uy, 165 kt Maximum indicated airspeed of D, at wy;
Upenp, 180 kt Maximum final approach speed of D,
Up,,p, 200 kt Maximum final approach speed of D,
Vust 40 kt Taxi speed
Vep, 0.5 kt-s Acceleration of D, during climb
Vep, 0.5 kt-s? Acceleration of D, during climb
Vpp, -0.35 kt-st Deceleration of D, during descent
Upp, -0.30 kt-s? Deceleration of D, during descent
Vi p, -1.0 kt-s? Deceleration of D, in level flight
Vip, -0.9 kt-s Deceleration of D, in level flight
Vm, -5 kt-s? Deceleration on runway in normal weather conditions
Vrm, -3 kt-s? Deceleration on runway in bad weather conditions
Zc 1500 ft-min?  Vertical speed during climb
Yes 3 deg Glide slope

Table 45 — List of parameters that belong to the MCP a; agent

C.6.2 Initial actions and values
a; _ a; a;

L Uy = u(lVAT,D’ u”AT,D)
a; _ a; a;

2 Vg = 7"l(lVFA,D' UFA,D)

3: D% *

4: S% *

5. Wa *

6: k%=1

70 x% = x[‘)li *

. a;
8 yU=y ¥
9: z%= Zgi *
Coaa % A %

100 Vyps = Viaso

11: % =yt *

12: p% =0

13: % =0

14: z% =0

15: y% =0
ap  _ 4

16: UIAS,S = Vias

17: zsa‘ =z%

* defined by feeder agent in event &, ¢ (appendix C.5.5.2)

Action 9 — Initial actions and values of MCP a;
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C.6.3 Functions

C.6.3.1 Return vertical speed for a given altitude layer and aircraft type

2, | %, %, | %,
FLOOO | 754 803 FL140 | 1987 | 2048
FLOO5 | 769 822 FL160 | 2040 | 2093

FLO10 | 813 | 880 FL180 | 2091 | 2137
FLO15 | 782 | 1006 FL200 | 2143 | 2180
FLO20 | 943 | 1029 FL220| 2193 | 2223
FLO30 | 1001 | 1177 FL240 | 2243 | 2264
FLO40 | 1020 | 1206 FL260 | 2291 | 2305
FLO60 | 1327 | 1318 FL280 | 2338 | 2344
FLO8O | 1371 | 1359 FL290 | 2360 | 2363
FL100 | 1882 | 1958 FL310| 3359 | 2399
FL120 | 1935 | 2003

Table 46 — Vertical speed profiles (BADA) for Dy and D, in [ft-min] during descent

Function F,(D, %)

Argument State space Unit Description
D D - Type of aircraft to return the BADA vertical speed value for
A R, ft Specific altitude layer to return the BADA vertical speed data for
Variable State space Unit Description
Z R, ft-min?  Assigned BADA vertical speed value
Parameter State space Unit Description
., . 4 BADA vertical speed value parameters corresponding to the given D and Z,
zZ} R, ft-min
see table 46.
1: if (D == D,) then
2 if (0 < Z <500) then
3 Z ZFLOOO + (Z 0) (ZFLOOS FLOOO) / (500 0)
4 else if (500 < Z < 1000) then
5: Z= Zp?% + (2 =500) - (25:°"° = Z;,°*) / (1000 - 500)
6 continue likewise
7 else if (31000 < Z) then
8 Z ZIF)L310
9 end if

10: else if (D == D,) then
11:  if (0< Z<500) then

12: 7=z +(2-0) - (252 - z5°) / (500 - 0)
13: else if (500 < Z < 1000) then
14: Z = 252 + (Z - 500) - (25" - 2}2°%) / (1000 — 500)

15: continue likewise

16:  elseif (31000 < Z) then
17: Z ZFL31O
18: end if

19: end if

20: return: 7

Function 24 — Return BADA vertical speed (descent) value for given altitude layer and aircraft type
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C.6.3.2 Updating the position and orientation of a; relative to the multiple significant points

Function 25 models the ‘continuous’ updating process of the situation awareness of the MCP qa; agent about the
position and orientation of g; relative to all “real” significant points. The function is split up into separate actions that
each cover the calculations and associated variables corresponding to a specific type of significant point(s).

Iu

Function F, ()

1. Obtain the required data of wg, that corresponds to a;
2: Update the position and orientation of a; relative to: g, Ws .\, Ws 1.0, Wie, Wiyrs Whs @nd Wy,
3:  Update the approach angle of q; relative to wyy,

Function 25 — Updating process of the situation awareness of the MCP a; agent about the position and orientation of a; relative to the multiple
significant points

Obtain the required data of wg that corresponds to a;

4  _ %
Wsk

@G _ %
Ywg
a  _ ok
Wsk —
a; — %
Wsk+1 —

=

X

P W N

*obtain data in appendix C.3.2

Figure 115 — Visualization of the variables that are used to define the position and orientation of a; relative to wg

Update the position and orientation of a; relative to wg,

a; — (PRAD a; a; 4% a;
1 Yy, = Coelatan2(y,,, —y®, x,,, —x“))

a; . . o4 a
2 Yoy, = Fy, (DY x5, Y9, Xy Vg, T7)

@ — [ PR PR PR a;
3: dA,lWS,k - Td(lp XY xwls,kl yw;’kl TT)
4

eaz — ?g(l/)ai, a; )

WS ke+1 WS k+1
. a; — . 1 a;
> dWTPvWS,k =17 - tan(%| 9WS,k+l )

a;

(X 0 Yors0)
S,H,0 SHOT TS\

a; a;
(leS,H,I’ Y W;,H,I)

Figure 116 — Visualization of the variables that are used to define the position of a; relative to wgy, and wgy o
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Update the position of a; relative to wg y, and ws 4

L dgiWsm _V(( WSH\ _xal) + (ywsm _yai)z)

2: lpDWSH, DEG(atanz(yWS,“_y waH‘_x “))

3 d;lWS,HD_\/((xWSH -x )2+(ywsHo yai)z)
& Yoy, = Cotcatan2yig, , —y™, Xy, o~ )

Update the position and orientation of a; relative to w;

1: DW = Chee (atan2(y,,, —y%, x,, — x%))
2 I»l}Aw,F = Tl/} (ll’a‘ x% y xw,F' YW,F' rT)

3: dAw,F = Falp, x%, v, Xyyr Vi 1)

4 wIF = Foltp® lprHR

50 dy =T tan(%]6,) |)

WrpWie

Wryr

Figure 117 — Visualization of the variables that are used to define the position and orientation of a; relative to w

Update the position and orientation of a; relative to wyg, Wy and Wyer,

1 Yy, = CHP(atan2(y,, . — ¥, X, —x%))
2 dpy = V(X = X%+ (Y — Y))
3dY, = V((x,, — X + (Y, — Y))
aodh,  =V((x,,, —x2+ (y,, — Y%

X
WTHR ( Whst1? yWHST1 ) (xWHst’ yWHSTZ)

Wi |
’:\U:;
d,’ a;

DWTHR d,’ &
D,Wyst dD,me

Figure 118 — Visualization of the variables that are used to define the position and orientation of a; relative to Wyyp, Wysr and Wysr,

Update the approach angle of q; relative to wy,

Parameter Value Unit  Description
M 6076.11545 - [NM] to [ft] conversion factor
) - 180/ 7

1y, =tan(z%/ (dg)

DWrip
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C.6.3.3 Updating the waypoint number k“

Multiple modelling elements within the MCP a; agent (i.e. transitions, states, functions) require the agent to update
its current waypoint number k%. This is generally the case when the aircraft has passed the turn point w;, of waypoint
W, Function 26 models this simple updating process.

Function F, ()

1 if (k% 2 K% — 1) then //ie. if a; is not yet approaching wg e
2 k%++

3: k%C++

4: end if

Function 26 — Update the waypoint number of the aircraft

C.6.4 Statecharts

The functionalities of the MCP a; agent are modelled with the following five statecharts:

e |Speed control|[MCP a;] (appendix C.6.4.1)

e |Altitude control|[MCP a;] (appendix C.6.4.2)

e |Heading control|[MCP a;] (appendix C.6.4.3)

e |Interception of fly-by waypoints|[MCP a;] (appendix C.6.4.4)

e |Glide slope interception|[MCP a;] (appendix C.6.4.5)

All five statecharts monitor a certain condition or (operational) state of a;. The resulting actions of these five
statecharts will eventually shape the three-dimensional trajectory of a; in the simulation environment.

C.6.4.1 Speed control

The |Speed control|[MCP a;] statechart (figure 120) models the automated speed control functionality of the aircraft’s
autopilot system, as controlled by the MCP a; agent.

(constant speed)
Indicates that q; is flying with a constant indicated airspeed.

; Speed control
(decelerating)

Indicates that a; is decelerating. constant speed

(accelerating) C? étz C? éu

Cdecelerat/ng ) ( accelerating )

Indicates that q; is accelerating.

. Figure 120 — |Speed control|[MCP a;]
Transition t; - ts

All condition triggered:

Transition Condition

t les 2 less * Vlase
ta vIAS = less
ts 17|As < less Vias,e
ta les = less

C.6.4.2 Altitude control

The |Altitude control |[MCP a;] statechart (figure 121) models the automated altitude control functionality of the
aircraft’s autopilot system, as controlled by the MCP a; agent.

(level flight)
Indicates that q; is flying at a constant altitude.
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(descending) ; Altitude control

Indicates that a; is descending. level flight )
(climbing) t1($> é t, ts C? é ta
Indicates that q; is climbing. ( descending ) ( climbing )
Transition t; - ta Figure 121 — |Altitude control|[MCP a;]

All condition triggered:

Transition Condition

ty 7% >z + z,
a; a;
t, z% < ZS
: a;
ts z% <z -z,
a; a;
s z%2 7

C.6.4.3 Heading control

The |Heading control |[ MCP a;] statechart (figure 122) models the automated heading control functionality of the
aircraft’s autopilot system, as controlled by the MCP a; agent.

1 Heading control
(straight flight)

Indicates that a; is flying a straight trajectory. ( ) straight flight )
= Iy
|

rgj t t,; ts

(turning flight)
Indicates that a; is no longer flying a straight trajectory.

(turning right)
Indicates that a; is performing a turning movement towards the right.

(turning left) turning flight

Indicates that a; is performing a turning movement towards the left.
Figure 122 — |Heading control|[MCP a;]

Transition t;

Triggered in ty, t3, te and ty of | Interception of fly-by waypoints|[MCP a;], and in states (vector outbound STAR
instruction), {vector inbound STAR instruction}), {vector outbound merge instruction), (vector inbound merge
instruction), {vector outbound IF instruction), {vector inbound IF instruction), (vector outbound trombone instruction),
{vector inbound trombone instruction), (holding exit instruction) of | Contact with c“|[flight crew a;], and in {vacate
runway)|SA operation|[a;, c]

Transition t,

This transition is applicable in situations where the MCP a; agent receives a command to turn to a point or heading
while q; is already turning towards a specific point or heading. Transition t, therefore leaves the composite state and
re-enters it in order to re-evaluate the conditions of t3 and ty, i.e. to decide if it should proceed turning in the same
direction or if it should change the direction of the turning movement.

Triggered in states (vector outbound STAR instruction), {vector inbound STAR instruction), (vector outbound merge
instruction), {vector inbound merge instruction), {vector outbound IF instruction), {vector inbound IF instruction),
{vector outbound trombone instruction), (vector inbound trombone instruction), (holding exit instruction) of | Contact
with c%|[flight crew a.l

(", y5)

(a) Turning movement towards a point (b) Turning movement towards a radial

Figure 123 — Two different types of turns with the same logic about what direction to turn to and when to stop turning 211



MASTER OF SCIENCE THESIS REPORT

Transition t; - te
All condition triggered:

Transition Condition

ts Foh®,5) 20
ta Foth®, 5) <0
ts Folh®,1Pus) <O
te Foth®, ) 20

Transition t;

Related to turns that should end at a specific radial.

e  Condition: {vector outbound STAR)|SA operation|[a;, c] V {vector outbound trombone)|SA operation|[a;, c] V
(vector outbound IF)|SA operation|[a;, c] V {vector outbound merge)|SA operation|[a;, c] V (vacate runway)|SA
operation|[a;, c]

e Action:

1 YPh= :g

Transition ts

Related to turns that should end at a specific point in space

e Condition: (STAR)|SA operation|[a;, c] V (vector inbound STAR)| SA operation|[a;, c] V {vector inbound merge)|SA
operation|[a;, c] V (vector inbound IF)|SA operation|[a;, c] V {(vector inbound trombone}|SA operation|[a;, c] V
(holding)|SA operation|[a;, c] V (intermediate approach)|SA operation|[a;, c]

e Action:

1 YPh= Cgé\g(atanz(ysai -y, xéli - x%))

C.6.4.4 Interception of fly-by waypoints

The |Interception of fly-by waypoints|[MCP a;] statechart (figure 124) models the interception of fly-by waypoints by

the MCP a; agent using its turn anticipation capacities. _—
; Interception of fly-by waypoints

(check for waypoint interception) e BT

Represents the state of the MCP a; agent in which it is ( L@( L@’( L@' L@" L@{ L@{ L@’(

continuously monitoring the position of q; relative to wg; and w t t ts ts ts ts t,
to define when it should intercept the respective fly-by waypoint.

Figure 124 — |Interception of fly-by waypoints|[MCP a;]
The |Interception of fly-by waypoints|[MCP a;] statechart contains seven condition triggered transitions, where each
transition is related to a specific operational state and position of a;. The fly-by waypoint will be intercepted by the
MCP a; when one of the transitions is taken. The conditions in these transitions are based on the anticipation logic
that has been modelled. The variables that are used to model this turn anticipation are listed in table 47 and are
shown in figure 125. The MCP q; agent will initiate a turning movement to intercept the fly-by waypoint once &Z"W <
do

Wrp,W

Variable State space Unit  Description

&i;, R, NM Distance (“tangent”) between a; and w
(ffv"w‘w R, NM Distance from w to start intercepting w

6, [-7T, ] rad  Angle between ¥% and

Pu {0, 360] deg Heading direction with respect to magnetic north

P, {0, 360] deg Magnetic track of the next segment of the route or procedure

Table 47 - Variables that are used to calculate the distance from the fly-by waypoint at which the aircraft should initiate a turning movement to
intercept the fly-by waypoint
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Ay W= Tr tan(‘/zlé‘:ﬁP |/

Figure 125 — Variables that are used to calculate the distance from the fly-by waypoint at which the aircraft should initiate a turning movement to
intercept the fly-by waypoint

Transition t;

Represents the situation where q; is approaching ws,, where | 9‘,“1,;,(“ [>0

e Condition: (straight flight)| Heading control |[MCP a;] \ ((STAR)|SA operation|[a;, c] V {vector inbound
trombone)|SA operation|[a;, c] V {(vector inbound STAR)|SA operation|[a;, c] V {vector inbound merge)|SA
operation|[a; c]) A (dy,. <d, , )N (k%#K%—1)

AWs i Wrp,Ws
e Action:
Fi)
Fo()

A _ Qi
AS Ws k

A _ oG
DS~ wo,w&k
A _ 4
Xs' = Xy,
a _ G
Yo = ywsyk
Trigger t; of |Heading control|[MCP a;] and t, ts and t,s of |SA operation|[a;, c]

wo N R

N o v &

Transition t,

Represents the situation where a; is approaching wg,, where |9$is,k+1 |=0

e Condition: (straight flight)|Heading control|[MCP a;] \ ((STAR)|SA operation|[a;, c] V {vector inbound
trombone)|SA operation|[a;, c] V {vector inbound STAR)|SA operation||a;, c] V {vector inbound merge)|SA
operation|[a; c]) A (|6, | <) Aldy,, < dgi) A (k% # K%~ 1)

Action:

Fi()

F()

Trigger t;, tg and t,s of | SA operation][a;, c]

. a; . a; .
o = CE(atan2(y —y%, xi —x)

2W N Rle

Transition t;
Represents the situation where a; is approaching w, where | H‘ZfF |>0
e Condition: (straight flight)| Heading control |[MCP a;] A {vector inbound IF)|SA operation|[a;, c] A (d:iw.p < dfviw,w.p)

e Action:

a; _

AS T lpWTHR
ai _ o,

DS ~ ¥D,Wryr

a;
X =X

WTHR
a _

Vs = Yo
Trigger t; of |Heading control|[MCP a;] and t» of |SA operation|[a;, c]

o Rk w N R

Transition t,
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Represents the situation where a; is approaching w, where | H‘ZfF |=0
e Condition: (straight flight)| Heading control |[MCP a;] A {vector inbound IF)|SA operation||a;, c] A (|9$fF| < 1[;;1;) A
(daww, S dy)

e Action:

1 Trigger t of |SA operation|[a;, c]
2: wai = C’SQGD(atanZ(yWIF -y, Xy, — x%))

Transition ts
Represents the situation where a; is approaching w
a;

e Condition: (straight flight)| Heading control|[MCP a;] A (vector inbound STAR)|SA operation|[a;, c] A (d,,,, , <
Ay we ) N (k% == K% —1)

Wrp.Ws i

e Action:

1: Trigger ts of |SA operation|[a;, ]

Transition te
Represents the situation where a; is approaching wg
e Condition: (straight flight)| Heading control |[ MCP a;] A (holding inbound)|SA operation|[a;, c] A (dg_iWSH| <d,.

e Action:
A _ oG
L As — Pwsyo
A _ oG
2: DS ~ lpD,wS,H,o
a _ .4
3 X = st’H’o
ap _
4 Y = Ywsno
5. Trigger t; of |Heading control|[MCP a;] and ts of | SA operation|[a;, c]

Transition t;
Represents the situation where a; is approaching wg .
e Condition: (straight flight)| Heading control|[MCP a;] A {holding outbound)|SA operation|[a;, c] A (dg.,.. <d,.)

DWsHo™
e Action:
. a _ 1,4

L AS T Pwgp,

ap _ o, Qi
2: DS ~ PDwsy,

a; _ .4
3 X = Xws

a _
4: ys - yWS,H,I
5. Trigger t; of |Heading control|[MCP a;] and ts of |SA operation|[a;, c]

C.6.4.5 Glide slope interception

The | Glide slope interception|[MCP a;] statechart (figure 126) models the situation awareness of the MCP a; agent
about a; having intercepted the glideslope of runway 16L at Rome Fiumicino. This situation awareness is therefore
also used to mark the transition of a; from the intermediate approach to the final approach. The MCP a; agent will
initiate a descent when it detects that g; is intercepting the glideslope.

(glide slide not intercepted)
Initial state that has only a functional meaning when gq; is flying the —

intermediate approach, generally in a level flight condition. The state ; Glide slope interception
indicates that a; is approaching the FAP, after which it will start (glide slope not intercepted)
descending.

t
(glide slide intercepted) ( glide slope intercepted )

Indicates that a; is currently intercepting, or has already intercepted the

glide slope. This means that a; has passed the FAP and that it is currently Figure 126 - |Glide slope interception|[MCP ;]
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on final approach in a descending state.
e  State entry actions:

11 Viass = Uar
22 z;=0

Transition t;

e Condition: {(intermediate approach)|SA operation|[a;, c] A (straight flight)|Heading control|[MCP a;] A y,¢, = Vs
e Action:

1: Trigger tys of |SA operation||[a;, c]

C.6.5 Events

C.6.5.1 Aircraft movement and update of flight performance data

Event £ models the movement of aircraft a; in the simulation environment by ‘continuously’ updating the flight
performance variables of aircraft a; using a set of discretized continuous differential equations. The use of discretized
equations allows to optimize the performance of the MonteCarlo simulations. The time step of 0.1 s (At =0.1) is
considered to provide an acceptable balance between the performance of the model and the relative amount by
which the flight performance variables change.

Figure 127 — Specification of the position and the direction of movement of a; in the simulation environment

e First occurrence time: starts immediately upon generation of q;
e Recurrence time period: At

Event £
Parameter Value Unit Description
At 0.1 s Recurrence time period of &
FPm 2.74298 - 10°® - [ft-min~] to [NM-s] conversion factor
KIS 101.268592 - [kt-s] to [ft-min!] conversion factor
KIS 2.77778 - 10 - [kt-s] to [NM-s] conversion factor
1. p4=0
2: if ((decelerating)|Speed control |[MCP a;] A {level flight)|Altitude control|[MCP a;]) then
3: v = 1.7:'1;)
. else if ((decelerating)| Speed control|[MCP a;] A (descending)|Altitude control|[MCP a;] A\ -(final approach)|SA
operation|[a;, c]) then
5: v = f)g;
6: else if ((accelerating)|Speed control |[MCP a;] A {climbing)|Altitude control|[MCP a;]) then
7: v = 1'73;
6. else if ((decelerating)|Speed control |[MCP a;] A\ (descending)|Altitude control |[MCP a;] A {final approach)|SA

operation|[a;, c]) then
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9: V% = ((vat — ) / (2% - 1000) - 2% / 60) - 1.1

10: end if

11: if ((deceleration)|SA operation|[a;, c]) A (normal weather condition)| Weather condition|[Meteo Office]) then
12: DY = Vg,

13: else if ({(deceleration)|SA operation|[a;, c]) A (bad weather condition)| Weather condition|[Meteo Office]) then
14: DY = Vg,

15: end if

. — (RIAS a;
16: TAS CTAS(UIAS’ z-

17: VTAs+ % - At

. TAS i a;
18: IAS CIAS (vTAS‘ z™

19: = Fp (2% , Uk, %)

20: Z”l =0

21: if ((descending)|Altitude control|[MCP a;]) then
22: 2% =-F4(D%, z%)

23: else if ((climbing)|Altitude control|[MCP a;]) then
2 7%=z

25: end if

26: y® =atan((2% - fiw') / (vgs - filis) - 180/

27: if ((final approach)|SA operation|[a; c]) then

28: Y= 'yAaPiP

29: 7%=yl -tan(y® - m /180) - fi5s

30: end if

31 )% =0

32: if ((turning flight)|Heading control|[MCP a;]) then
33 % = (v /17)- (180 / ) / 3600

34: if ((turning right)|Heading control|[MCP a;]) then
35: Yo += )% - At

36: else if ((turning left)|Heading control|[MCP a;]) then

37: Yo =% - At

38: end if

39: if (1% > 360) then
40: % -=360

41: else if (1% < 0) then
42: P% += 360

43: end if

44: end if

4s: g = |(vgr / 17) - (180 / ) / 3600 - At |
a6: d,! = vt - At /3600

47: X% +=vgs - fille - At - cos(CRs (™)
48y += vcs fus - At - sin(Cais (Y )
49: z“t +=z% - At /60

50: F,,()

Action 10 — Updating the performance variables of a; that are used to model the three-dimensional movement of a; in the simulation environment

C.7 Flight crew

C.7.1 Variables, parameters and sets

Variable State space Unit Description
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c% C - Active executive controller agent that is responsible for a;
1% I - Instruction that is currently instructed by c%
tose R s Time period required to execute instruction and send read-back to c*
UIZ;I R, kt Instructed indicated airspeed
xla" R NM x-position of the point to which the aircraft is instructed to turn
ylai R NM y-position of the point to which the aircraft is instructed to turn
7" R, ft Instructed altitude
Zf (0, 360] deg Instructed heading direction (“tangent”)
[‘,lj (0, 360] deg Instructed heading direction (“direct”)

Table 48 — List of variables that belong to the flight crew a; agent

Parameter Value Unit Description
le.. 3.6 s Minimum value of tg
He 1.5 s Mean value of t5,
Ot 0.3 s Standard deviation of tg;

Table 49 — List of parameters that belong to the flight crew a; agent

C.7.2 Initial actions and values

1 vIZiS,I = UIZES,O *

2 Zlai - Z(;li *

3 %= C(‘)li *

4 {a;}UA

5. {a;} U A¢, where c = c%
6: {a;} UAg whereS=5%

* defined in appendix C.5.5.2

Action 11 — Initial actions and values of flight crew a; agent

C.7.3 Statecharts

C.7.3.1 SAHST

The |SA HST|[flight crew a;] statechart (figure 128) models the situation awareness of the flight crew a; agent about
the position of a; on the runway relative to wyer; and Wye,.

(not passed W, and wyg;,)
Initial state that has only a useful function after a; has landed. At touchdown a; is located somewhere near wy,z. From
this point a; starts decelerating in a direction towards wy; and Wyr,.

(passed w,) SA HST
Indicates that a; has already passed, or is currently passing w,, but not yet wy,.

( not passed wyq, and WHSTZ)

e  State entry actions:

; ; ; t
1 Y = Cogg(atan2(yy, , =y, Xy~ x)) '
2: Trigger ts; of [SA operation||[a;, c] ( passed Wy )
t2
(passed Wys,) ?
Indicates that a; has already passed, or is currently passing Wyer,. C passed Wy, )

e  State entry actions:
1: Trigger ts3 of |SA operation|[a;, c]

Figure 128 — |SA HST|[flight crew a;]
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Transition t,
e Condition: (touchdown)|SA operation|[a;, c] A dg'

D,Wysty

<dy /3600

Transition t,

e Condition: (touchdown)|SA operation|[a;,, c] N d < dZ"t / 3600

DWhst2

C.7.3.2 Contact with c%

The | Contact with c“|[flight crew a;] statechart (figure 129) models the communication between the flight crew a;
agent and c% from the pilots’ perspective.

(no contact)
Indicates that there is currently no active communication between the flight crew a; and c%.

(in contact)
Indicates that c% has successfully made contact with the flight crew a;. The pilots are within the {in contact) state
either receiving I% or executing and reading back I%.

(receiving instruction)
Represents the time period in which the flight crew a; is receiving the incoming I% from c%.

(execution and read-back)
Represents the time period in which the flight crew a; executes and reads-back the received 1% from c“.

All the remaining descriptions of the |Contact with c%|[flight crew a;] states formalise the specific actions of the flight
crew a; agent upon reception of instruction 1% from c%. Most of these actions are related to setting one of the
functionalities of the MCP qa; agent. All the remaining states contain the following state exit action (except for
(handover to ARR controller instruction), (handover to TWR controller instruction), {(handover to GND controller
instruction)):

1: Trigger t; of [Contact with flight crew a;|[c%]

(STAR speed and/or altitude instruction)
e  State entry actions:

. a _ 4
1.z, =2

. a;  _ 4
2: UIAS,S - vIAS,I

(vector outbound STAR instruction)
e  State entry actions:

1 zl=2z"
a;  _ 4
2t Upss = Uiy
a; _ L4
3: Ds ~ ¥bi
[
4 AS ~ Pal
5. Trigger ty and t, of |Heading control |[ MCP a;]

(vector inbound STAR instruction)
e  State entry actions:

a _ 4
S _Zl
a;

. = %
2: UIAS,S - vIAS,I

1. Z

3 Yo = Yooy, (5Up5)
4 Phs =Yg, 5950
a; a; a;
5 X' =%y, (=x)
L Y
6 Y5 =Xy, (=)
7: Trigger t; and t, of |Heading control |[MCP a;]
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(vector outbound merge instruction) ; Contact with c%
Same contents as (vector outbound STAR instruction) ( e — )
T R ‘
(vector inbound merge instruction) . =t in contact N
Same contents as (vector inbound STAR instruction) Y — .
Crecelvmg mstruct/on) Ots
. . I
{(vector outbound IF instruction) Rt execution and read-back
e  State entry actions: e " N
@ _ @ 4 g g 2
1. 5 =g (t—>(STAR speed and/or altitude /nstruct/on)
2 Y=Yy L~ vector outbound STAR instruction )
3: Trigger t;and t, of |Heading control |[MCP a;] 6 ( vector inbound STAR instruction )
(vector inbound IF instruction) ;7—>C vector outbound merge instruction )
e State entry actions: ts : : -
P - (t—>( vector inbound merge instruction )
e (i>( vector outbound IF instruction )
2 Vs = U
hos = st to S —
3: sy, (=) (t—>( vector inbound IF instruction )
4 Pre = Y, (SY1) A»Cvector outbound trombone instruction)
5. xliz gyl t 2 a :
. ysa . ylai \><>t——-( vector inbound trombone instruction )
s — 2 13 o -
. . N—( handover to ARR controller instruction
7:  Trigger t; and t, of |Heading control |[ MCP a;] ' )
u»(handover to TWR controller instructiorD
(vector outbound trombone instruction) t1s - -
. . %andover to GND controller mstruct/on)
Same contents as (vector outbound STAR instruction) t
&( landing clearance instruction )
(vector inbound trombone instruction) ty = -
) . ) L»( go-around instruction )
Same contents as (vector inbound STAR instruction) the
;»C holding entry instruction )
(handover to ARR controller instruction) the : — -
. ) ;b( holding exit instruction )
e  State exit actions: tho
1:  Trigger ts of | Contact with flight crew a;|[c%] s ( holding altitude instruction )
2. cli=c \ - ull

. 4 == c%
3: {a;}UAS, wherec==c Figure 129 — |Contact with c%|[flight crew a;]

(handover to TWR controller instruction)
e State exit actions:

1: Trigger t; of [Contact with flight crew a;|[c%]
22 cl=c,
3: {a;} U A°, where c == c%

(handover to GND controller instruction)
e State exit actions:

1: Trigger ts of [Contact with flight crew a;][c%]
2: cY=cg

(landing clearance instruction)
No specific actions

(go-around instruction)

e  State entry actions:
a _ 4

s = ZI

a;

. - aj
2: UIAS,S - les,l

1: Z

(holding entry instruction)
e  State entry actions:
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a4
2: UIAS,S B vIAS,I

(holding exit instruction)
e  State entry actions:

A _ 0,4 — %
L s = Wowgy, (=1p,)
2 Y5 =, (W)
a; a; a;
3 X =xWS,H,I (=x| )
a _ 4 —~y &
4 Yo' = Vg, EN)
5. Trigger t; and t, of |Heading control |[MCP a;]

(holding altitude instruction)
e State entry actions:

. a _ a4
1: Zy =Z

Transition t;
Triggered in each simple state in (sending instruction)| Contact with flight crew a;|[c], i.e. once c¢% has made contact
with a;

Transition t;
Triggered in t, of [Contact with flight crew a;][c], i.e. once c% has finished sending the instruction to a;

Transition t3
e Timeout: tg,
e Action:

@
L lpe = [’(”fgxg' Ot ltsxs)

Transitions t4 - t20
All condition triggered:

Transition Condition Transition Condition Transition Condition Transition Condition
14 [%==] to [%==],VI%==], tiq [%==1], 1o [%==1],
ts  [%==L,VI%==1, tpo [%==1], ths 1% ==1], t2o 1%==1],
ts [%==], tn [%==] t1s [%==1],
ty [%==], t2 [%==], t7 [%==1],
ts [% == tis [%==1], tis [% ==

C.8 Meteo Office

C.8.1 Statecharts

C.8.1.1 Weather condition

The | Weather condition|[Meteo Office] statechart (figure 130) models the current weather conditions at the airport.

Variable State space Unit Description
Boolean that indicates if the bad weather disturbance has already occurred,
b,, Boolean - _— . )
! where the initial value equals ‘false
(normal weather condition) ; Weather condition

e State entry actions: N/A

(norma/ weather condition)

(bad weather condition) t (;9 5 t
1 2
e State entry actions:

( bad weather condition )

220 Figure 130 — | Weather condition|[Meteo Office]
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1: by, =true

Transition t;

Parameter Value Unit Description

Time point at which the weather conditions will quickly deteriorate,

tm 3600 s )
measured relative to tgy,

1

e Timeout: tyy +t,,
e Guard: b, ==false

Transition t;

Parameter Value Unit Description

Duration of the bad weather disturbance, i.e. the time period after which the

tm 7200 s . . e .
weather conditions will return to its initial normal state again

0

e Timeout: ¢,

C.8.1.2 Contact with Supervisor TWR about bad weather condition

The | Contact with Supervisor TWR about bad weather condition|[Meteo Office] statechart (figure 131) models the
contact between the Meteo Office and the Supervisor TWR in which the Supervisor TWR is informed about the
observed bad weather condition.

; Contact with Supervisor TWR about bad weather condition

( no contact with Supervisor TWR )

t

(contact required with Supervisor TWR)

t2

( Supervisor TWR has been informed )

Figure 131 — | Contact with Supervisor TWR about bad weather condition|[Meteo Office]

Transition t,
e Condition: (bad weather condition)| Weather condition|[Meteo Office]

Transition t,
e Timeout: t
e Action:

L Gy = L(HtINF’ Oty ltINF)

C.8.1.3 Contact with Supervisor TWR about normal weather condition

The | Contact with Supervisor TWR about normal weather condition |[Meteo Office] statechart (figure 132) models the
contact between the Meteo Office and the Supervisor TWR in which the Supervisor TWR is informed about the
observed normalized weather condition.

: Contact with Supervisor TWR about normal weather condition

( no contact with Supervisor TWR )

t

(contact required with Supervisor TWR)

ta

( Supervisor TWR has been informed )

Figure 132 — | Contact with Supervisor TWR about normal weather condition |[Meteo Office]
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Transition t,
e  Condition: {(normal weather condition)| Weather condition|[Meteo Office] A
(Supervisor TWR has been informed)| Contact with Supervisor TWR about bad weather condition |[Meteo Office]

Transition t,
e Timeout: ¢
e Action:

L Gy = L(HtINF’ Oty ltINF)

C.9 Supervisor TWR

C.9.1 Statecharts

C.9.1.1 Contact with Meteo Office about bad weather condition

The |Contact with Meteo Office about bad weather condition |[Supervisor TWR] statechart (figure 133) models the
contact between the Supervisor TWR and the Meteo Office in which the Supervisor TWR agent is informed about
deteriorated weather conditions at the airport.

; Contact with Meteo Office about bad weather condition

( on stand-by for bad weather report)

t

( bad weather report received )

Figure 133 — | Contact with Meteo Office about bad weather condition|[Supervisor TWR]

Transition t;

e  Condition: (Supervisor TWR has been informed)|Contact with Supervisor TWR about bad weather condition|
[Meteo Office]

C.9.1.2 Contact with Meteo Office about normal weather condition

The | Contact with Meteo Office about normal weather condition|[Supervisor TWR] statechart (figure 134) models the
contact between the Supervisor TWR and the Meteo Office in which the Supervisor TWR agent is informed about
normalized weather conditions at the airport.

’ Contact with Meteo Office about normal weather condition

( on stand-by for normal weather report)

t

( normal weather report received )

Figure 134 — | Contact with Meteo Office about normal weather condlition|[Supervisor TWR]

Transition t;

e  Condition: (Supervisor TWR has been informed)|Contact with Supervisor TWR about normal weather condition |
[Meteo Office]
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C.9.1.3 Contact with TWR controller about reduced capacity

The |Contact with TWR controller about reduced capacity|[Supervisor TWR] statechart (figure 135) models the contact
between the Supervisor TWR and the TWR controller in which the TWR controller is informed about the reduced
runway capacity.

Transition t,
e Condition: (bad weather report received)| Contact with Meteo Office about bad weather condition |[Supervisor
TWR]

; Contact with TWR controller about reduced capacity

( no contact with TWR controller )

Transition t; t
e Timeout: t (contact required with TWR controller )
e Action:

t2

L Gy = L('uth’ Oty ltINF)

( TWR controller has been informed )

Figure 135 — | Contact with TWR controller about reduced capacity|[Supervisor TWR]

C.9.1.4 Contact with TWR controller about recovered capacity

The |Contact with TWR controller about recovered capacity|[Supervisor TWR] statechart (figure 136) models the
contact between the Supervisor TWR and the TWR controller in which the TWR controller is informed about the
recovered runway capacity.

Transition t;
e Condition: (normal weather report received)|Contact with Meteo Office about normal weather condition|
[Supervisor TWR]

’ Contact with TWR controller about recovered capacity

C no contact with TWR controller )

Transition t; t
e Timeout: &
e Action:

L by = L('uth’ Ot ltINF)

(contact required with TWR control/er)

t2

( TWR controller has been informed )

Figure 136 — |Contact with TWR controller about recovered capacity|[Supervisor TWR]

C.9.1.5 Contact with Supervisor APP about reduced capacity

The |Contact with Supervisor APP about reduced capacity|[Supervisor TWR] statechart (figure 137) models the contact
between the Supervisor TWR and the Supervisor APP in which the Supervisor APP is informed about the reduced
runway capacity.

Transition t,
e Condition: (TWR controller has been informed)| Contact with TWR controller about reduced capacity|
[Supervisor TWR]

; Contact with Supervisor APP about reduced capacity

C no contact with Supervisor APP )

Transition t, b
e Timeout: ¢ ( contact required with Supervisor APP )
e Action: t

2

( Supervisor APP has been informed )

223
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L t”‘“: = L(HtINF’ o.tINF’ ltINF)

C.9.1.6 Contact with Supervisor APP about recovered capacity

The | Contact with Supervisor APP about recovered capacity|[Supervisor TWR] statechart (figure 138) models the
contact between the Supervisor TWR and the Supervisor APP in which the Supervisor APP is informed about the
recovered runway capacity.

Transition t;
e Condition: (TWR controller has been informed)| Contact with TWR controller about recovered capacity|

[Supervisor TWR]
’ Contact with Supervisor APP about recovered capacity

( no contact with Supervisor APP )

Transition t, t

e Timeout: t

. contact required with Supervisor APP
e Action: ( < o )
L t”“F = L('utn\u:’ O-th’ ltINF) t2

( Supervisor APP has been informed )

Figure 138 — | Contact with Supervisor APP about recovered capacity|[Supervisor TWR]

C.10 Supervisor APP

C.10.1 Variables and sets

Variable State space Unit  Description
Number of controllers that have been informed about the reduced capacity,
Qecy No i initially zero
Number of controllers that have been informed about the recovered capacity,
Qe No i initially zero

Table 50 — List of variables that belong to the Supervisor APP

Set Description

C Collection of controllers where the index of the elements represents the sequence in which the respective
®  controller is or will be informed about the reduced capacity, i.e. the first element (C¢,[0]) is informed first
Collection of controllers where the index of the elements represents the sequence in which the respective

% controller is or will be informed about the recovered capacity, i.e. the first element (C¢,[0]) is informed first

Table 51 — List of sets that belong to the Supervisor APP

C.10.2 Statecharts

C.10.2.1 Contact with Supervisor TWR about reduced capacity

The | Contact with Supervisor TWR about reduced capacity|[Supervisor APP] statechart (figure 139) models the contact
between the Supervisor APP and the Supervisor TWR in which the Supervisor APP is informed about the reduced
runway capacity.

{on stand-by for reduced capacity update)
e  State entry actions: N/A
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(reduced capacity update received)
e  State entry actions:

1: {C3} U CCD -
2. if (|A“| > [A%]) then ; Contact with Supervisor TWR about reduced capacity
3: c,}uC P
e} Co (on stand-by for reduced capacity update)
4: {CZ} U (:CD
5. else b
6: {c,}u Cg, ( reduced capacity update received )
7: {C1 Hu (CCD Figure 139 — | Contact with Supervisor TWR about reduced capacity||Supervisor APP|
8 endif
9: {CO} U (CCD

Transition t;
e Condition: (Supervisor APP has been informed)| Contact with Supervisor APP about reduced capacity|
[Supervisor TWR]

C.10.2.2 Contact with Supervisor TWR about recovered capacity

The | Contact with Supervisor TWR about recovered capacity|[Supervisor APP] statechart (figure 140) models the
contact between the Supervisor APP and the Supervisor TWR in which the Supervisor APP is informed about the
recovered runway capacity.

(on stand-by for recovered capacity update)
e State entry actions: N/A

(recovered capacity update received)
e State entry actions:

1: {Cg} U (CCI
. H C: C —
2 i ( l{A; | > |A%]) then ; Contact with Supervisor TWR about recovered capacity
3: C1 U (CCI
4 {e,buCe @n stand-by for recovered capacity update)
5. else t
é: {eb U ( recovered capacity update received )
7: {C1} U (CC
8 endif ' Figure 140 — |Contact with Supervisor TWR about recovered capacity||Supervisor APP|
9: {CO} U (CCI

Transition t,
e Condition: (Supervisor APP has been informed)| Contact with Supervisor APP about recovered capacity |
[Supervisor TWR|

C.10.2.3 Contact with TNW controller about reduced capacity

The | Contact with TNW controller about reduced capacity|[Supervisor APP] statechart (figure 141) models the contact
between the Supervisor APP and the TNW controller in which the TNW controller is informed about a reduced
throughput capacity.

1 Contact with TNW controller about reduced capacity
{no contact with TNW controller)

e State entry actions: N/A (

no contact with TNW controller )

t
{(contact required with TNW

controller)
e State entry actions: N/A t2

( TNW controller has been informed )

( contact required with TNW controller)

Figure 141 — | Contact with TNW controller about reduced capacity||Supervisor APP| 225
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(TNW controller has been informed)
e  State entry actions:

1: QC_CD++

Transition t,
e Condition: (reduced capacity update received)| Contact with Supervisor TWR about reduced capacity|
[Supervisor APP] A C¢ [Qcc,] == ¢

Transition t,
e Timeout: t
e Action:

L t”"F = L(MtINF’ Utle’ ltINF)

C.10.2.4 Contact with TNW controller about recovered capacity

The |Contact with TNW controller about recovered capacity|[Supervisor APP] statechart (figure 141) models the
contact between the Supervisor APP and the TNW controller in which the TNW controller is informed about a
recovered throughput capacity.

(no contact with TNW controller) ; Contact with TNW controller about recovered capacity
e  State entry actions: N/A C no contact with TNW controller )

(contact required with TNW controller) t

e  State entry actions: N/A (contact required with TNW controller)

(TNW controller has been informed) t

e  State entry actions: ( TNW controller has been informed )

L Qo

Figure 142 — |Contact with TNW controller about recovered capacity||Supervisor APP|

Transition t,
e Condition: (recovered capacity update received)|Contact with Supervisor TWR about recovered capacity |
[Supervisor APP] N C¢ [Qcc] == ¢,

Transition t,
e Timeout: t
e Action:

L e = L('utn\u:’ O-th’ ltINF)

C.10.2.5 Contact with TNE controller about reduced capacity

The [Contact with TNE controller about reduced capacity][Supervisor APP] statechart has the same structure, purpose
and functioning as the [Contact with TNW controller about reduced capacity][Supervisor APP] statechart. Note that
the last variable of transition t; (i.e. ¢,) should be changed accordingly.

C.10.2.6 Contact with TNE controller about recovered capacity

The [Contact with TNE controller about recovered capacity][Supervisor APP] statechart has the same structure,
purpose and functioning as the [Contact with TNW controller about recovered capacity][Supervisor APP] statechart.
Note that the last variable of transition t, (i.e. c¢;) should be changed accordingly.

C.10.2.7 Contact with ARR controller about reduced capacity

The [Contact with ARR controller about reduced capacity][Supervisor APP] statechart has the same structure, purpose
and functioning as the [Contact with TNW controller about reduced capacity][Supervisor APP] statechart. Note that
the last variable of transition t; (i.e. ¢,) should be changed accordingly.
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C.10.2.8 Contact with ARR controller about recovered capacity

The [Contact with ARR controller about recovered capacity][Supervisor APP] statechart has the same structure,
purpose and functioning as the [Contact with TNW controller about recovered capacity|[Supervisor APP] statechart.
Note that the last variable of transition t, (i.e. ¢;) should be changed accordingly.

C.10.2.9 Contact with feeder controller about reduced capacity

The [Contact with feeder controller about reduced capacity][Supervisor APP] statechart has the same structure,
purpose and functioning as the [Contact with TNW controller about reduced capacity][Supervisor APP] statechart.
Note that the last variable of transition t, (i.e. c¢;) should be changed accordingly.

C.10.2.10 Contact with feeder controller about recovered capacity

The [Contact with feeder controller about recovered capacity][Supervisor APP] statechart has the same structure,
purpose and functioning as the [Contact with TNW controller about recovered capacity|[Supervisor APP] statechart.
Note that the last variable of transition t, (i.e. ¢;) should be changed accordingly.

227



P 4

hAL S

(“lf Dedicated to innovation in aerospace
2

Netherlands Aerospace Centre

NLR is a leading international research centre for
aerospace. Bolstered by its multidisciplinary expertise
and unrivalled research facilities, NLR provides innovative
and integral solutions for the complex challenges in the

aerospace sector.

NLR's activities span the full spectrum of Research
Development Test & Evaluation (RDT & E). Given NLR's
specialist knowledge and facilities, companies turn to NLR
for validation, verification, qualification, simulation and
evaluation. NLR thereby bridges the gap between research
and practical applications, while working for both
government and industry at home and abroad.

NLR stands for practical and innovative solutions, technical
expertise and a long-term design vision. This allows NLR's
cutting edge technology to find its way into successful
aerospace programs of OEMs, including Airbus, Embraer
and Pilatus. NLR contributes to (military) programs, such as
ESA's IXV re-entry vehicle, the F-35, the Apache helicopter,
and European programs, including SESAR and Clean Sky 2.
Founded in 1919, and employing some 600 people, NLR
achieved a turnover of 76 million euros in 2017, of which
81% derived from contract research, and the remaining

from government funds.

For more information visit: www.nlr.org

For more information visit: www.nlr.org

Postal address NLR Amsterdam NLR Marknesse

PO Box 90592 Anthony Fokkerweg 2 Voorsterweg 31

1006 BM Amsterdam, The Netherlands 1059 CM Amsterdam, The Netherlands 8316 PR Marknesse, The Netherlands
e ) info@nlr.nl i) www.nlr.org p)+31885113113 p)+31885114444

NLR is a registered trade name of Stichting Nationaal Lucht- en Ruimtevaartlaboratorium, Chamber of Commerce No. 41150373. VAT No. NL002760551B01



	Preface
	Abstract
	List of figures
	List of tables
	List of acronyms
	Contents
	1 Introduction
	1.1 The call for resilience in the ATM domain
	1.2 Report structure

	2 Literature review: from theory to practice
	3 Research objective, scope and methodology
	3.1 Research objective
	3.2 Research scope
	3.3 Research questions
	3.4 Research methodology

	4 Case study - Rome Fiumicino airport
	4.1 Approach sectors
	4.2 Runway system
	4.3 Instrument approach procedures
	4.3.1 Arrival segment
	4.3.2 Initial approach segment
	4.3.3 Intermediate approach segment and final approach segment

	4.4 RNAV
	4.5 Separation minima

	5 Model description
	5.1 System identification and decomposition
	5.1.1 Agents
	5.1.2 Interactions

	5.2 Environment
	5.3 Executive controller
	5.3.1 Tasks and responsibilities
	5.3.2 Model constructs
	5.3.3 Applied concepts to model basic controller techniques
	5.3.3.1 Aircraft referencing
	5.3.3.2 Determine aircraft positioning
	5.3.3.3 Separation practice
	5.3.3.4 Vectoring strategy (outbound)
	5.3.3.5 Vectoring strategy (inbound)
	5.3.3.6 Throughput capacity
	5.3.3.7 Merging practice
	5.3.3.8 Holding operations
	5.3.3.9 Speed and altitude instructions

	5.3.4 Modelled instructions
	5.3.5 Operational states

	5.4 Feeder controller
	5.5 Aircraft
	5.6 MCP
	5.6.1 Flight performance
	5.6.2 Navigation system
	5.6.3 Functionalities

	5.7 Flight crew
	5.8 Meteo Office
	5.9 Supervisor TWR
	5.10 Supervisor APP

	6 Model verification
	7 Model validation
	8 Experiments
	8.1 Experiment set-up and considerations
	8.2 General analysis of simulation results
	8.2.1 Common characteristics and patterns in obtained simulation results
	8.2.2 Resilience characteristics and patterns in simulation results
	8.2.3 General factors that define the resilience characteristics and patterns
	8.2.4 Comparison between qualitative and quantitative simulation results

	8.3 Experiments
	8.3.1 Experiment 1
	8.3.2 Experiment 2
	8.3.3 Experiment 3


	9 Discussion, conclusions and recommendations
	9.1 Discussion
	9.2 Conclusion
	9.3 Recommendations for further research

	Bibliography
	Appendix A Arrival and approach procedures
	A.1 XIBIL2A STAR procedure
	A.2 RITEB2A STAR procedure
	A.3 Instrument Approach Chart Runway 16L

	Appendix B Dynamic patterns in measured performance indicators
	B.1 Experiment 1
	Time between landing – Experiment 1 – Scenarios 1, 2, 3
	Number of aircraft in approach – Experiment 1 – Scenarios 1, 2, 3
	Number of landings – Experiment 1 – Scenarios 1, 2, 3
	Number of go-arounds – Experiment 1 – Scenarios 1, 2, 3
	Number of vector inbound trombone – Experiment 1 – Scenarios 1, 2, 3
	Number of vector outbound trombone – Experiment 1 – Scenarios 1, 2, 3
	Percentage flying STAR – Experiment 1 – Scenarios 1, 2, 3
	Percentage flying vector STAR – Experiment 1 – Scenarios 1, 2, 3
	Percentage flying vector merge – Experiment 1 – Scenarios 1, 2, 3
	Percentage flying vector IF – Experiment 1 – Scenarios 1, 2, 3
	Percentage flying holding – Experiment 1 – Scenarios 1, 2, 3
	Time in approach – Experiment 1 – Scenarios 1, 2, 3
	Time flying STAR – Experiment 1 – Scenarios 1, 2, 3
	Time flying vector STAR – Experiment 1 – Scenarios 1, 2, 3
	Time flying vector merge – Experiment 1 – Scenarios 1, 2, 3
	Time flying vector IF – Experiment 1 – Scenarios 1, 2, 3
	Time flying holding – Experiment 1 – Scenarios 1, 2, 3
	Percentage in tactical mode – Experiment 1 – Scenario 1
	Percentage in tactical mode – Experiment 1 – Scenario 2
	Percentage in tactical mode – Experiment 1 – Scenario 3
	Number of instructions – Experiment 1 – Scenario 1
	Number of instructions – Experiment 1 – Scenario 2
	Number of instructions – Experiment 1 – Scenario 3

	B.2 Experiment 2
	Number of go-arounds – Experiment 2 – Scenarios 1, 2, 3
	Number of vector inbound trombone – Experiment 2 – Scenarios 1, 2, 3
	Number of vector outbound trombone – Experiment 2 – Scenarios 1, 2, 3
	Percentage in tactical mode (ARR controller) – Experiment 2 – Scenarios 1, 2, 3
	Number of instructions (ARR controller) – Experiment 2 – Scenarios 1, 2, 3

	B.3 Experiment 3
	Percentage flying STAR – Experiment 3 – Scenarios 1, 2, 3
	Percentage flying vector STAR – Experiment 3 – Scenarios 1, 2, 3
	Percentage flying vector merge – Experiment 3 – Scenarios 1, 2, 3
	Percentage flying holding – Experiment 3 – Scenarios 1, 2, 3
	Number of instructions (TNW controller) – Experiment 3 – Scenarios 1, 2, 3
	Number of instructions (TNE controller) – Experiment 3 – Scenarios 1, 2, 3
	Number of instructions (ARR controller) – Experiment 3 – Scenarios 1, 2, 3


	Appendix C Model specification
	C.1 Specification in AnyLogic format
	C.1.1 Variables and parameters
	C.1.2 Sets
	C.1.3 Statecharts
	C.1.4 Events
	C.1.5 Functions and actions

	C.2 General
	C.2.1 Variables, parameters and sets
	C.2.2 Functions
	C.2.2.1 Uniform distribution
	C.2.2.2 Normal distribution
	C.2.2.3 Truncated normal distribution
	C.2.2.4 Lognormal distribution
	C.2.2.5 Conversion from radians to degrees and vice versa
	C.2.2.6 Conversion from IAS to TAS and vice versa
	C.2.2.7 Calculate angle between two bearings or radials
	C.2.2.8 Calculate the wind component
	C.2.2.9 Get wind speed at specific altitude
	C.2.2.10 Get wind direction at specific altitude
	C.2.2.11 Calculate ground speed
	C.2.2.12 Calculate “direct” bearing
	C.2.2.13 Calculate “tangent” bearing
	C.2.2.14 Calculate “tangent” distance
	C.2.2.15 Determine the required wake vortex separation distance
	C.2.2.16 Floor function

	C.2.3 Statechart: communication of capacity updates
	9.3.1.1 Sending a capacity update
	9.3.1.2 Receiving a capacity update


	C.3 Environment
	C.3.1 Coordinate system
	C.3.2 Parameters
	C.3.3 Wind model

	C.4 Executive controller
	C.4.1 Variables, parameters and sets
	C.4.2 Initial actions and values
	C.4.3 Functions
	C.4.3.1 Define vectoring accuracy
	C.4.3.2 Update the assigned positions of vector points

	C.4.4 Events
	C.4.4.1 Update situation awareness of controller about ,𝒂-𝒊.
	C.4.4.2 Update number of recently provided instructions
	C.4.4.3 Manage merging sequence towards ,𝒘-𝗜𝗙.

	C.4.5 Statecharts
	C.4.5.1 Situation awareness
	C.4.5.1.1 SA operation
	C.4.5.1.2 SA STAR progress
	C.4.5.1.3 SA vector instruction history
	C.4.5.1.4 SA waypoint update history
	C.4.5.1.5 SA STAR speed
	C.4.5.1.6 SA STAR altitude
	C.4.5.1.7 SA STAR speed instruction requirement
	C.4.5.1.8 SA STAR altitude instruction requirement
	C.4.5.1.9 SA vector outbound STAR requirement
	C.4.5.1.10 SA vector inbound STAR
	C.4.5.1.11 SA vector outbound merge requirement
	C.4.5.1.12 SA vector outbound STAR history
	C.4.5.1.13 SA vector inbound merge
	C.4.5.1.14 SA vector outbound IF requirement
	C.4.5.1.15 SA vector inbound IF
	C.4.5.1.16 SA vector outbound trombone requirement
	C.4.5.1.17 SA vector inbound trombone
	C.4.5.1.18 SA handover to ARR
	C.4.5.1.19 SA handover to TWR
	C.4.5.1.20 SA handover to GND
	C.4.5.1.21 SA landing clearance
	C.4.5.1.22 SA holding requirement
	C.4.5.1.23 SA holding entry
	C.4.5.1.24 SA holding exit
	C.4.5.1.25 SA holding altitude requirement

	C.4.5.2 Workflow
	C.4.5.3 Contact with flight crew ,𝒂-𝒊.
	C.4.5.4 Control mode
	C.4.5.5 Contact with supervisor about reduced capacity
	C.4.5.6 Contact with supervisor about recovered capacity


	C.5 Feeder controller
	C.5.1 Applied strategy in modelling aircraft generations
	C.5.2 Variables, parameters and sets
	C.5.3 Initial actions and values
	C.5.4 Functions
	C.5.4.1 Generate random WTC
	C.5.4.2 Generate random aircraft type

	C.5.5 Events
	C.5.5.1 Generation of time points
	C.5.5.2 Generation of aircraft agents

	C.5.6 Statecharts
	C.5.6.1 Contact with Supervisor APP about reduced capacity
	C.5.6.2 Contact with Supervisor APP about recovered capacity


	C.6 MCP
	C.6.1 Variables, parameters and sets
	C.6.2 Initial actions and values
	C.6.3 Functions
	C.6.3.1 Return vertical speed for a given altitude layer and aircraft type
	C.6.3.2 Updating the position and orientation of ,𝒂-𝒊. relative to the multiple significant points
	C.6.3.3 Updating the waypoint number ,𝒌-,𝒂-𝒊..

	C.6.4 Statecharts
	C.6.4.1 Speed control
	C.6.4.2 Altitude control
	C.6.4.3 Heading control
	C.6.4.4 Interception of fly-by waypoints
	C.6.4.5 Glide slope interception

	C.6.5 Events
	C.6.5.1 Aircraft movement and update of flight performance data


	C.7 Flight crew
	C.7.1 Variables, parameters and sets
	C.7.2 Initial actions and values
	C.7.3 Statecharts
	C.7.3.1 SA HST
	C.7.3.2 Contact with ,𝒄- -,𝒂-𝒊..


	C.8 Meteo Office
	C.8.1 Statecharts
	C.8.1.1 Weather condition
	C.8.1.2 Contact with Supervisor TWR about bad weather condition
	C.8.1.3 Contact with Supervisor TWR about normal weather condition


	C.9 Supervisor TWR
	C.9.1 Statecharts
	C.9.1.1 Contact with Meteo Office about bad weather condition
	C.9.1.2 Contact with Meteo Office about normal weather condition
	C.9.1.3 Contact with TWR controller about reduced capacity
	C.9.1.4 Contact with TWR controller about recovered capacity
	C.9.1.5 Contact with Supervisor APP about reduced capacity
	C.9.1.6 Contact with Supervisor APP about recovered capacity


	C.10 Supervisor APP
	C.10.1 Variables and sets
	C.10.2 Statecharts
	C.10.2.1 Contact with Supervisor TWR about reduced capacity
	C.10.2.2 Contact with Supervisor TWR about recovered capacity
	C.10.2.3 Contact with TNW controller about reduced capacity
	C.10.2.4 Contact with TNW controller about recovered capacity
	C.10.2.5 Contact with TNE controller about reduced capacity
	C.10.2.6 Contact with TNE controller about recovered capacity
	C.10.2.7 Contact with ARR controller about reduced capacity
	C.10.2.8 Contact with ARR controller about recovered capacity
	C.10.2.9 Contact with feeder controller about reduced capacity
	C.10.2.10 Contact with feeder controller about recovered capacity






