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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-I), recent trends insist on the necessity to 

understand and support how safety is actively produced (Safety-II) [21]. From a Safety-II 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:  

• 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; 

• 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;  

• 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; 

• Section 5 – Model description: describes the agent-based model that has been developed to study the resilient 

capacities of conventional approach operations; 

• Section 6 – Model verification: describes the verification processes that have been performed during and after 

model implementation; 

• Section 7 – Model validation: describes the model validation process that has been performed; 

• 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; 

• 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: 

• Complex socio-technical systems 

• The concept of resilience 

• Resilience engineering 

• Properties and characteristics to express resilience 

• Resilience assessment metrics 

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

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

• 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. Bergström 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-II looks for ways 

to enhance the ability of systems to succeed under varying conditions and to remain productive [20]. The focus in 

Safety-II 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-II differs significantly from traditional risk management strategies (Safety-I), 

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: 

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

• 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; 

• 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]: 

• 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; 

• 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]: 

• 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; 

• 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;  

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

• 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]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number Description 

① Stable original state [17] 

② System disruption [17], absorption 

③ Disrupted state [17], adaptation 

④ System recovery [17], restoration 

⑤ Stable recovered state [17] 

⑥ Disruptive event [17], disruption [44] 

⑦ Resilience action [17] 

⑧ Original stable system performance [16], desired/normal performance level [44] 

⑨ Performance at a new stable level after recovery [16], recovered performance [44] 

⑩ Performance level immediately post-disruption [16], minimum performance [44] 

⑪ Absorptive capacity [16], absorption factor [44] 

⑫ Adaptive capacity [16], recovery factor [44] 

⑬ Time to recovery (used in all metrics) 

⑭ Recovery rate [27] 

⑮ Resilience loss [4] 

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)  

 

  

Figure 1 – Typical representation of the “resilience triangle” paradigm and corresponding properties 
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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.  
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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 AnyLogic 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 

quantitative 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. 
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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.   

 

• 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;  

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

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

• 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;  

• 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/III 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.  

 

 

 

 

 

 

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.  

 

 

 

 

 

 

Figure 3 – Runway 16L at Rome Fiumicino 
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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.  

 

Figure 4 – Historic flight trajectories towards runway 16L at Rome Fiumicino 

               (a) direct-to’s (clearance limits)                                           (b) STAR procedures                                           (c) vector and holding operations 

entry points of STARs 

IF 
IAF 

GOPOL 
RAVUX 

RITEB 
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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.  

 

 

 

 

 

 

 

 

 

 

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.  

  

Figure 5 – Visualization of the tromboning sequencing technique as applied at Frankfurt am Main airport 
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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 5 NM  

 MEDIUM HEAVY 3 NM  

 MEDIUM MEDIUM 3 NM  

Table 3 – Distance-based wake turbulence separation minima (only presented partly) [25] 

 

  



 

 

 

16 

MASTER OF SCIENCE THESIS REPORT 

 

 



 

17 

MASTER OF SCIENCE THESIS REPORT 
 

 

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 

• 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 𝒄𝟭) 

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

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

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

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

TNE controller (Executive controller 𝒄𝟮) 

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

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

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

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

ARR controller (Executive controller 𝒄𝟯) 

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

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

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

• Merge two incoming traffic streams at the intermediate fix. 

 

 



 

 

 

18 

MASTER OF SCIENCE THESIS REPORT 

 

TWR controller (Executive controller 𝒄𝟰) 

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

• Provide landing clearance. 

• Instruct go-around if separation is considered insufficient. 

Aircraft 𝒂𝒊 (multiple) 

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

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

MCP 𝒂𝒊 (multiple) 

• Responsible for the operation of the autopilot of the aircraft 𝑎𝑖 agent. 

• Defined as the collection of systems that assist the flight crew 𝑎𝑖 agent in (automatically) controlling the trajectory 

of the aircraft 𝑎𝑖 agent. 

Flight crew 𝒂𝒊 (multiple) 

• Provide the MCP 𝑎𝑖 agent with the correct input settings, in accordance with the instructions that are received by 

the active controller agent. 

Meteo Office 

• Monitor weather conditions. 

• Inform Supervisor TWR when weather conditions have changed. 

Supervisor TWR 

• Define runway configuration and capacity. 

• Inform Supervisor APP and TWR controller about a changed runway capacity after having been informed about 

changed weather conditions. 

Supervisor APP 

• Define airspace (throughput) capacity in approach sectors. 

• 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: 

• The involved CNS systems are at all time working and functioning properly; 

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

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

• 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 𝑎𝟣. 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 𝑎𝟣 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 

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

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

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

5 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 𝑎𝑖 

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 𝑎𝑖 agent provides the MCP 𝑎𝑖 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 

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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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 = {𝑆𝟣, 𝑆𝟤}. Here 𝑆𝟣 represents the 

XIBIL2A procedure and 𝑆𝟤 the RITEB2A procedure. Within each STAR procedure there is one holding pattern 

considered, i.e. ℍ𝑆𝟣
= {𝐻𝟣} and ℍ𝑆𝟤

= {𝐻𝟤}.  

Figure 6 – Schematic overview of the agents, the environment and the interactions as considered in the formal quantitative agent-based model 
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𝒘𝒊𝒏𝒅𝒆𝒙 Description 

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

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

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

𝑤𝑆,𝖱 Waypoint at which aircraft can re-join and re-operate STAR procedure 𝑆 (XIBIL2A: GIPAP, RITEB2A: VAKAB) 

𝑤𝑆,𝖧𝖮 Desired handover point from TNW/TNE to ARR (XIBIL2A: USIRU, RITEB2A: ESALU) 

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

𝑤𝖨𝖥 Intermediate Fix (IF) (OXERU) 

𝑤𝖳𝖧𝖱 Runway threshold (LIRF) 

𝑤𝖧𝖲𝖳𝟣 First HST (DG of RWY 16L) 

𝑤𝖧𝖲𝖳𝟤 First HST (DH of RWY 16L) 

𝑤𝐼𝟤𝑆,𝑘
 Vector points that are used to resolve conflicting situations near the lateral profile of the STAR procedure 

𝑤𝐼𝟦,𝑆
 Vector points that are used to resolve conflicting situations near the base segment of the STAR procedure 

𝑤𝐼𝟨,𝑆,𝑁
 Vector points that are used to resolve conflicting situations during the merging operations relative to 𝑤𝖨𝖥 

𝑤𝐼𝟪,𝑆
 Vector points that are used to resolve conflicting situations near 𝑤𝖨𝖥 

𝑤𝑆,𝐻,𝖨 Holding inbound fix (XIBIL2A: GOPOL, RITEB2A: RAVUX) 

𝑤𝑆,𝐻,𝖮 Holding outbound fix 

Table 5 – Descriptions of the multiple significant points that are considered in the model 

 

 

 

𝑤𝑆𝟣,𝟢 

𝑤𝑆𝟣,𝟣 

𝑤𝑆𝟣,𝟤 

𝑤𝑆𝟣,𝟥 

𝑤𝑆𝟣,𝟦 
𝑤𝑆𝟣,𝟧 

𝑤𝑆𝟣,𝟨 

𝑤𝑆𝟣,𝟩 

𝑤𝑆𝟣,𝟪 
𝑤𝑆𝟣,𝟫 

𝑤𝑆𝟣,𝟣𝟢 

𝑤𝑆𝟣,𝟣𝟣 

𝑤𝑆𝟣,𝟣𝟤 

𝑤𝑆𝟤,𝟣 

𝑤𝑆𝟤,𝟢 
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𝑤𝐼𝟤,𝑆𝟣,𝟦 

𝑤𝐼𝟤,𝑆𝟣,𝟫 

𝑤𝐼𝟤,𝑆𝟣,𝟣𝟢 
𝑤𝐼𝟤,𝑆𝟣,𝟣𝟣 
𝑤𝐼𝟤,𝑆𝟣,𝟣𝟤 
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𝑤𝐼𝟤,𝑆𝟤,𝟫 
𝑤𝐼𝟤,𝑆𝟤,𝟣𝟢 
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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 “𝑤𝑖𝑛𝑑𝑒𝑥”. 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 ∈ ℕ𝟢, 𝑆 ∈ 𝕊, 𝐻 ∈ ℍ𝑆 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 𝑤𝑆,𝖱 and 𝑤𝑆,𝖬𝖮, 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 𝑤𝑆,𝖬𝖮 and 𝑤𝑆,𝖬𝖨. Aircraft that are positioned on the base segment are therefore no longer flying explicitly 

away from 𝑤𝖨𝖥 and 𝑤𝖳𝖧𝖱. The final segment at last is defined to be the part of the STAR procedure between 𝑤𝑆,𝖬𝖨 and 

𝑤𝑆,𝖨𝖠𝖥, i.e. 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 𝑤𝖨𝖥. 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 
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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 = {𝑐𝟣, 𝑐𝟤, 𝑐𝟥, 𝑐𝟦}. Three of those controller agents 

can be described as approach controllers (APP), which are the TNW (𝑐𝟣), TNE (𝑐𝟤) and ARR (𝑐𝟥) 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 (𝑐𝟦) 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: 

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

• Section 5.3.2: describes the model constructs that have been used to contextualize the properties of the 

controller agent; 

• Section 5.3.3: describes the generic strategies and concepts that have been applied to allow the modelling of 

realistic and functional controller actions; 

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

• 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: 

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

• Monitor traffic situation in general  

• Manage throughput capacity, as delivered to the ARR sector 

• Coordinate with Supervisor APP about desired throughput capacity   

• Handover to ARR controller 

• Apply vectoring to adjust spacing between aircraft  

• Provide vector back to route  

• Provide navigation clearance to route or waypoint 

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

• Initiate/terminate holding operations  

• 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: 

• Monitor aircraft spacing in sequence and during merging within the ARR sector 

• Monitor traffic situation in general  

• Manage throughput capacity, as delivered to the TWR sector 

• Coordinate with Supervisor APP about desired throughput capacity   

• Handover from TNE and TNW controllers 

• Handover to TWR controller 

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

• Merge incoming traffic from the TNW and TNE sectors 

• Apply vectoring to adjust separation between aircraft  

• Provide vector back to route  

• Provide navigation clearance to route or waypoint 

• 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: 

• Monitor aircraft separation in sequence during final approach 

• Manage runway capacity, as delivered at the runway threshold 

• Coordinate with Supervisor TWR about desired runway capacity   

• Handover from ARR controller 

• Handover to GND controller 

• Provide landing clearance  

• Instruct go-around  

  



 

25 

MASTER OF SCIENCE THESIS REPORT 
 

 

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.  

 

 

 

 

 

 

 

 

 

 

 

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 𝑎𝑖. 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: 

• the separation between aircraft; 

• the position and orientation of each aircraft relative to other aircraft and the various significant points; 

• the operational state of each aircraft; 

• the correct sequence of aircraft; 

• 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): 

• its necessity (e.g. the need for a vector instruction to resolve a conflicting situation); 

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

• 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.  

Figure 9 – Model constructs of the controller agent and their interactions 
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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. 

 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.  

 

𝒂𝒋,𝒊 Description 

𝑎𝟣,𝑖 the aircraft that is flying in front of 𝑎𝑖 while operating the STAR procedure or other type of operations near 

the lateral profile of the STAR procedure. 

𝑎𝟤,𝑖 the aircraft that is flying in front of 𝑎𝑖 during the merging and sequencing practice towards 𝑤𝖨𝖥. 

𝑎𝟥,𝑖 the aircraft that is flying in front of 𝑎𝑖 while operating the intermediate- or final approach segment. 

𝑎𝟦,𝑖 the aircraft where 𝑎𝑖 is to be sequenced behind relative to 𝑤𝑆,𝖱. 

𝑎𝟧,𝑖 the aircraft where 𝑎𝑖 is to be sequenced in front of relative to 𝑤𝑆,𝖱. 

Table 6 – Descriptions of the so-called reference aircraft 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑤𝑆𝟤 ,𝖧𝖮 

𝑤𝑆𝟤 ,𝖱
 𝑤𝑆𝟤,𝖬𝖮 

𝑤𝑆𝟤,𝖬𝖨 𝑤𝑆𝟤,𝖨𝖠𝖥 

𝑤𝖨𝖥 
𝑤𝖳𝖧𝖱 

𝑤𝑆𝟤 ,𝐻𝟣,𝖨
 

𝑎𝟣= 𝑎𝟥,𝟤 𝑎𝟥 𝑎𝟤= 𝑎𝟥,𝟥 

𝑎𝟦  = 𝑎𝟤,𝟧 

𝑎𝟧  = 𝑎𝟤,𝟨 

𝑎𝟨  = 𝑎𝟤,𝟩 

𝑎𝟩  = 𝑎𝟣,𝟪 = 𝑎𝟦,𝟪 
 

𝑎𝟫  = 𝑎𝟦,𝟣𝟢 

𝑎𝟪  = 𝑎𝟣,𝟫 = 𝑎𝟦,𝟫 
 

𝑎𝟣𝟣 = 𝑎𝟣,𝟣𝟤 = 𝑎𝟧,𝟪 = 𝑎𝟧,𝟫 

𝑎𝟣𝟤 = 𝑎𝟣,𝟣𝟥 

𝑎𝟣𝟥 = 𝑎𝟣,𝟣𝟦 

𝑎𝟣𝟢 

𝑎𝟣𝟦 

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. 𝑎𝑖) is referenced 

(“connected”) to a fixed set of surrounding aircraft (if applicable) (i.e. 𝑎𝑗,𝑖, 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.  

 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. 𝑤𝑆,𝑘) 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 𝑘th 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 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.  

 

  

𝑤𝑆,𝟢 

𝑤𝑆,𝟣 

𝑤𝑆,𝟤 𝑤𝑆,𝟥 

𝑤𝑆,𝟦 

𝑤𝑆,𝟧 𝑤𝑆,𝟨 

𝑤𝑆,𝟩 

𝑤𝑆,𝟪 

Figure 11 – Visualization of the usage of dynamically changing waypoint numbers to relate the position and orientation of aircraft agents to 
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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: 

• Actual spacing: the actual (observed) longitudinal spacing between 𝑎𝑖 and 𝑎𝑗,𝑖; 

• Separation minima: the ICAO wake turbulence separation minima between 𝑎𝑖 and 𝑎𝑗,𝑖; 

• 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; 

• Desired spacing: the (minimum) spacing between 𝑎𝑖 and 𝑎𝑗,𝑖 that should be maintained to comply with the desired 

throughput capacity; 

• Separation buffer (type II): 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).   

 

 

 

 

 

 

 

 

Conflicts 

The first four separation distances allow the controller agent to detect and to resolve the following types of conflicts 

between 𝑎𝑖 and 𝑎𝑗,𝑖 (if applicable): 

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

• 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.  

 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. 

 

𝑎𝑗,𝑖 𝑎𝑖 
separation minima separation buffer (type I) separation buffer (type II) 

desired spacing 

actual spacing 

Figure 12 – Visualization of the separation distances that are used to model the separation practice of the controller 
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𝒘𝒊𝒏𝒅𝒆𝒙 Purpose and features 

𝑤𝐼𝟤,𝑆,𝑘
 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,𝑘) 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. 𝑤𝐼𝟤,𝑆,𝑘
. 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.  

𝑤𝐼𝟦,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. 

𝑤𝐼𝟨,𝑆,𝑁
 Vector points that are used to resolve conflicting situations during the merging operations relative to 𝑤𝖨𝖥. 

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. 𝑤𝐼𝟨,𝑆,𝑁
) 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.  

𝑤𝐼𝟪,𝑆
 Vector points that are used to resolve conflicting situations near 𝑤𝖨𝖥. They have been assigned such that the 

conflicting aircraft is able to leave the dense ARR sector away from both 𝑤𝑆,𝖨𝖠𝖥 and 𝑤𝖨𝖥 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 

 

 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,𝑘 and 𝑤𝖨𝖥). 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. 𝑤𝐼𝟤,𝑆,𝑘
). 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 𝑎𝑖. 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 
𝑎𝑖,𝑐 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,𝑘 to decide which waypoint (i.e. 𝑤𝑆,𝑘) 

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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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 II) 

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 II) 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 II). Note that the calculated separation buffer (type II) 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 II) (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 II) can affect the vectoring accuracy in two ways. A too large (positive) separation buffer 

(type II) will negatively affect the maintained and desired throughput capacity. A too small (negative) separation buffer 

(type II) 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.   

preferred direction of the inbound vector 

non-preferred direction of the inbound vector 

𝑎𝑖 

𝑎𝑖 

𝑎𝑖 

𝑎𝑖 

① 

② 

③ 

④ 

Figure 13 – Visualization of how the preferred direction of an inbound vector changes over time due to a changing position of 𝑎𝑖   

𝑤𝑆,𝑘−1 
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Each time when the controller agent has instructed an inbound (or outbound) vector to 𝑎𝑖 the model imposes a time 

period in which the controller cannot instruct a new vector operation to 𝑎𝑖. 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 𝑎𝑖 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.  

 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 𝑎𝑖 

and 𝑎𝑗,𝑖. These time buffers define therefore the size of the to be added separation buffer (type I), 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 I) 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 I) (230 * (15 + 10) / 3600 = 1.6 NM) separation minima (5 NM) 

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

desired spacing (5 + 1.6 = 6.6 NM) 

desired spacing (5 + 3.5 = 8.5 NM) 

actual spacing (8 NM) 

HEAVY 
210kt 

MEDIUM 
230kt 

Figure 15 – Visualization of the application of time buffers to steer upon a desired throughput capacity 

𝑎𝑗,𝑖 𝑎𝑖 

𝑤𝐼𝟤,𝑆,𝑘
 

𝑤𝑆,𝑘 

𝑎𝑖 

𝑎𝟣,𝑖 

Figure 14 – Visualization of the application of the separation buffer (type II) to take into account the inaccuracies and uncertainties of the controller agent 
in deciding upon the feasibility of inbound vectors 
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The model considers two different types of time buffers to define the separation buffer (type I). 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 𝑎𝑖 is not having any conflict with 𝑎𝑗,𝑖 when the controller is operating in a normal 

capacity mode. However, 𝑎𝑖 is having a desired spacing conflict with 𝑎𝑗,𝑖 when the controller is operating in a reduced 

capacity mode. In this latter situation the controller will need to enlarge the spacing between 𝑎𝑖 and 𝑎𝑗,𝑖 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 𝑎𝑖 and 𝑎𝑗,𝑖. The default time 

buffer and the additional time buffer combined will eventually define the size of the separation buffer (type I), and 

thus the size of the desired spacing between 𝑎𝑖 and 𝑎𝑗,𝑖. 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 𝑎𝑖 and 𝑎𝟤,𝑖 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. 

 Merging practice 

The model considers two types of merging and sequencing practices. The first practice is meant to sequence 𝑎𝑖 in 

between 𝑎𝟦,𝑖 and 𝑎𝟧,𝑖 at 𝑤𝑆,𝖱 to let 𝑎𝑖 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 𝑤𝖨𝖥 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 𝑤𝑆,𝖱 is the result of unsuccessful merging operations at and near 𝑤𝖨𝖥, mostly due to 

conflicting situations in this dense airspace section. Aircraft that are causing this loss of separation are vectored 

(outbound) towards 𝑤𝐼𝟪,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 𝑤𝖨𝖥). Separation conflicts during the 

intermediate- and final approach are generally resolved using go-around instructions only. While operating these 

specific vectors towards 𝑤𝐼𝟪,𝑆
 aircraft may be instructed a direct-to towards 𝑤𝑆,𝖱 to re-operate the STAR procedure. In 

this way aircraft are provided a new opportunity for a successful approach towards 𝑤𝖨𝖥. 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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𝑤𝖨𝖥 or when the throughput capacity in the ARR sector is suddenly decreased and a relatively large number of aircraft 

are soon intercepting 𝑤𝖨𝖥. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 𝑤𝑆,𝖱. 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 𝑤𝑆,𝖱, and at last because 𝑤𝑆,𝖱 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 𝑤𝑆,𝖱, 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 𝑤𝖨𝖥. 

Aircraft that are near 𝑤𝖨𝖥 are generally instructed only one direct-to towards 𝑤𝖨𝖥. This specific vector will be instructed 

once the actual spacing between 𝑎𝑖 and 𝑎𝟤,𝑖 is considered sufficient for a feasible merging operation (e.g. 𝑎𝟣 and 𝑎𝟤 in 

figure 16). The spacing that is required for a feasible merging operation is especially gained in the situation when 𝑎𝟤,𝑖 is 

operating an inbound vector towards 𝑤𝖨𝖥 and when 𝑎𝑖 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. 𝑎𝟥). As a reaction to these saturated trombone segments the ARR controller will start to vector 

aircraft towards 𝑤𝐼𝟦,𝑆
. The direction of this vector allows the vectored aircraft (e.g. 𝑎𝟦) to further increase the required 

spacing with the surrounding aircraft (e.g. 𝑎𝟤 and 𝑎𝟥) to facilitate a feasible merging operation. The outbound vector 

towards 𝑤𝐼𝟦,𝑆
 is thereafter first followed by an inbound vector towards 𝑤𝑆,𝖬𝖨. This is required because aircraft are only 

considered available for an inbound vector towards 𝑤𝖨𝖥 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 𝑤𝖨𝖥, which in turn enhances the predictability of the arrival time of the merged aircraft at 𝑤𝖨𝖥. The vector 

towards 𝑤𝑆,𝖬𝖨 anticipates already on the merging practice that is still to be performed, which results in the delivery of 

pre-merged aircraft pairings at 𝑤𝑆,𝖬𝖨. 

 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.  

𝑤𝑆𝟣 ,𝖱
 𝑤𝑆𝟤 ,𝖱

 

𝑤𝖨𝖥 

𝑤𝑆𝟣,𝖨𝖠𝖥 𝑤𝑆𝟤,𝖨𝖠𝖥 

𝑤𝑆𝟣,𝖬𝖮 𝑤𝑆𝟤,𝖬𝖮 

𝑤𝑆𝟣,𝖬𝖨 𝑤𝑆𝟤,𝖬𝖨 

𝑤𝐼𝟦,𝑆𝟣
 

 

𝑤𝐼𝟦,𝑆𝟤
 

 

𝑎𝟤  = 𝑎𝟤,𝟥 

𝑎𝟣  = 𝑎𝟤,𝟤 

𝑎𝟥  = 𝑎𝟣,𝟧 = 𝑎𝟤,𝟦 

𝑎𝟦  = 𝑎𝟣,𝟨 = 𝑎𝟤,𝟧 

𝑎𝟧  = 𝑎𝟣,𝟩 = 𝑎𝟤,𝟨  = 𝑎𝟦,𝟩 𝑎𝟨  = 𝑎𝟣,𝟪 = 𝑎𝟦,𝟪 

𝑎𝟩  = 𝑎𝟣,𝟣𝟢 

𝑎𝟪  = 𝑎𝟣,𝟫 

𝑎𝟫  = 𝑎𝟧,𝟪 

𝑎𝟣𝟢 = 𝑎𝟧,𝟩 

Figure 16 – Visualization of the merging and sequencing practices in the ARR sector 
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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 𝑎𝑖 and 𝑎𝟣,𝑖, 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 𝑎𝑖 and 𝑎𝟣,𝑖 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. 

 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.  

 

 

 

 

 

 

 

 
 

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. 𝑎𝑖) 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 𝑎𝑖 with the 

altitude and airspeed that 𝑎𝑖 is desired to fly when considering the current position of 𝑎𝑖 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 𝑎𝑖 

is heading to (i.e. 𝑤𝑆,𝑘) 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 𝑎𝑖 is already decelerating towards the 

airspeed constraint of the next waypoint (i.e. 𝑤𝑆,𝑘). An altitude instruction is on the other hand required, since 𝑎𝑖 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 𝑎𝑖 to proceed descending to the new desired altitude of 6000ft. 

altitude constraint: 8000ft 
airspeed constraint: 220kt 

altitude constraint: 6000ft 
airspeed constraint: 220kt 

 
𝑎𝑖 𝑤𝑆,𝑘 

current altitude: 8765ft 
instructed altitude: 8000ft 
current airspeed: 226kt 
instructed airspeed: 220kt 

Figure 17 – Visualization of a scenario in which the controller agent would need to instruct an altitude instruction 
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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 𝒄 ∈ 𝑰𝒊𝒏𝒅𝒆𝒙  Description 

STAR speed and/or altitude  {𝑐𝟣, 𝑐𝟤, 𝑐𝟥} 𝐼𝟣 Speed and/or altitude instruction to prepare 𝑎𝑖 for the initial approach 

by guiding 𝑎𝑖 in a gradual manner along the STAR profile 

vector outbound STAR  {𝑐𝟣, 𝑐𝟤, 𝑐𝟥} 𝐼𝟤,𝟣, 𝐼𝟤,𝟤 Vector instruction towards 𝑤𝐼𝟤,𝑆,𝑘 due to insufficient spacing between 𝑎𝑖 

and 𝑎𝟣,𝑖 (𝐼𝟤,𝟣: vector outbound STAR instruction due to a separation 

minima conflict, 𝐼𝟤,𝟤: vector outbound STAR instruction due to a desired 

spacing conflict)  

vector inbound STAR  {𝑐𝟣, 𝑐𝟤, 𝑐𝟥} 𝐼𝟥 Vector instruction towards 𝑤𝑆,𝑘 due to sufficient spacing between 𝑎𝑖 

and 𝑎𝟣,𝑖  

vector outbound merge  {𝑐𝟥} 𝐼𝟦 Vector instruction towards 𝑤𝐼𝟦,𝑆
 due to saturated trombone segments 

and because of an infeasible merging practice due to the relative 

locations of 𝑎𝑖, 𝑎𝟣,𝑖 and 𝑎𝟤,𝑖  

vector inbound merge  {𝑐𝟥} 𝐼𝟧 Vector instruction towards 𝑤𝑆,𝖬𝖨 when the merging practice towards 𝑤𝖨𝖥 

is expected to be feasible in the near future due to sufficient spacing 

between 𝑎𝑖 and 𝑎𝟣,𝑖, and between 𝑎𝑖 and 𝑎𝟤,𝑖  

vector outbound IF  {𝑐𝟥} 𝐼𝟨,𝟣, 𝐼𝟨,𝟤 Vector instruction towards 𝑤𝐼𝟨,𝑆,𝑁
 due to insufficient spacing between 

𝑎𝑖 and 𝑎𝟤,𝑖. (𝐼𝟨,𝟣: vector outbound IF instruction due to a separation 

minima conflict, 𝐼𝟨,𝟤: vector outbound IF instruction due to a desired 

spacing conflict) 

vector inbound IF  {𝑐𝟥} 𝐼𝟩 Vector instruction towards 𝑤𝖨𝖥 due to sufficient spacing between 𝑎𝑖 and 

𝑎𝟤,𝑖 for a feasible merging operation at 𝑤𝖨𝖥  

vector outbound trombone  {𝑐𝟥} 𝐼𝟪 Vector instruction towards 𝑤𝐼𝟪,𝑆
 due to insufficient spacing between 𝑎𝑖 

and 𝑎𝟤,𝑖 and/or a too large interception angle of the localizer, while 𝑎𝑖 is 

nearing 𝑤𝖨𝖥  

vector inbound trombone  {𝑐𝟥} 𝐼𝟫 Vector instruction towards 𝑤𝑆,𝖱 due to sufficient spacing between 𝑎𝑖 

and 𝑎𝟦,𝑖, and between 𝑎𝑖 and 𝑎𝟧,𝑖, and meant to let 𝑎𝑖 re-join and re-

operate the trombone segment of its originally flown STAR procedure 

as a sequel to the unsuccessful merging operation(s) at 𝑤𝖨𝖥  

handover to ARR  {𝑐𝟣, 𝑐𝟤} 𝐼𝟣𝟢 Handover of 𝑎𝑖 from the TNW/TNE controller to the ARR controller at 

or near 𝑤𝑆,𝖧𝖮  

handover to TWR  {𝑐𝟥} 𝐼𝟣𝟣 Handover of 𝑎𝑖 from the ARR controller to the TWR controller when 𝑎𝑖 

is positioned on final approach  

handover to GND  {𝑐𝟦} 𝐼𝟣𝟤 Handover of 𝑎𝑖 from the TWR controller to the GND controller after 𝑎𝑖 

has landed  

landing clearance  {𝑐𝟦} 𝐼𝟣𝟥 Landing clearance instruction when 𝑎𝑖 is on final approach and 𝑎𝟥,𝑖 has 

already landed  

go-around  {𝑐𝟦} 𝐼𝟣𝟦 Go-around instruction due to insufficient spacing between 𝑎𝑖 and 𝑎𝟥,𝑖 
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while 𝑎𝑖 is on final approach 

holding entry {𝑐𝟣, 𝑐𝟤} 𝐼𝟣𝟧 Instruction for 𝑎𝑖 to enter the holding at 𝑤𝑆,𝐻,𝖨 due to saturated 

trombone segments and high traffic densities in the ARR sector 

holding exit  {𝑐𝟣, 𝑐𝟤} 𝐼𝟣𝟨 Instruction for 𝑎𝑖 to exit the holding when the traffic situation in the 

ARR sector is observed to be balanced again  

holding altitude {𝑐𝟣, 𝑐𝟤} 𝐼𝟣𝟩 Instruction for 𝑎𝑖 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 

𝑎𝑖. 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 𝑎𝑖 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. 𝑎𝑖 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:  

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

• 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); 

• 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;  

• 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−1). 

 

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: 

• 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; 

• 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; 

• Each aircraft 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; 

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

• Each aircraft is upon generation immediately handed over to the TNW or TNE controller. 

5.5 Aircraft 
Each aircraft 𝑎𝑖 agent (with 𝑖 ∈ ℕ𝟢 and 𝑎𝑖 ∈ 𝔸) is modelled as a composite agent that consists of the two deeply related 

and interconnected subagents: Flight crew 𝑎𝑖 and MCP 𝑎𝑖. The flight operations of the aircraft 𝑎𝑖 agent are fully 

defined by the behaviour and actions of the flight crew 𝑎𝑖 agent and the functionalities of the MCP 𝑎𝑖 agent. The flight 

crew 𝑎𝑖 (human) agent is responsible for the operation of aircraft 𝑎𝑖 and the execution of one of the modelled 

instructions (𝐼 ∈ 𝕀) as instructed by one of the executive controller agents. The MCP 𝑎𝑖 (system) agent is used in the 

model to control the autopilot of aircraft 𝑎𝑖, 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 “𝑎𝑖” for readability reasons) 

The model considers two different types of WTCs: HEAVY (𝑊𝖧) and MEDIUM aircraft (𝑊𝖬). 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 (𝐷𝟣) and B744 (𝐷𝟤) 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) 𝑎𝑖 agent is responsible for the operation of the autopilot of aircraft 𝑎𝑖. 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: 

• 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; 

• Aircraft movement is modelled with the following differential equations: 𝑥̇ = 𝑣 ⋅ cos(𝜓)cos(𝛾), 𝑦̇ = 𝑣 ⋅ sin(𝜓)cos(𝛾), 

𝑧̇ = 𝑣 ⋅ sin(𝛾), 𝑣 = 𝜔 ⋅ 𝑟, 𝜓̇ = 𝜔 and 𝑣̇ = 𝑎; 
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• 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); 

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

• 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); 

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

• 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; 

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

• 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); 

• 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); 

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

• 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; 

• It is 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. 𝑤𝑆,𝑘 and 𝑤𝖨𝖥), the 

locations of the holding patterns (i.e. 𝑤𝑆,𝐻,𝖨 and 𝑤𝑆,𝐻,𝖮) and the location of the runway threshold (i.e. 𝑤𝖳𝖧𝖱). 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,𝑘 and 𝑤𝖨𝖥). 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,𝐻,𝖨 and the outbound leg towards 𝑤𝑆,𝐻,𝖮. (appendix 

C.6.4.4) 

5.7 Flight crew 
The flight crew 𝑎𝑖 agent can be described as the two pilots that are operating aircraft agent 𝑎𝑖. 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 I). The Supervisor TWR is 

responsible for defining and communicating these time-based separation buffers (type I).  

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 I)). 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.   

 

 

 

 

 

 

𝑤𝑆,𝟢 𝑤𝑆,𝖨𝖠𝖥 𝑤𝖨𝖥 
𝑤𝖳𝖧𝖱 

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: 

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

• the travelled distance of an aircraft agent over time; 

• the flown trajectory of an aircraft agent in relation to the instruction that is received from the active controller; 

• the type of operations that each aircraft is flying in relation to the traffic situation in each airspace sector; 

• the state of each aircraft during arrival and approach in terms of speed, altitude and heading; 

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

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

• the type of instructions that are provided; 

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

• the specific content of instructions; 

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

• the distribution in which, and the rate at which aircraft agents are generated at the entry points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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:  

Figure 20 – Model (main) view in AnyLogic during the simulation experiment 
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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.  



 

47 

MASTER OF SCIENCE THESIS REPORT 
 

 

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:  

• STAR procedures serve as the baseline operations during arrival; 

• similar merging trajectories towards the intermediate fix; 

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

• similar shape and operations of holding patterns; 

• 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 

• Time between landing: the time period between two successive landings, used to express indirectly the 

separation between aircraft at touchdown (logged at landing); 

• 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); 

• 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):  

• Percentage of aircraft flying STAR 

• Percentage of aircraft flying vector STAR 

• Percentage of aircraft flying vector merge 

• Percentage of aircraft flying vector IF 

• 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): 

• Time flying STAR 

• Time flying vector STAR 

• Time flying vector merge 

• Time flying vector IF 

• 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): 

• Number of go-arounds 

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

procedure 

• 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.   

 

 

 

 

 

 

 

 

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: 

• 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.   

• 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. 

• 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.  

1800 3600 7200 7200 simulation time 

Figure 21 – Schematic timeline of the conducted parameter variation experiments, expressed in simulation seconds 
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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 (𝑥̃) 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 (𝜎) 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 (𝑥̃) and standard deviation (𝜎) 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−1) 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 

③). 
 

  
Figure 23 – Characteristic pattern in obtained simulation results of 

performance indicator “Number of landings” 
Figure 24 – Characteristic pattern in obtained simulation results of 

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 

❶ 

❶ 

❷ ❸ 
❶ ❷ 
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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.   
 

  
Figure 25 – Characteristic pattern in obtained simulation results of 

performance indicator “Number of go-arounds” 
Figure 26 – Characteristic pattern in obtained simulation results of 

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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3. 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. 

4. 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. 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.  

2. 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.  

3. 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. 

4. 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.   
 

  
Figure 27 – Characteristic pattern in obtained simulation results of 

performance indicator “Percentage STAR” 
Figure 28 – Characteristic pattern in obtained simulation results of 

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. ② 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. ③ in figure 27). 
 

  
Figure 29 – Characteristic pattern in obtained simulation results of 

performance indicator “Percentage vector STAR” 
Figure 30 – Characteristic pattern in obtained simulation results of 

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. 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. 

2. 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 𝑤𝑆,𝖱 has been 

reduced accordingly. 
 

  
Figure 31 – Characteristic pattern in obtained simulation results of 

performance indicator “Percentage vector merge” 
Figure 32 – Characteristic pattern in obtained simulation results of 

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. 

2. 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. 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 (① 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.  

2. 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 (② 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 (④ 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 (① in figures 27 and 33) once the throughput capacity in the ARR sector (and thus the merging rate) 

has been recovered. 
 

  
Figure 33 – Characteristic pattern in obtained simulation results of 

performance indicator “Percentage vector IF” 
Figure 34 – Characteristic pattern in obtained simulation results of 

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. 

3. 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. 

4. 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. 

5. 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. 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. 

2. 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. ② in figure 31).   



 

61 

MASTER OF SCIENCE THESIS REPORT 
 

 

 

  
Figure 35 – Characteristic pattern in obtained simulation results of 

performance indicator “Percentage holding” 
Figure 36 – Characteristic pattern in obtained simulation results of 

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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2. 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. 
 

  
Figure 37 – Characteristic pattern in obtained simulation results of 

performance indicator “Number of vector outbound trombone” 
Figure 38 – Characteristic pattern in obtained simulation results of 

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. 

2. 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. 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. 
 

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

applicable. 

3. 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. 

4. 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. 

5. 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. 

6. 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. 

7. 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.   

8. 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. 

9. 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. 

10. 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. 
 

  

  
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−1) 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.  
 

  

  
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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Nr Description Nr Description Nr Description 

① Stable original state ⑤ Stable recovered state (I) ⑨ Minimum performance 

② Start disturbance ⑥ End disturbance ⑩ Performance loss 

③ Absorption phase ⑦ Recovery phase (II) ⑪ Original performance 

④ Recovery phase (I) ⑧ Stable recovered state (II) ⑫ Recovered performance 

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−1 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 (I) 

The recovery phase (I) 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 (I) 
The stable recovered state (I) 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 (I) 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 (I) is characterized by 

the absence of vector operations, holding operations and go-arounds.  

 

Recovery phase (II) 
The recovery phase (II) 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 (II) 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 (II) is completed once a stable sequence of approaching traffic has been established 

that complies with the original throughput capacity again.  

 

Stable recovered state (II) 
The stable recovered state (II) 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 Δ 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 Δ 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 Δ 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 Δ ≤ 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 Δ. The size of Δ defines for each performance indicator the time period that is required 

to return to stable operations again. The effects of different values for Δ 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.  

 

 

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 𝑎𝑖 and 𝑎𝟤,𝑖 (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.  

Figure 43 – Effects of relative difference between maintained throughput capacity (i.e. generation rate) and achieved runway capacity on recovery phase 

                         (a) ∆ = 0 ac⋅h−1                                        (b) ∆ = -2 ac⋅h−1                                       (c) ∆ = -4 ac⋅h−1                                      (d) ∆ = -6 ac⋅h−1  
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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. 

 

 

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−1, while the initial runway capacity varies between 28 

and 36 ac⋅h−1. 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. 

Figure 44 – Effects of different merging rates (time buffers) on absorption phase and maximum performance loss 

                     (a) time buffer = 75 s                           (b) time buffer = 65 s                               (c) time buffer = 55 s                            (d) time buffer = 45 s                                      
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Figure 45 – Mental simulation results of indicators that describe conventional approach operations during a sudden bad weather condition at the airport [43] 
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Mean vectoring 

distance 

This plot can be compared with the obtained simulation results of the time flying vector 

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 

load of ARR controller 

This plot can be compared with the obtained simulation results of the number of instructions 

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  

ARR controller 

Same explanation as used for the mean communication load of ARR controller performance 

indicator. 

Probability of control 

mode ARR controller 

This plot can be compared with the obtained simulation results of the percentage in tactical 

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 

runway threshold 

This plot can be compared with the obtained simulation results of the time between landing 

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  

go-arounds 

This plot can be compared with the obtained simulation results of the number of 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.  
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Parameter Appendix Defines: 

𝐶𝖨
  C.5.2 the generation rate (throughput capacity) of the feeder controller in normal capacity mode  

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟣 C.4.1 the time buffer that is maintained by the TNW controller in reduced capacity mode 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟤 C.4.1 the time buffer that is maintained by the TNE controller in reduced capacity mode 

𝜎𝑠𝖡,𝖫,𝖮
  C.4.3.1 the size of the separation buffer (type II) (large vector distance/opportunistic control mode) 

𝜎𝑠𝖡,𝖫,𝖳
  C.4.3.1 the size of the separation buffer (type II) (large vector distance/tactical control mode) 

𝜎𝑠𝖡,𝖲,𝖮
  C.4.3.1 the size of the separation buffer (type II) (small vector distance/opportunistic control mode) 

𝜎𝑠𝖡,𝖲,𝖳
  C.4.3.1 the size of the separation buffer (type II) (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:  

• the size of the total throughput capacity in the approach sector, using different parameter settings of 𝐶𝖨
 ; 

• the coordination between controllers about the maintained throughput capacity, using different parameter 

settings of 𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟣 and 𝑡

𝖡,𝐶𝖣
 

𝑎𝟣,𝑖,𝑐𝟤; 

• the skills of the controller in maintaining and adjusting the throughput capacity, using different parameter 

settings of 𝜎𝑠𝖡,𝖫,𝖮
 , 𝜎𝑠𝖡,𝖫,𝖳

 , 𝜎𝑠𝖡,𝖲,𝖮
 , 𝜎𝑠𝖡,𝖲,𝖳

 . 

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 (𝑥̃) and standard deviation (𝜎) 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 Experiment 1 

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−1, as maintained by the feeder controller in reduced 

capacity mode.   
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Parameter Scenario 1 Scenario 2 Scenario 3 

𝐶𝖨
  36 ac⋅h−1 32 ac⋅h−1 28 ac⋅h−1 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟣 20 s 20 s 20 s 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟤 20 s 20 s 20 s 

𝜎𝑠𝖡,𝖫,𝖮
  0.15 NM 0.15 NM 0.15 NM 

𝜎𝑠𝖡,𝖫,𝖳
  0.10 NM 0.10 NM 0.10 NM 

𝜎𝑠𝖡,𝖲,𝖮
  0.10 NM 0.10 NM 0.10 NM 

𝜎𝑠𝖡,𝖲,𝖳
  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 

 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 

Time between landing [min] 1.4 0.5 1.6 0.7 1.8 0.9 2.5 0.5 2.6 0.6 2.5 0.5 

Number of aircraft in approach 12 0.8 11 0.8 9 0.8 10 1.2 9 1.0 8 0.8 

Number of landings 6 0.8 5 0.9 5 0.9 4 0.5 4 0.5 4 0.5 

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 2.8 19.1 2.6 18.0 2.8 32.1 4.4 28.2 2.0 24.8 3.1 

Time flying STAR [min] 9.9 2.5 9.6 2.4 9.1 2.5 12.7 2.7 12.0 2.8 11.9 2.5 

Time flying vector STAR [min] 0.0 0.0 0.0 0.0 0.0 0.0 1.6 1.1 0.0 0.8 0.0 0.4 

Time flying vector merge [min] 0.0 0.0 0.0 0.0 0.0 0.0 6.7 3.5 3.5 2.5 0.0 1.8 

Time flying vector IF [min] 5.3 0.7 5.0 0.5 4.7 0.5 6.5 0.8 6.5 0.5 6.5 0.7 

Time flying holding [min] 0.0 0.0 0.0 0.0 0.0 0.0 2.4 5.0 0.0 2.8 0.0 0.1 

Percentage in tactical mode - TNW 100 0 100 0 100 0 100 4 100 0 100 0 

Percentage in tactical mode - TNE 86 39 100 32 100 12 96 39 100 26 100 0 

Percentage in tactical mode - ARR 100 0 100 0 100 0 0 25 30 38 100 34 

Percentage in tactical mode - TWR 100 0 100 0 100 0 100 0 100 0 100 0 

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 3.7 14 3.7 12 3.3 8 3.0 9 2.9 9 2.8 

Number of instructions - ARR 12 1.1 11 1.3 9 1.2 24 4.4 20 4.4 11 4.5 

Number of instructions - TWR 12 1.4 11 1.5 10 1.8 7 0.8 7 0.9 7 1.1 

Runway throughput 35.4 0.9 31.7 0.7 27.9 0.7 22.3 0.6 22.0 0.6 21.6 0.5 

Number of go-arounds 0 0.5 0 0.4 0 0.3 2 0.7 1 0.8 1 0.7 

Number of vector inbound trombone  0 0.4 0 0.3 0 0.1 0 1.2 0 0.9 0 0.4 

Number of vector outbound trombone 0 0.2 0 0.1 0 0.0 0 0.5 0 0.3 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: 

• A lower 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.  

• A lower 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.   

• A lower 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.   

• 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 Scenario 1 Scenario 2 Scenario 3 

𝐶𝖨
  34 ac⋅h−1 34 ac⋅h−1 34 ac⋅h−1 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟣 20 s 20 s 20 s 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟤 20 s 20 s 20 s 

𝜎𝑠𝖡,𝖫,𝖮
  0.25 NM 0.75 NM 1.25 NM 

𝜎𝑠𝖡,𝖫,𝖳
  0.10 NM 0.60 NM 1.10 NM 

𝜎𝑠𝖡,𝖲,𝖮
  0.15 NM 0.65 NM 1.15 NM 

𝜎𝑠𝖡,𝖲,𝖳
  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 

 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 

Time between landing [min] 1.5 0.5 1.6 0.6 1.6 0.6 2.6 0.6 2.5 0.6 2.5 0.5 

Number of aircraft in approach 11 0.8 11 0.9 12 0.9 9 1.1 9 0.3 9 1.5 

Number of landings 6 0.8 6 0.8 5 0.8 4 0.5 4 0.5 4 0.5 

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 19.4 2.8 20.2 2.9 29.9 3.2 30.2 4.5 30.3 5.3 

Time flying STAR [min] 9.7 2.5 9.7 2.5 10.0 2.5 12.1 2.6 12.1 2.7 12.5 2.8 

Time flying vector STAR [min] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.0 1.4 0.0 1.2 

Time flying vector merge [min] 0.0 0.0 0.0 0.0 0.0 0.0 5.0 2.7 4.7 2.9 4.5 2.8 

Time flying vector IF [min] 5.0 0.6 5.2 0.7 5.4 0.8 6.5 0.8 6.5 0.8 6.6 1.2 

Time flying holding [min] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.6 0.0 3.8 0.0 4.3 

Percentage in tactical mode - TNW 100 0 100 0 100 0 100 1 100 0 100 4 

Percentage in tactical mode - TNE 100 32 100 35 100 34 100 33 100 34 100 33 

Percentage in tactical mode - ARR 100 0 100 13 100 39 8 33 0 29 0 16 

Percentage in tactical mode - TWR 100 0 100 0 100 0 100 0 100 0 100 0 

Number of instructions - TNW 8 2.9 8 3.3 8 3.0 5 2.7 5 2.7 5 2.7 

Number of instructions - TNE 15 3.5 15 3.6 15 3.9 9 3.0 9 3.1 9 3.2 

Number of instructions - ARR 11 1.2 12 2.5 15 4.5 22 3.9 24 5.3 28 5.8 

Number of instructions - TWR 11 1.5 11 1.6 11 1.5 7 0.8 7 0.9 7 0.9 

Runway throughput 33.5 0.7 33.1 0.9 32.8 1.1 22.2 0.6 22.2 0.7 22.3 0.7 

Number of go-arounds 0 0.4 1 0.8 1 1.0 1 0.8 1 0.8 1 0.9 

Number of vector inbound trombone  0 0.3 0 0.6 0 0.9 0 1.0 1 1.2 1 1.7 

Number of vector outbound trombone 0 0.1 0 0.7 0 0.9 0 0.4 0 0.4 0 0.6 

Table 14 – Simulation results of experiment 2 

 

  



 

77 

MASTER OF SCIENCE THESIS REPORT 
 

 

 

 

 

 

  

(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 

 

  



 

 

 

78 

MASTER OF SCIENCE THESIS REPORT 

 

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

• 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.  

• 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. 

• 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). 

• 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.  

• 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.  

• 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 Scenario 1 Scenario 2 Scenario 3 

𝐶𝖨
  36 ac⋅h−1 36 ac⋅h−1 36 ac⋅h−1 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟣 70 s 100 s 130 s 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟤 70 s 100 s 130 s 

𝜎𝑠𝖡,𝖫,𝖮
  0.25 NM 0.25 NM 0.25 NM 

𝜎𝑠𝖡,𝖫,𝖳
  0.10 NM 0.10 NM 0.10 NM 

𝜎𝑠𝖡,𝖲,𝖮
  0.15 NM 0.15 NM 0.15 NM 

𝜎𝑠𝖡,𝖲,𝖳
  0.05 NM 0.05 NM 0.05 NM 

Table 15 – Scenario space for experiment 3 

 

 

Results 

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 

 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 𝑥̃ 𝜎 

Time between landing [min] 1.5 0.5 1.5 0.5 1.5 0.5 2.4 0.5 2.5 0.5 2.5 0.5 

Number of aircraft in approach 12 0.9 12 0.8 12 0.8 10 1.2 10 1.3 10 1.3 

Number of landings 6 0.8 6 0.8 6 0.8 4 0.4 4 0.5 4 0.5 

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] 19.9 2.8 19.9 2.8 19.8 2.8 31.9 3.3 32.0 3.9 32.2 3.2 

Time flying STAR [min] 10.0 2.5 10.0 2.5 10.0 2.5 12.3 2.7 11.9 3.3 10.6 4.0 

Time flying vector STAR [min] 0.0 0.0 0.0 0.0 0.0 0.0 1.8 3.3 5.5 4.7 7.0 5.0 

Time flying vector merge [min] 0.0 0.0 0.0 0.0 0.0 0.0 6.2 2.4 5.3 2.7 4.5 2.1 

Time flying vector IF [min] 5.3 0.7 5.3 0.7 5.3 0.7 6.6 0.9 6.5 1.0 6.5 0.8 

Time flying holding [min] 0.0 0.0 0.0 0.0 0.0 0.0 3.0 5.4 0.0 5.4 0.0 3.8 

Percentage in tactical mode - TNW 100 0 100 0 100 0 100 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 0 100 0 100 0 0 24 0 28 0 33 

Percentage in tactical mode - TWR 100 0 100 0 100 0 100 0 100 0 100 0 

Number of instructions - TNW 8 3.0 8 3.0 8 3.1 8 6.5 10 6.0 10 5.9 

Number of instructions - TNE 16 3.8 16 3.7 16 3.8 20 7.8 20 6.7 20 6.2 

Number of instructions - ARR 12 1.2 12 1.2 12 1.2 25 4.9 23 4.4 21 4.6 

Number of instructions - TWR 12 1.5 12 1.4 12 1.4 7 0.9 7 0.9 7 0.9 

Runway throughput 35.1 1.0 35.1 0.9 35.4 1.0 22.4 0.7 22.4 0.6 22.1 0.6 

Number of go-arounds 0 0.6 0 0.5 0 0.5 1 0.7 2 0.7 2 0.7 

Number of vector inbound trombone  0 0.4 0 0.3 0 0.4 0 1.1 0 1.0 0 1.1 

Number of vector outbound trombone 0 0.3 0 0.3 0 0.3 0 0.5 0 0.5 0 0.4 

Table 16 – Simulation results of experiment 3 
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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 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): 

• 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. 

• 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. 

• 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.  

• 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. 

• 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−1 and a 

reduced to be achieved runway capacity of around 21 ac⋅h−1. 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 

quantitative 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 

quantitative 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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 49 – XIBIL2A RNAV STAR procedure 
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A.2 RITEB2A STAR procedure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 50 – RITEB2A RNAV STAR procedure 
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A.3 Instrument Approach Chart Runway 16L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

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 Experiment 1 
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: 

• Time between landing 

• Number of aircraft in approach 

• Number of landings 

• Number of go-arounds 

• Number of vector inbound trombone 

• Number of vector outbound trombone 

• Percentage flying STAR 

• Percentage flying vector STAR 

• Percentage flying vector merge 

• Percentage flying vector IF 

• Percentage flying holding 

• Time in approach 

• Time flying STAR 

• Time flying vector STAR 

• Time flying vector merge 

• Time flying vector IF 

• Time flying holding 

• Percentage in tactical mode 

• Number of instructions  
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Time between landing – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Time between landing”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Time between landing”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Time between landing”, corresponding to scenario 3 of experiment 1 
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Number of aircraft in approach – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Number of aircraft in approach”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Number of aircraft in approach”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Number of aircraft in approach”, corresponding to scenario 3 of experiment 1 
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Number of landings – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Number of landings”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Number of landings”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Number of landings”, corresponding to scenario 3 of experiment 1 
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Number of go-arounds – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Number of go-arounds”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Number of go-arounds”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Number of go-arounds”, corresponding to scenario 3 of experiment 1 
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Number of vector inbound trombone – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Number of vector inbound trombone”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Number of vector inbound trombone”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Number of vector inbound trombone”, corresponding to scenario 3 of experiment 1 
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Number of vector outbound trombone – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Number of vector outbound trombone”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Number of vector outbound trombone”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Number of vector outbound trombone”, corresponding to scenario 3 of experiment 1 
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Percentage flying STAR – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Percentage flying STAR”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying STAR”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying STAR”, corresponding to scenario 3 of experiment 1 

  



 

101 

MASTER OF SCIENCE THESIS REPORT 
 

 

Percentage flying vector STAR – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Percentage flying vector STAR”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying vector STAR”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying vector STAR”, corresponding to scenario 3 of experiment 1 
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Percentage flying vector merge – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Percentage flying vector merge”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying vector merge”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying vector merge”, corresponding to scenario 3 of experiment 1 
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Percentage flying vector IF – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Percentage flying vector IF”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying vector IF”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying vector IF”, corresponding to scenario 3 of experiment 1 
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Percentage flying holding – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Percentage flying holding”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying holding”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Percentage flying holding”, corresponding to scenario 3 of experiment 1 
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Time in approach – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Time in approach”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Time in approach”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Time in approach”, corresponding to scenario 3 of experiment 1 
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Time flying STAR – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Time flying STAR”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Time flying STAR”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Time flying STAR”, corresponding to scenario 3 of experiment 1 
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Time flying vector STAR – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Time flying vector STAR”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Time flying vector STAR”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Time flying vector STAR”, corresponding to scenario 3 of experiment 1 
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Time flying vector merge – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Time flying vector merge”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Time flying vector merge”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Time flying vector merge”, corresponding to scenario 3 of experiment 1 
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Time flying vector IF – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Time flying vector IF”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Time flying vector IF”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Time flying vector IF”, corresponding to scenario 3 of experiment 1 
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Time flying holding – Experiment 1 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Time flying holding”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Time flying holding”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Time flying holding”, corresponding to scenario 3 of experiment 1 
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Percentage in tactical mode – Experiment 1 – Scenario 1 
 

   

Simulation results of performance indicator “Percentage in tactical mode (TNW controller)”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (TNE controller)”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (TWR controller)”, corresponding to scenario 1 of experiment 1 
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Percentage in tactical mode – Experiment 1 – Scenario 2 
 

   

Simulation results of performance indicator “Percentage in tactical mode (TNW controller)”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (TNE controller)”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (TWR controller)”, corresponding to scenario 2 of experiment 1 
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Percentage in tactical mode – Experiment 1 – Scenario 3 
 

   

Simulation results of performance indicator “Percentage in tactical mode (TNW controller)”, corresponding to scenario 3 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (TNE controller)”, corresponding to scenario 3 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 3 of experiment 1 

 

   

Simulation results of performance indicator “Percentage in tactical mode (TWR controller)”, corresponding to scenario 3 of experiment 1 
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Number of instructions – Experiment 1 – Scenario 1 
 

   

Simulation results of performance indicator “Number of instructions (TNW controller)”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Number of instructions (TNE controller)”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Number of instructions (ARR controller)”, corresponding to scenario 1 of experiment 1 

 

   

Simulation results of performance indicator “Number of instructions (TWR controller)”, corresponding to scenario 1 of experiment 1 
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Number of instructions – Experiment 1 – Scenario 2 
 

   

Simulation results of performance indicator “Number of instructions (TNW controller)”, corresponding to scenario 2 of experiment 1 

 

   

Simulation results of performance indicator “Number of instructions (TNE controller)”, corresponding to scenario 2 of experiment 1 

 

   

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

 

   

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 
 

   

Simulation results of performance indicator “Number of instructions (TNW controller)”, corresponding to scenario 3 of experiment 1 

 

   

Simulation results of performance indicator “Number of instructions (TNE controller)”, corresponding to scenario 3 of experiment 1 

 

   

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

 

   

Simulation results of performance indicator “Number of instructions (TWR controller)”, corresponding to scenario 3 of experiment 1 
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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: 

• Number of go-around 

• Number of vector inbound trombone 

• Number of vector outbound trombone 

• Percentage in tactical mode (ARR controller) 

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

   

Simulation results of performance indicator “Number of go-arounds”, corresponding to scenario 1 of experiment 2 

 

   

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

 

   

Simulation results of performance indicator “Number of go-arounds”, corresponding to scenario 3 of experiment 2 
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Number of vector inbound trombone – Experiment 2 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Number of vector inbound trombone”, corresponding to scenario 1 of experiment 2 

 

   

Simulation results of performance indicator “Number of vector inbound trombone”, corresponding to scenario 2 of experiment 2 

 

   

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 
 

   

Simulation results of performance indicator “Number of vector outbound trombone”, corresponding to scenario 1 of experiment 2 

 

   

Simulation results of performance indicator “Number of vector outbound trombone”, corresponding to scenario 2 of experiment 2 

 

   

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 
 

   

Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 1 of experiment 2 

 

   

Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenario 2 of experiment 2 

 

   

Simulation results of performance indicator “Percentage in tactical mode (ARR controller)”, corresponding to scenar io 3 of experiment 2 
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Number of instructions (ARR controller) – Experiment 2 – Scenarios 1, 2, 3 
 

   

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

 

   

Simulation results of performance indicator “Number of instructions (ARR controller)”, corresponding to scenario 2 of experiment 2 

 

   

Simulation results of performance indicator “Number of instructions (ARR controller)”, corresponding to scenario 3 of exper iment 2 
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B.3 Experiment 3 
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: 

• Percentage flying STAR 

• Percentage flying vector STAR 

• Percentage flying vector merge 

• Percentage flying holding 

• Number of instructions (TNW controller) 

• Number of instructions (TNE controller) 

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

   

Simulation results of performance indicator “Percentage flying STAR”, corresponding to scenario 1 of experiment 3 

 

   

Simulation results of performance indicator “Percentage flying STAR”, corresponding to scenario 2 of experiment 3 

 

   

Simulation results of performance indicator “Percentage flying STAR”, corresponding to scenario 3 of experiment 3 
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Percentage flying vector STAR – Experiment 3 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Percentage flying vector STAR”, corresponding to scenario 1 of experiment 3 

 

   

Simulation results of performance indicator “Percentage flying vector STAR”, corresponding to scenario 2 of experiment 3 

 

   

Simulation results of performance indicator “Percentage flying vector STAR”, corresponding to scenario 3 of experiment 3 
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Percentage flying vector merge – Experiment 3 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Percentage flying vector merge”, corresponding to scenario 1 of experiment 3 

 

   

Simulation results of performance indicator “Percentage flying vector merge”, corresponding to scenario 2 of experiment 3 

 

   

Simulation results of performance indicator “Percentage flying vector merge”, corresponding to scenario 3 of experiment 3 
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Percentage flying holding – Experiment 3 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Percentage flying holding”, corresponding to scenario 1 of experiment 3 

 

   

Simulation results of performance indicator “Percentage flying holding”, corresponding to scenario 2 of experiment 3 

 

   

Simulation results of performance indicator “Percentage flying holding”, corresponding to scenario 3 of experiment 3 
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Number of instructions (TNW controller) – Experiment 3 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Number of instructions (TNW controller)”, corresponding to scenario 1 of experiment 3 

 

   

Simulation results of performance indicator “Number of instructions (TNW controller)”, corresponding to scenario 2 of experiment 3 

 

   

Simulation results of performance indicator “Number of instructions (TNW controller)”, corresponding to scenario 3 of experiment 3 
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Number of instructions (TNE controller) – Experiment 3 – Scenarios 1, 2, 3 
 

   

Simulation results of performance indicator “Number of instructions (TNE controller)”, corresponding to scenario 1 of experiment 3 

 

   

Simulation results of performance indicator “Number of instructions (TNE controller)”, corresponding to scenario 2 of experiment 3 

 

   

Simulation results of performance indicator “Number of instructions (TNE controller)”, corresponding to scenario 3 of experiment 3 
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Number of instructions (ARR controller) – Experiment 3 – Scenarios 1, 2, 3 
 

   

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

 

   

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

 

   

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

𝑎𝟣,𝑖,𝑐, 𝑣𝖦𝖲

𝑎𝑖. 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 𝑐, where 𝑐 ∈ ℂ 

𝑎𝑖 Variable that corresponds to aircraft agent 𝑎𝑖, where 𝑎𝑖 ∈ 𝔸 

𝑎𝑖, 𝑐 Variable that describes a specific situation awareness component/element of aircraft agent 𝑎𝑖 as 

observed by controller agent 𝑐, where 𝑎𝑖 ∈ 𝔸 
𝑐 and 𝑐 ∈ ℂ 

𝑎𝑗,𝑖, 𝑐 Variable that describes a specific situation awareness component/element of aircraft agent 𝑎𝑗,𝑖 as 

observed by controller agent 𝑐, where 𝑎𝑗,𝑖 ∈ 𝔸 
𝑐 and 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 ∈ ℍ𝑆  

𝐼 Variable that is related to a specific instruction 𝐼, where 𝐼 ∈ 𝕀 

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

𝑆 Variable that is related to a specific STAR procedure 𝑆, where 𝑆 ∈ 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 𝑎𝑖, where 𝑖 ∈ ℕ𝟢.  

 

𝔸 = {𝑎𝟣, 𝑎𝟤, 𝑎𝟥, 𝑎𝟦, 𝑎𝟧} 𝔸𝟣 = {𝑎𝟥, 𝑎𝟣} 𝔸𝟤 = {𝑎𝟣, 𝑎𝟦, 𝑎𝟨, 𝑎𝟤} 𝔸𝟥 = {} 

 

By considering these example sets the following statements hold:  

 

Statement Description 

{𝑎𝟤} ∈ 𝔸 𝑎𝟤 is an element of set 𝔸 

{𝑎𝟤} ∉ 𝔸𝟣 𝑎𝟤 is not an element of set 𝔸𝟣 

𝔸𝟣 ⊆ 𝔸 𝔸𝟣 is a subset of 𝔸, i.e. every element of 𝔸𝟣 is an element of 𝔸 

|𝔸𝟤| = 4 𝔸𝟤 contains 4 elements 

𝔸𝟥 = ∅ 𝔸𝟥 does not contain any elements 

𝔸𝟤[2] = 𝑎𝟨 The third element of 𝔸𝟤 is 𝑎𝟨 (the first element is located at index 0) 

(𝑖{𝑎𝟦} ∈ 𝔸) = 3 The index of 𝑎𝟦 within 𝔸 is 3 (the first element is located at index 0) 

{𝑎𝟤} ∪ 𝔸𝟣 = {𝑎𝟥, 𝑎𝟣, 𝑎𝟤} Addition of element 𝑎𝟤 to 𝔸𝟣 

{𝑎𝟦} \ 𝔸𝟤 = {𝑎𝟣, 𝑎𝟨, 𝑎𝟤} Subtraction of element 𝑎𝟦 from 𝔸𝟤 

 

These basic concepts, notations and operations are often applied in the action fields of functions, statecharts and 

events.  

  



 

133 

MASTER OF SCIENCE THESIS REPORT 
 

 

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 

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 𝑐, where 𝑐 ∈ ℂ 

[flight crew 𝑎𝑖] Statechart that corresponds to the flight crew 𝑎𝑖 agent, where 𝑎𝑖 ∈ 𝔸 

[MCP 𝑎𝑖] Statechart that corresponds to the MCP 𝑎𝑖 agent, where 𝑎𝑖 ∈ 𝔸 

[𝑎𝑖, 𝑐] Statechart that describes a specific operational state of 𝑎𝑖 as observed by 𝑐, where 𝑎𝑖 ∈ 𝔸 
𝑐. The 

combination of all these specific type of (SA-)statecharts will define the situation awareness of 

𝑐 about 𝑎𝑖 

[𝑎𝑗,𝑖, 𝑐] Statechart that describes a specific operational state of 𝑎𝑗,𝑖 as observed by 𝑐, where 𝑎𝑗,𝑖 ∈ 𝔸 
𝑐. 

The combination of all these specific type of (SA-)statecharts will define the situation 

awareness of 𝑐 about 𝑎𝑗,𝑖 

Table 19 – Agent notations that are used in the statecharts in the model specification 

 

  

Statechart  

 
composite state 1  

 
state 1 

 

state 2 
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state 4 
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default branch transition 
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timeout triggered transition 

 

conditional branch transition 

 

message triggered transition 

 

Figure 52 – Example statechart structure consisting of various statechart elements 
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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: 

• State entry actions: 

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

• 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. t₁₅ 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. t₅ and state 2 in figure 52). 
 

State transitions 
Each statechart contains one or more transitions where each transition is assigned a different name (t₁, t₂, 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  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) 

• Timeout: the timeout value after which the transition is and should be taken when the timeout elapses 

• Guard: Boolean expression that should be evaluated true to allow the transition to be taken 

• Action: 

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

• 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 

• 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 ℰ𝑖𝑛𝑑𝑒𝑥

𝑎𝑔𝑒𝑛𝑡. Here ℰ 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: 

 

• First occurrence time: the time point at which the event should occur for the first time 

• 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:  

 

• 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(arg₁, arg₂, ..).  

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 

𝑡𝖠 ℝ+ s Current model time, i.e. time point in the simulation, starting at 𝑡𝖠 = 0 

𝑡𝖨𝖭𝖥
  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: 

• the specific direction of turning; 

• 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; 

• 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. 𝑎𝑖) 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 

𝑑̆𝖠,𝑤 ℝ+ NM Distance (tangent) between 𝑎𝑖 and 𝑤 

𝑑̆𝖣,𝑤 ℝ+ NM Distance (direct) between 𝑎𝑖 and 𝑤 

𝜓̆𝖠,𝑤 〈0, 360] deg Bearing (tangent) of 𝑤 seen from 𝑎𝑖 

𝜓̆𝖣,𝑤 〈0, 360] deg Bearing (direct) of 𝑤 seen from 𝑎𝑖 

Table 22 – Variables that are used to define the position and orientation of 𝑎𝑖  relative to 𝑤 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Value Unit Description 

𝑙𝑡𝖨𝖭𝖥
   53 s Minimum value of 𝑡𝖨𝖭𝖥

  

𝑟𝖳 1.75 NM Turn radius of aircraft in the simulation environment 

𝑡𝖲𝖬
  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 

𝑣𝖨𝖠𝖲,𝜀
  2 kt Allowed speed error 

𝑧𝜀
  50 ft Allowed altitude error 

𝜇𝑡𝖨𝖭𝖥
   7.6 s Mean value of 𝑡𝖨𝖭𝖥

  

𝜎𝑡𝖨𝖭𝖥
   0.3 s Standard deviation of 𝑡𝖨𝖭𝖥

  

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 {𝑐𝟣, 𝑐𝟤, 𝑐𝟥, 𝑐𝟦} Set of executive controller agents that are considered in the model, where 𝑐𝟣 represents the 

TNW controller, where 𝑐𝟤 represents the TNE controller, where 𝑐𝟥 represents the ARR 

controller and where 𝑐𝟦 represents the TWR controller  

𝔻 {𝐷𝟣, 𝐷𝟤} Set of aircraft types that are considered in the model, where 𝐷𝟣 represents the B738 aircraft 

type and where 𝐷𝟤 represents the B744 aircraft type 

ℍ𝑆 {𝐻𝟣} Set of holding patterns for each 𝑆. Both 𝑆𝟣 and 𝑆𝟤 have however only one holding pattern 

modelled, i.e. ℍ𝑆𝟣
= {𝐻𝟣} and ℍ𝑆𝟤

= {𝐻𝟣} 

𝕀 {𝐼𝟣, 𝐼𝟤,..,𝐼𝟣𝟩} 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 {𝑆𝟣, 𝑆𝟤} Set of STAR procedures that are used in the model, where 𝑆𝟣 represents the XIBIL2A 

procedure and 𝑆𝟤 the RITEB2A procedure 

𝕎 {𝑊𝖬, 𝑊𝖧} Collection of wake vortex categories that are considered in the model, where 𝑊𝖬 represents 

the MEDIUM category and where 𝑊𝖧 represents the HEAVY category 

Table 24 – List of sets that are used in multiple sections in the model specification 

 

𝜓̆𝖠,𝑤 
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𝜓̆  

 

𝑑̆𝖠,𝑤 

 

𝑑̆𝖣,𝑤 
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Figure 53 – Visualization of the type of variables that are used to define the position and orientation of 𝑎𝑖  relative to 𝑤 
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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(𝑙, 𝑢̆) 

Argument State space Unit Description 

𝑙 -∞ < 𝑙 < 𝑢̆ - Minimum value of 𝑋̆ 

𝑢̆ 𝑙 < 𝑢̆ < ∞ - Maximum value of 𝑋̆ 

Variable State space Unit Description 

𝑋̆ [𝑙, 𝑢̆] - Random variable 

1:  𝑋̆ = 𝒰(𝑙, 𝑢̆) (distribution function supported in and provided by AnyLogic) 

2:  return: 𝑋̆ 

Function 1 – Uniform distribution 

C.2.2.2 Normal distribution 

Function 𝒩(𝜇̆, 𝜎̆) 

Argument State space Unit Description 

𝜇̆ ℝ - Mean value of the normal distribution 𝒩 

𝜎̆ ℝ+ - Standard deviation of the normal distribution 𝒩 

Variable State space Unit Description 

𝑋̆ ℝ - Random variable 

1:  𝑋̆ = 𝒩(𝜇̆, 𝜎̆) (distribution function supported in and provided by AnyLogic) 

2:  return: 𝑋̆ 

Function 2 – Normal distribution 

C.2.2.3 Truncated normal distribution 

Function 𝒩𝘵(𝜇̆, 𝜎̆, 𝑙, 𝑢̆)  

Argument State space Unit Description 

𝜇̆ ℝ - Mean value of the normal distribution 𝒩 

𝜎̆ ℝ+ - Standard deviation of the normal distribution 𝒩 

𝑙 -∞ < 𝑙 < 𝑢̆ - Minimum value of 𝑋̆ 

𝑢̆ 𝑙 < 𝑢̆ < ∞ - Maximum value of 𝑋̆ 

Variable State space Unit Description 

𝑋̆ [𝑙, 𝑢̆] - Random variable 

1:  𝑋̆ = 𝒩(𝜇̆, 𝜎̆)  

2:  while (𝑋̆ < 𝑙 ∨ 𝑋̆ > 𝑢̆) then 

3:   𝑋̆ = 𝒩(𝜇̆, 𝜎̆)  

4:  return: 𝑋̆ 

Function 3 - Truncated normal distribution 
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C.2.2.4 Lognormal distribution 

Function ℒ(𝜇̆𝑛, 𝜎̆𝑛, 𝑙) 

Argument State space Unit Description 

𝜇̆𝑛 ℝ>0 - Mean value of the normally distributed logarithm of 𝑋̆ 

𝜎̆𝑛 ℝ+ - Standard deviation of the normally distributed logarithm of 𝑋̆ 

𝑙 ℝ+ - Minimum value of 𝑋̆, shifts the minimum from 0 to 𝑙  

Variable State space Unit Description 

𝜎̆𝑙 ℝ+ - Standard deviation of the lognormal distribution 

𝜇̆𝑙 ℝ+ - Mean value of the lognormal distribution 

𝑋̆ ℝ - Random variable 

1:  𝜎̆𝑙 = √(ln(𝜎̆𝑛
2 / 𝜇̆𝑛

2 + 1))  

2:  𝜇̆𝑙 = ln(𝜇̆𝑛) – ½𝜎̆𝑙
2 

3:  𝑋̆ = ℒ(𝜇̆𝑙, 𝜎̆𝑙, 𝑙) (distribution function supported in and provided by AnyLogic) 

4:  return: 𝑋̆ 

Function 4 - Lognormal distribution 

C.2.2.5 Conversion from radians to degrees and vice versa 

 

 

 

 

 

 

 

 

 

 

 

 

Function 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(𝜓̆𝖱𝖠𝖣) 

Argument State space Unit Description 

𝜓̆𝖱𝖠𝖣 〈-𝜋, 𝜋] rad Heading angle expressed in radians, as applied in AnyLogic 

Variable State space Unit Description 

𝜓̆𝖣𝖤𝖦 〈0, 360] deg Heading angle expressed in degrees, with respect to magnetic north 

Parameter Value Unit Description 

𝑉 1.3 deg Magnetic variance at Rome Fiumicino 

1:  if (𝜓̆𝖱𝖠𝖣 ≥ 0) then 

2:   𝜓̆𝖣𝖤𝖦 = 𝜓̆𝖱𝖠𝖣 · 180 / 𝜋 + 90 

3:  else if (𝜓̆𝖱𝖠𝖣 ≤ -½𝜋) then 

4:   𝜓̆𝖣𝖤𝖦 = (𝜓̆𝖱𝖠𝖣 + 𝜋) · 180 / 𝜋 + 270 

5:  else if (𝜓̆𝖱𝖠𝖣 < 0 ꓥ 𝜓̆𝖱𝖠𝖣 > -½𝜋) then  

6:   𝜓̆𝖣𝖤𝖦 = (𝜓̆𝖱𝖠𝖣 + ½𝜋) · 180 / 𝜋 

7:  end if 

8:  𝜓̆𝖣𝖤𝖦 -= 𝑉 

9:  if (𝜓̆𝖣𝖤𝖦 ≤ 0) then 

10:   𝜓̆𝖣𝖤𝖦 += 360 

11:  end if 

12:  return: 𝜓̆𝖣𝖤𝖦 

Function 5 – Conversion from (AnyLogic) radians to (magnetic) degrees 
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     (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 
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Function 𝒞𝖱𝖠𝖣
𝖣𝖤𝖦(𝜓̆𝖣𝖤𝖦) 

Argument State space Unit Description 

𝜓̆𝖣𝖤𝖦 〈0, 360] deg Heading angle expressed in degrees, with respect to magnetic north 

Variable State space Unit Description 

𝜓̆𝖱𝖠𝖣 〈-𝜋, 𝜋] rad Heading angle expressed in radians, as applied in AnyLogic 

Parameter Value Unit Description 

𝑉 1.3 deg Magnetic variance at Rome Fiumicino 

1:  𝜓̆𝖱𝖠𝖣 = (𝜓̆𝖣𝖤𝖦 – 90 + 𝑉) · 𝜋 / 180 

2:  return: 𝜓̆𝖱𝖠𝖣  

Function 6 – Conversion from (magnetic) degrees to (AnyLogic) radians 

C.2.2.6 Conversion from IAS to TAS and vice versa 

Variable State space Unit Description 

𝑃̆ ℝ+ Pa Pressure at 𝑧̆  

𝑇̆ ℝ K Temperature at 𝑧̆  

𝑧̆𝖢 ℝ+ m Altitude 

𝜌̆ ℝ>0 kg·m-3 Density at 𝑧̆  

Parameter Value Unit Description 

𝑓𝖬
𝖥𝖳 0.3048 - [ft] to [m] conversion factor 

𝑓𝖬𝖯𝖲
𝖪𝖳𝖲 0.5144444 - [kt] to [m·s-1] conversion factor 

𝑓𝖪𝖳𝖲
𝖬𝖯𝖲 1.94384449 - [m·s-1] to [kt] conversion factor 

𝑔0 9.80665 m·s-2 Acceleration of gravity at sea level 

𝑃0 101325 Pa Pressure at sea level 

𝑅 287.06 J⋅kg−1⋅K−1 Specific gas constant 

𝑇0 288.15 K Temperature at sea level 

𝛾 1.4 - Ratio of specific heats of air 

𝜆 -0.0065 K·m-1 Lapse rate (temperature with height increase) 

𝜌0 1.225 kg·m-3 Density at sea level 

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

 

Function 𝒞𝖳𝖠𝖲
𝖨𝖠𝖲(𝑣̆𝖨𝖠𝖲, 𝑧̆) 

Argument State space Unit Description 

𝑣̆𝖨𝖠𝖲 ℝ+ kt Indicated (calibrated) airspeed  

𝑧̆ ℝ+ ft Altitude 

Variable State space Unit Description 

𝑣̆𝖨𝖠𝖲,𝖢 ℝ+ m·s-1 Indicated (calibrated) airspeed 

𝑣̆𝖳𝖠𝖲 ℝ+ kt True airspeed 

1:  𝑣̆𝖨𝖠𝖲,𝖢 = 𝑣̆𝖨𝖠𝖲 ∙ 𝑓𝖬𝖯𝖲
𝖪𝖳𝖲 

2:  𝑧̆𝖢 = 𝑧̆ ∙ 𝑓𝖬
𝖥𝖳 

3:  𝑇̆ = 𝑇0 + 𝜆𝑧̆ 

4:  𝑃̆ = 𝑃0 (
𝑇̆

𝑇0

)

−𝑔0

𝜆𝑅
 

5:  𝜌̆ = 
𝑃̆

𝑅∙𝑇̆
 

6:  𝑣̆𝖳𝖠𝖲 = √
2𝜆

𝜆−1

𝑃̆

𝜌̆

[
 
 
 

[1 +
𝑃0

𝑃̆
[(1 +

𝜆−1

2𝜆

𝜌0

𝑃0

𝑣̆𝖨𝖠𝖲,𝖢
2 )

𝜆

𝜆−1
− 1]]

𝜆−1

𝜆

− 1

]
 
 
 

∙ 𝑓𝖪𝖳𝖲
𝖬𝖯𝖲 
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7:  return: 𝑣̆𝖳𝖠𝖲 

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

 

Function 𝒞𝖨𝖠𝖲
𝖳𝖠𝖲(𝑣̆𝖳𝖠𝖲, 𝑧̆) 

Argument State space Unit Description 

𝑣̆𝖳𝖠𝖲 ℝ+ kt True airspeed 

𝑧̆ ℝ+ ft Altitude 

Variable State space Unit Description 

𝑣̆𝖨𝖠𝖲 ℝ+ kt Indicated (calibrated) airspeed 

𝑣̆𝖳𝖠𝖲,𝖢 ℝ+ m·s-1 True airspeed 

1:  𝑣̆𝖳𝖠𝖲,𝖢 = 𝑣̆𝖳𝖠𝖲 ∙ 𝑓𝖬𝖯𝖲
𝖪𝖳𝖲 

2:  𝑧̆𝖢 = 𝑧̆ ∙ 𝑓𝖬
𝖥𝖳 

3:  𝑇̆ = 𝑇0 + 𝜆𝑧̆ 

4:  𝑃̆ = 𝑃0 (
𝑇̆

𝑇0

)

−𝑔0

𝜆𝑅
 

5:  𝜌̆ = 
𝑃̆

𝑅∙𝑇̆
 

6:  𝑣̆𝖨𝖠𝖲 = √
2𝜆

𝜆−1

𝑃0

𝜌0

[
 
 
 

[1 +
𝑃̆

𝑃0

[(1 +
𝜆−1

2𝜆

𝜌

𝑃̆

̆ 𝑣̆𝖳𝖠𝖲,𝖢
2 )

𝜆

𝜆−1
− 1]]

𝜆−1

𝜆

− 1

]
 
 
 

∙ 𝑓𝖪𝖳𝖲
𝖬𝖯𝖲 

7:  return: 𝑣̆𝖨𝖠𝖲 

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 𝜓̆𝟣 and 𝜓̆𝟤, 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Function ℱ𝜃(𝜓̆𝟣, 𝜓̆𝟤) 

Argument State space Unit Description 

𝜓̆𝟣 〈0, 360] deg Initial radial or bearing, i.e. reference radial 

𝜓̆𝟤 〈0, 360] deg Desired radial or bearing 

Variable State space Unit Description 

𝜃̆ [-180, 180] deg 
Angle between 𝜓̆𝟣 and 𝜓̆𝟤, 𝜃̆ > 0 denotes a clockwise direction of change and  

𝜃̆ < 0 denotes a counter-clockwise direction of change 
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                                    (a) 𝜓̆𝟣 ≤ 180                                                                             (b) 180 < 𝜓̆𝟣 
 

Figure 55 - Two orientations with different calculations of heading change 
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1:  if (𝜓̆𝟣 == 𝜓̆𝟤) then 

2:   𝜃̆ = 0 

3:  else if (𝜓̆𝟣 ≤ 180 ꓥ 𝜓̆𝟣 < 𝜓̆𝟤 < 𝜓̆𝟣 + 180) then //corresponding to area 1 in figure 55a 

4:   𝜃̆ =|𝜓̆𝟤 – 𝜓̆𝟣| 

5:  else if  (𝜓̆𝟣 ≤ 180 ꓥ 𝜓̆𝟤 ≤ 𝜓̆𝟣) then //corresponding to area 2 in figure 55a 

6:   𝜃̆ = -|𝜓̆𝟤 – 𝜓̆𝟣| 

7:  else if (𝜓̆𝟣 ≤ 180 ꓥ 𝜓̆𝟣 + 180 ≤ 𝜓̆𝟤) then //corresponding to area 3 in figure 55a 

8:   𝜃̆ = -|(𝜓̆𝟤 – 180) – (𝜓̆𝟣 + 180)| 

9:  else if (180 < 𝜓̆𝟣 ∧ 𝜓̆𝟣 < 𝜓̆𝟤) then //corresponding to area 1 in figure 55b 

10:   𝜃̆ =|𝜓̆𝟤 – 𝜓̆𝟣| 

11:  else if (180 < 𝜓̆𝟣 ∧ 𝜓̆𝟣 – 180 < 𝜓̆𝟤 < 𝜓̆𝟣) then //corresponding to area 2 in figure 55b 

12:   𝜃̆ = -|𝜓̆𝟤 – 𝜓̆𝟣| 

13:  else if (180 < 𝜓̆𝟣 ∧ 𝜓̆𝟤 < 𝜓̆𝟣 – 180) then //corresponding to area 3 in figure 55b 

14:   𝜃̆ =|(𝜓̆𝟤 + 180) – (𝜓̆𝟣 – 180)| 

15:  end if 

16:  return: 𝜃̆ 

Function 9 - Calculate heading change and direction of change 

C.2.2.8 Calculate the wind component 

 

 

 

 

 

 

 

 

 

 

 

 

 

Function ℱ𝜃𝖶
(𝜓̆𝖶, 𝜓̆) 

Argument State space Unit Description 

𝜓̆𝖶 〈0, 360] deg Direction from which the wind originates, with respect to true north 

𝜓̆ 〈0, 360] deg Magnetic direction in which the longitudinal axis of the aircraft is pointed 

𝜓̆  
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                          (a) Headwind                                                                    (b) Tailwind 

Figure 56 – Two different wind configurations 
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Figure 57 - Three orientations with different wind calculations 
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Variable State space Unit Description 

𝜃̆𝖶 [-90, 90] deg 
Angle between 𝜓̆ and 𝜓̆𝖶, i.e. the wind component angle. 𝜃̆𝖶 ≥ 0 denotes 

tailwind and 𝜃̆𝖶 < 0 denotes headwind 

Parameter Value Unit Description 

𝑉 1.3 deg Magnetic variance at Rome Fiumicino 

1:  𝜓̆ += 𝑉  

2:  if (𝜓̆ < 90 ꓥ 90 + 𝜓̆ ≤ 𝜓̆𝖶 ≤ 270 + 𝜓̆) then //corresponding to area 2 in figure 57a 

3:   𝜃̆𝖶 = |(𝜓̆ + 180) – 𝜓̆𝖶| 

4:  else if (90 ≤ 𝜓̆ ≤ 270 ꓥ 𝜓̆𝖶 ≥ 𝜓̆ + 90) then //corresponding to area 2 in figure 57b 

5:   𝜃̆𝖶= |𝜓̆ – (𝜓̆𝖶 – 180)| 

6:  else if (90 ≤ 𝜓̆ ≤ 270 ꓥ 𝜓̆𝖶 ≤ 𝜓̆ – 90) then //corresponding to area 3 in figure 57b 

7:   𝜃̆𝖶 = |𝜓̆ – (𝜓̆𝖶 + 180)| 

8:  else if (270 < 𝜓̆ ꓥ 𝜓̆ – 270 ≤ 𝜓̆𝖶 ≤ 𝜓̆ – 90) then //corresponding to area 2 in figure 57c 

9:   𝜃̆𝖶= |𝜓̆ – (𝜓̆𝖶 + 180)| 

10:  else if (𝜓̆ < 90 ꓥ 𝜓̆𝖶 < 90 + 𝜓̆) then //corresponding to area 1 in figure 57a 

11:   𝜃̆𝖶 = -|𝜓̆ – 𝜓̆𝖶|  

12:  else if (𝜓̆ < 90 ꓥ 𝜓̆𝖶 > 270 + 𝜓̆) then //corresponding to area 3 in figure 57a 

13:   𝜃̆𝖶 = -|(𝜓̆ + 180) – (𝜓̆𝖶 – 180)| 

14:  else if (90 ≤ 𝜓̆ ≤ 270 ꓥ |𝜓̆ – 𝜓̆𝖶| < 90) then //corresponding to area 1 in figure 57b 

15:   𝜃̆𝖶 = -|𝜓̆ – 𝜓̆𝖶| 

16:  else if (270 < 𝜓̆ ꓥ 𝜓̆𝖶 < 𝜓̆ – 270) then //corresponding to area 3 in figure 57c 

17:   𝜃̆𝖶= -|(𝜓̆ – 180) – (𝜓̆𝖶 + 180)| 

18:  else if (270 < 𝜓̆ ꓥ 𝜓̆𝖶 > 𝜓̆ – 90) then //corresponding to area 1 in figure 57c 

19:   𝜃̆𝖶 = -|𝜓̆ – 𝜓̆𝖶| 

20:  end if 

21:  return: 𝜃̆𝖶 

Function 10 – Calculate wind component angle 

C.2.2.9 Get wind speed at specific altitude 

Function ℱ𝑣𝖶
(𝑧̆) 

Argument State space Unit Description 

𝑧̆ ℝ+ ft Specific altitude layer to return the wind speed for 

Variable State space Unit Description 

𝑣𝖶
𝑧  ℝ+ kt Set of wind speed variables that were assigned for multiple altitudes in action 1 

in appendix C.3.3 

𝑣̆𝖶
  ℝ+ kt Wind speed at a specific altitude 𝑧̆, obtained after applying linear interpolation   

1:  if (0 ≤ 𝑧̆ < 2000) then 

2:   𝑣̆𝖶
  = 𝑣𝖶

𝖥𝖫𝟢𝟢𝟢 + (𝑧̆ – 0) · (𝑣𝖶
𝖥𝖫𝟢𝟤𝟢 – 𝑣𝖶

𝖥𝖫𝟢𝟢𝟢) / (2000 – 0) 

3:  else if (2000 ≤ 𝑧̆ < 3000) then 

4:   𝑣̆𝖶
  = 𝑣𝖶

𝖥𝖫𝟢𝟤𝟢 + (𝑧̆ – 2000) · (𝑣𝖶
𝖥𝖫𝟢𝟥𝟢 – 𝑣𝖶

𝖥𝖫𝟢𝟤𝟢) / (3000 – 2000) 

5:  continue likewise 

6:  else if (30000 ≤ 𝑧̆) then 

7:   𝑣̆𝖶
  = 𝑣𝖶

𝖥𝖫𝟥𝟢𝟢 

8:  end if 

9:  return: 𝑣̆𝖶
   

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

Function ℱ𝜓𝖶
(𝑧̆) 

Argument State space Unit Description 

𝑧̆ ℝ+ ft Specific altitude layer to return the wind direction for 

Variable State space Unit Description 

𝜓𝖶
𝑧  〈0, 360] deg Set of wind direction variables that were assigned for multiple altitudes in 

action 1 in appendix C.3.3 

𝜓̆𝖶
  〈0, 360] deg 

Wind direction at a specific altitude 𝑧̆, obtained after applying linear 

interpolation   

1:  if (0 ≤ 𝑧̆ < 2000) then 

2:   𝜓̆𝖶
  = 𝜓𝖶

𝖥𝖫𝟢𝟢𝟢 + (𝑧̆ – 0) · ℱ𝜃(𝜓𝖶
𝖥𝖫𝟢𝟢𝟢, 𝜓𝖶

𝖥𝖫𝟢𝟤𝟢) / (2000 – 0) 

3:  else if (2000 ≤ 𝑧̆ < 3000) then 

4:   𝜓̆𝖶
  = 𝜓𝖶

𝖥𝖫𝟢𝟤𝟢 + (𝑧̆ – 2000) · ℱ𝜃(𝜓𝖶
𝖥𝖫𝟢𝟤𝟢, 𝜓𝖶

𝖥𝖫𝟢𝟥𝟢) / (3000 – 2000) 

5:  continue likewise 

6:  else if (30000 ≤ 𝑧̆) then 

7:   𝜓̆𝖶
  = 𝜓𝖶

𝖥𝖫𝟥𝟢𝟢 

8:  end if 

9:  if (𝜓̆𝖶
  > 360) then  

10:   𝜓̆𝖶
  -= 360 

11:  else if (𝜓̆𝖶
  ≤ 0) then  

12:   𝜓̆𝖶
  += 360 

13:  end if 

14:  return: 𝜓̆𝖶
   

Function 12 – Return wind direction at specific altitude 

C.2.2.11 Calculate ground speed 

Function ℱ𝑣𝖦𝖲
(𝑧̆, 𝑣̆𝖨𝖠𝖲, 𝜓̆) 

Argument State space Unit Description 

𝑧̆ ℝ+ ft Altitude of aircraft 

𝑣̆𝖨𝖠𝖲 ℝ+ kt Indicated (calibrated) airspeed of aircraft 

𝜓̆ 〈0, 360] deg Heading of aircraft 

Variable State space Unit Description 

𝑣̆𝖦𝖲 ℝ+ kt Ground speed 

𝑣̆𝖳𝖠𝖲 ℝ+ kt True airspeed at altitude 𝑧̆ 

𝑣̆𝖶 ℝ+ kt Wind speed at altitude 𝑧̆ 

𝑣̆𝖶,𝖢 ℝ kt Wind speed component of 𝑣̆𝖶, parallel to 𝜓̆ 

𝜃̆𝖶 [-90, 90] deg Wind component angle (function 10) 

𝜓̆𝖶 〈0, 360] deg Wind direction at altitude 𝑧̆ 

1:  𝑣̆𝖳𝖠𝖲 = 𝒞𝖳𝖠𝖲
𝖨𝖠𝖲(𝑣̆𝖨𝖠𝖲, 𝑧̆) 

2:  𝑣̆𝖶 = ℱ𝑣𝖶
(𝑧̆) 

3:  𝜓̆𝖶 = ℱ𝜓𝖶
(𝑧̆) 

4:  𝜃̆𝖶 = ℱ𝜃𝖶
(𝜓̆𝖶, 𝜓̆) 

5:  𝑣̆𝖶,𝖢 = 𝑣̆𝖶 · cos(𝜃̆𝖶 · 𝜋 / 180) 

6:  𝑣̆𝖦𝖲 = 𝑣̆𝖳𝖠𝖲 + 𝑣̆𝖶,𝖢 

7:  return: 𝑣̆𝖦𝖲 

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

Function atan2(𝑦̆, 𝑥̆)  

Argument State space Unit Description 

𝑦̆ ℝ NM 𝑦̆-position of a certain point in the simulation environment 

𝑥̆ ℝ NM 𝑥̆-position of a certain point in the simulation environment 

Variable State space Unit Description 

𝜃̆ 〈-𝜋, 𝜋] rad Bearing of (𝑥̆, 𝑦̆) seen from (0, 0) or relative to a different coordinate 

1:  if (𝑥̆ > 0) then 

2:   𝜃̆ = arctan(𝑦̆/𝑥̆) 

3:  else if (𝑥̆ < 0 ꓥ 𝑦̆ ≥ 0) then 

4:   𝜃̆ = arctan(𝑦̆/𝑥̆) + 𝜋 

5:  else if (𝑥̆ < 0 ꓥ 𝑦̆ < 0) then 

6:   𝜃̆ = arctan(𝑦̆/𝑥̆) – 𝜋 

7:  else if (𝑥̆ == 0 ꓥ 𝑦̆ > 0) then 

8:   𝜃̆ = ½𝜋 

9:  else if (𝑥̆ == 0 ꓥ 𝑦̆ < 0) then 

10:   𝜃̆ = -½𝜋 

11:  else if (𝑥̆ == 0 ꓥ 𝑦̆ == 0) then 

12:   𝜃̆ = undefined 

13:  end if 

14:  return: 𝜃̆  

Function 14 – Calculate the “direct” bearing between two points in the simulation environment 
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C.2.2.13 Calculate “tangent” bearing  

Function ℱ𝜓𝖠
(𝜓̆, 𝑥̆𝖮, 𝑦̆𝖮, 𝑥̆𝖣, 𝑦̆𝖣, 𝑟𝖳) 

Argument State space Unit Description 

𝜓̆ 〈0, 360] deg Initial reference heading to start turning from 

𝑥̆𝖮 ℝ NM Initial 𝑥-position, i.e. point of origin  

𝑦̆𝖮 ℝ NM Initial 𝑦-position, i.e. point of origin  

𝑥̆𝖣 ℝ NM Desired 𝑥-position, i.e. point of destination 

𝑦̆𝖣 ℝ NM Desired 𝑦-position, i.e. point of destination 

Variable State space Unit Description 

𝑑̆ ℝ+ NM Distance (tangent) between (𝑥̆𝖣, 𝑦̆𝖣) and (𝑥̆𝖮, 𝑦̆𝖮) 

𝑑̆𝖠 ℝ+ NM Distance that has been travelled over the circular arc 

𝑑̆𝖢 ℝ+ NM Distance (direct) between (𝑥̆𝖣, 𝑦̆𝖣) and (𝑥̆𝖢, 𝑦̆𝖢)    

𝑑̆𝖤 ℝ+ NM Distance (direct) between (𝑥̆𝖣, 𝑦̆𝖣) and (𝑥̆𝖤, 𝑦̆𝖤)    

𝑑̆𝖮 ℝ+ NM Distance (direct) between (𝑥̆𝖣, 𝑦̆𝖣) and (𝑥̆𝖮, 𝑦̆𝖮)    

𝑥̆𝖢 ℝ NM 𝑥-position of the centre of the turning circle 

𝑥̆𝖤 ℝ NM 𝑥-position at which the turning movement should be terminated 

𝑦̆𝖢 ℝ NM 𝑦-position of the centre of the turning circle 

𝑦̆𝖤 ℝ NM 𝑦-position at which the turning movement should be terminated 

𝛼̆ ℝ rad Angle between 𝜓̆𝖢 and 𝜓̆𝖤 

𝛽̆ 〈0, 360] deg Angle that the aircraft has turned during the turning movement  

𝜃̆𝜓̆𝖠
 [-180, 180] deg Angle between 𝜓̆ and 𝜓̆𝖠 

𝜃̆𝜓̆𝖣
 [-180, 180] deg Angle between 𝜓̆ and 𝜓̆𝖣 

𝜓̆𝖠 〈0, 360] deg Bearing (direct) of (𝑥̆𝖣, 𝑦̆𝖣) seen from (𝑥̆𝖤, 𝑦̆𝖤)    

𝜓̆𝖢 〈-𝜋, 𝜋] rad Bearing (direct) of (𝑥̆𝖢, 𝑦̆𝖢) seen from (𝑥̆𝖣, 𝑦̆𝖣) 

𝜓̆𝖣 〈0, 360] deg Bearing (direct) of (𝑥̆𝖣, 𝑦̆𝖣) seen from (𝑥̆𝖮, 𝑦̆𝖮)    

𝜓̆𝖤 〈-𝜋, 𝜋] rad Bearing (direct) of (𝑥̆𝖤, 𝑦̆𝖤) seen from (𝑥̆𝖣, 𝑦̆𝖣) 

𝜓̆𝖮 ℝ rad Bearing (direct) of (𝑥̆𝖮, 𝑦̆𝖮) seen from (𝑥̆𝖢, 𝑦̆𝖢) 

Parameter Value Unit Description 

𝑑𝖣,𝖻 1 NM Minimum distance that is required between (𝑥̆𝖣, 𝑦̆𝖣) and (𝑥̆𝖮, 𝑦̆𝖮) before a 

tangent distance is calculated, otherwise a direct distance is considered   

𝜃𝖻 1 deg Minimum angle that is required between 𝜓̆ and 𝜓̆𝖣 before a tangent distance is 

calculated, otherwise a direct distance is considered   

1:  𝜓̆𝖣 = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦̆𝖣 – 𝑦̆𝖮, 𝑥̆𝖣 – 𝑥̆𝖮)) 

2:  𝜃̆𝜓̆𝖣
 = ℱ𝜃(𝜓̆, 𝜓̆𝖣) 

3:  𝑑̆ = √((𝑥̆𝖣 – 𝑥̆𝖮)² + (𝑦̆𝖣 – 𝑦̆𝖮)²)  

4:  𝜓̆𝖠 = 𝜓̆𝖣  

5:  if (|𝜃̆𝜓̆𝖣
| > 𝜃𝖻 ꓥ 𝑑̆ > 𝑑𝖣,𝖻) then 

6:   if (𝜃̆𝜓̆𝖣
≥ 0) then 

7:   𝜓̆𝖮 = 𝒞𝖱𝖠𝖣
𝖣𝖤𝖦(𝜓̆) – 𝜋 / 2 

8:   else if (𝜃̆𝜓̆𝖣
< 0) then  

9:   𝜓̆𝖮 = 𝒞𝖱𝖠𝖣
𝖣𝖤𝖦(𝜓̆) + 𝜋 / 2 

10:   end if 

11:   𝑥̆𝖢 = 𝑥̆𝖮 – 𝑟𝖳 · cos(𝜓̆𝖮) 

12:   𝑦̆𝖢 = 𝑦̆𝖮 – 𝑟𝖳 · sin(𝜓̆𝖮) 

13:   𝑑̆𝖢 = √((𝑥̆𝖣 – 𝑥̆𝖢)² + (𝑦̆𝖣 – 𝑦̆𝖢)²) 

14:   𝑑̆𝖤 = √(𝑑̆𝖢
2 – 𝑟𝖳

2) 

15:   𝜓̆𝖢 = atan2(𝑦̆𝖢 – 𝑦̆𝖣, 𝑥̆𝖢 – 𝑥̆𝖣) 

16:   𝛼̆ = asin(𝑟𝖳 / 𝑑̆𝖢) 

17:   𝜓̆𝖤 = 𝜓̆𝖢 

18:   if (𝜃̆𝜓̆𝖣
≥ 0) then 
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19:   𝜓̆𝖤 += 𝛼̆ 

20:   else if (𝜃̆𝜓̆𝖣
< 0) then 

21:   𝜓̆𝖤 -= 𝛼̆ 

22:   end if 

23:   𝑥̆𝖤 = 𝑥̆𝖣 + 𝑑̆𝖤 · cos(𝜓̆𝖤) 

24:   𝑦̆𝖤 = 𝑦̆𝖣 + 𝑑̆𝖤 · sin(𝜓̆𝖤) 

25:   𝜓̆𝖠 = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦̆𝖣 – 𝑦̆𝖤, 𝑥̆𝖣 – 𝑥̆𝖤)) 

26:   𝜃̆𝜓̆𝖠
 = ℱ𝜃(𝜓̆, 𝜓̆𝖠) 

27:   if ((𝜃̆𝜓̆𝖣
≥ 0 ꓥ 𝜃̆𝜓̆𝖠

≥ 0) ꓦ (𝜃̆𝜓̆𝖣
< 0 ꓥ 𝜃̆𝜓̆𝖠

< 0))  then 

28:   𝛽̆ = |𝜃̆𝜓̆𝖠
| 

29:   else if ((𝜃̆𝜓̆𝖣
≥ 0 ꓥ 𝜃̆𝜓̆𝖠

< 0) ꓦ (𝜃̆𝜓̆𝖣
< 0 ꓥ 𝜃̆𝜓̆𝖠

≥ 0)) then 

30:   𝛽̆ = 360 –|𝜃̆𝜓̆𝖠
| 

31:   end if 

32:   𝑑̆𝖠 = 2 · 𝜋 · 𝑟𝖳 · 𝛽̆ / 360 

33:   𝑑̆ = 𝑑̆𝖤 + 𝑑̆𝖠 

34:  end if 

35:  return: 𝜓̆𝖠 

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

C.2.2.14 Calculate “tangent” distance 

Function ℱ𝑑(𝜓̆, 𝑥̆𝖮, 𝑦̆𝖮, 𝑥̆𝖣, 𝑦̆𝖣, 𝑟𝖳) 

See function 15 for information about the arguments, variables and parameters used 

1:  ℱ𝜓
𝖠
(𝜓̆, 𝑥̆𝖮, 𝑦̆𝖮, 𝑥̆𝖣, 𝑦̆𝖣, 𝑟𝖳) 

2:  Return: 𝑑̆ 

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

C.2.2.15 Determine the required wake vortex separation distance 

Function ℱ𝑠𝖲
(𝑊̆𝟣, 𝑊̆𝟤) 

Argument State space Unit Description 

𝑊̆𝟣 𝕎 - The WTC of the preceding aircraft 

𝑊̆𝟤 𝕎 - The WTC of the succeeding aircraft 

Variable State space Unit Description 

𝑠̆𝖲 ℝ+ NM Required wake vortex separation distance between 𝑊̆𝟣 and 𝑊̆𝟤 

Parameter Value Unit Description 

𝑠𝖬𝖬 3 NM Wake vortex separation minima between MEDIUM and MEDIUM WTCs 

𝑠𝖧𝖬 5 NM Wake vortex separation minima between HEAVY and MEDIUM WTCs 

𝑠𝖬𝖧 3 NM Wake vortex separation minima between MEDIUM and HEAVY WTCs 

𝑠𝖧𝖧 4 NM Wake vortex separation minima between HEAVY and HEAVY WTCs 

1:  if (𝑊̆𝟣 == 𝑊𝖬 ꓥ 𝑊̆𝟤 == 𝑊𝖬) then 

2:   𝑠̆𝖲 = 𝑠𝖬𝖬 

3:  else if (𝑊̆𝟣 == 𝑊𝖧 ꓥ 𝑊̆𝟤 == 𝑊𝖬) then 

4:   𝑠̆𝖲 = 𝑠𝖧𝖬 

5:  else if (𝑊̆𝟣 == 𝑊𝖬 ꓥ 𝑊̆𝟤 == 𝑊𝖧) then 

6:   𝑠̆𝖲 = 𝑠𝖬𝖧 

7:  else if (𝑊̆𝟣 == 𝑊𝖧 ꓥ 𝑊̆𝟤 == 𝑊𝖧) then 

8:   𝑠̆𝖲 = 𝑠𝖧𝖧 

9:  end if 

10:  return: 𝑠̆𝖲 
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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.  

 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.  

 

 

 

 

 

 

 

 

 

 

Transition t₁ 

Transition t₁ is taken once the sending agent has been informed about either changed weather conditions or a 

capacity update 
 

Transition t₂ 

Transition t₂ 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. 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 𝑙𝑡𝖨𝖭𝖥

  ) 

no contact required with agent 

contact required with agent 

Contact with agent about capacity update 

agent has been informed 

Figure 60 – ⌊Contact with agent about capacity update⌋[sending agent] 

t₁ 

t₂ 
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 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 

about a capacity update.  
 

〈capacity update received⟩ 

Indicates that the receiving agent is informed about the 

reduced runway capacity at the airport, which marks 

the finished and irreversible contact between the 

receiving and sending agent. 
 

Transition t₁ 

Transition t₁ 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 AnyLogic (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. 

 

 

 

 

 

 

 

 

 

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 

𝜆̆𝑤 [-180, 180] deg Longitude of the significant point 

𝜑̆𝑤 [-90, 90] deg Latitude of the significant point 

Variable State space Unit Description 

𝑥̆𝑤 ℝ NM 𝑥-position of the significant point relative to the origin (0,0) 

𝑦̆𝑤 ℝ NM 𝑦-position of the significant point relative to the origin (0,0) 

𝑧 

𝑦 
𝑥 

P
o

in
ti

n
g 

U
p 

Figure 62 – Coordinate system used in AnyLogic 

on stand-by for capacity update 

capacity update received 

Contact with agent about capacity update 

t₁ 

Figure 61 – ⌊Contact with agent about capacity update⌋[receiving agent] 
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Parameter Value Unit Description 

𝑓𝖭𝖬
𝖪𝖬 0.539956 - [km] to [NM] conversion factor 

𝑟𝖤
  6371 km Radius of the earth 

𝜆𝖱 10.77806 deg Longitude of the reference coordinate, i.e. the specified origin 

𝜑𝖱 42.88944 deg Latitude of the reference coordinate, i.e. the specified origin 

1:  𝑥̆𝑤 = 𝑟𝖤
  ⋅ 2asin(√(cos(𝜑̆𝑤) ⋅ cos(𝜑𝖱) ⋅ sin²(½𝜆̆𝑤 – ½𝜆𝖱))) ⋅ 𝑓𝖭𝖬

𝖪𝖬 //arcsin is in radians 

2:  𝑦̆𝑤 = 𝑟𝖤
  ⋅ 2asin(√(sin²(½𝜑̆𝑤 – ½𝜑𝖱))) ⋅ 𝑓𝖭𝖬

𝖪𝖬 //arcsin is in radians 

3:  return: 𝑥̆𝑤, 𝑦̆𝑤 

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 

𝑑𝑤𝖳𝖧𝖱,𝑤𝑆,𝑘

  Table 29 NM Distance between 𝑤𝖳𝖧𝖱 and 𝑤𝑆,𝑘 along the legs of the STAR procedure 

𝑑𝑤𝖳𝖧𝖱,𝑤𝖨𝖥

  10.7 NM Distance between 𝑤𝖳𝖧𝖱 and 𝑤𝖨𝖥 

𝑘𝐼𝟦,𝑆
  Table 28 - Waypoint (number) that specifies 𝑤𝑆,𝖬𝖮 

𝑘𝐼𝟧,𝑆
  Table 28 - Waypoint (number) that specifies 𝑤𝑆,𝖬𝖨 

𝑘𝐼𝟫,𝑆
  Table 28 - Waypoint (number) that specifies 𝑤𝑆,𝖱 

𝑘𝐼𝟣𝟢,𝑆
  Table 28 - Waypoint (number) that specifies 𝑤𝑆,𝖧𝖮 

𝑘𝐼𝟣𝟧,𝑆
  Table 28 - Waypoint (number) that specifies 𝑤𝑆,𝐻,𝖨 

𝐾𝑆𝟣
 13 - Number of waypoints in 𝑆𝟣, including the entry point 

𝐾𝑆𝟤
 12 - Number of waypoints in 𝑆𝟤, including the entry point 

𝑛𝑤𝑆,𝑘

  Table 29  - Name of 𝑤𝑆,𝑘 (only used for clarification in the table 29) 

𝑛𝑤𝑆,𝐻

  Table 27 - Name of 𝑤𝑆,𝐻 (only used for clarification in the table 27) 

𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

  Table 29 kt Speed limit (IAS) at 𝑤𝑆,𝑘 

𝑣𝖨𝖠𝖲,𝑤𝑆,𝐻

  Table 27 kt Speed limit (IAS) in holding stack 

𝑣𝖨𝖠𝖲,𝑤𝖨𝖥

  200 kt Speed limit (IAS) at 𝑤𝖨𝖥 

𝑣𝖨𝖠𝖲,𝐼𝟣𝟦
  185 kt Go-around speed 

𝑥𝑤𝑆,𝑘

  Table 29  NM 𝑥-position of 𝑤𝑆,𝑘 

𝑥𝑤𝑆,𝖬𝖨

  𝑥𝑤𝑆,𝑘

  NM 𝑥-position of 𝑤𝑆,𝖬𝖨, where 𝑘 == 𝑘𝐼𝟧,𝑆
  

𝑥𝑤𝐼𝟤,𝑆,𝑘

  Table 29  NM 𝑥-position of 𝑤𝐼𝟤,𝑆,𝑘 

𝑥𝑤𝐼𝟦,𝑆𝟣

  42.0 NM 𝑥-position of 𝑤𝐼𝟦,𝑆𝟣
 

𝑥𝑤𝐼𝟦,𝑆𝟤

  55.0 NM 𝑥-position of 𝑤𝐼𝟦,𝑆𝟤
 

𝑥𝑤𝐼𝟨,𝑆𝟣,𝟣

  81.0 NM 𝑥-position of 𝑤𝐼𝟨,𝑆𝟣,𝟣
 

𝑥𝑤𝐼𝟨,𝑆𝟣,𝟤

  54.0 NM 𝑥-position of 𝑤𝐼𝟨,𝑆𝟣,𝟤
 

𝑥𝑤𝐼𝟨,𝑆𝟤,𝟣

  30.0 NM 𝑥-position of 𝑤𝐼𝟨,𝑆𝟤,𝟣
 

𝑥𝑤𝐼𝟨,𝑆𝟤,𝟤

  74.0 NM 𝑥-position of 𝑤𝐼𝟨,𝑆𝟤,𝟤
 

𝑥𝑤𝐼𝟪,𝑆𝟣

  54.0 NM 𝑥-position of 𝑤𝐼𝟪,𝑆𝟣
  

𝑥𝑤𝐼𝟪,𝑆𝟤

  74.0 NM 𝑥-position of 𝑤𝐼𝟪,𝑆𝟤
  

𝑥𝑤𝑆,𝐻,𝖨

  Table 27 NM 𝑥-position of 𝑤𝑆,𝐻,𝖨 

𝑥𝑤𝑆,𝐻,𝖮

  Table 27 NM 𝑥-position of 𝑤𝑆,𝐻,𝖮 

𝑥𝑤𝖨𝖥

  62.6 NM 𝑥-position of 𝑤𝖨𝖥 

𝑥𝑤𝖳𝖧𝖱

  65.8 NM 𝑥-position of 𝑤𝖳𝖧𝖱 

𝑥𝑤𝖧𝖲𝖳𝟣

  66.1 NM 𝑥-position of 𝑤𝖧𝖲𝖳𝟣 

𝑥𝑤𝖧𝖲𝖳𝟤

  66.2 NM 𝑥-position of 𝑤𝖧𝖲𝖳𝟤 

𝑦𝑤𝑆,𝑘

  Table 29 NM 𝑦-position of 𝑤𝑆,𝑘 

𝑦𝑤𝑆,𝖬𝖨

  𝑦𝑤𝑆,𝑘

  NM 𝑦-position of 𝑤𝑆,𝖬𝖨, where 𝑘 == 𝑘𝐼𝟧,𝑆
  

𝑦𝑤𝐼𝟤,𝑆,𝑘

  Table 29 NM 𝑦-position of 𝑤𝐼𝟤,𝑆,𝑘 

𝑦𝑤𝐼𝟦,𝑆𝟣

  19.0 NM 𝑦-position of 𝑤𝐼𝟦,𝑆𝟣
 

𝑦𝑤𝐼𝟦,𝑆𝟤

  15.0 NM 𝑦-position of 𝑤𝐼𝟦,𝑆𝟤
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𝑦𝑤𝐼𝟨,𝑆𝟣,𝟣

  32.0 NM 𝑦-position of 𝑤𝐼𝟨,𝑆𝟣,𝟣
 

𝑦𝑤𝐼𝟨,𝑆𝟣,𝟤

  68.0 NM 𝑦-position of 𝑤𝐼𝟨,𝑆𝟣,𝟤
 

𝑦𝑤𝐼𝟨,𝑆𝟤,𝟣

  48.0 NM 𝑦-position of 𝑤𝐼𝟨,𝑆𝟤,𝟣
 

𝑦𝑤𝐼𝟨,𝑆𝟤,𝟤

  74.0 NM 𝑦-position of 𝑤𝐼𝟨,𝑆𝟤,𝟤
 

𝑦𝑤𝐼𝟪,𝑆𝟣

  68.0 NM 𝑦-position of 𝑤𝐼𝟪,𝑆𝟣
  

𝑦𝑤𝐼𝟪,𝑆𝟤

  62.0 NM 𝑦-position of 𝑤𝐼𝟪,𝑆𝟤
  

𝑦𝑤𝑆,𝐻,𝖨

  Table 27 NM 𝑦-position of 𝑤𝑆,𝐻,𝖨 

𝑦𝑤𝑆,𝐻,𝖮

  Table 27 NM 𝑦-position of 𝑤𝑆,𝐻,𝖮 

𝑦𝑤𝖨𝖥

  56.5 NM 𝑦-position of 𝑤𝖨𝖥 

𝑦𝑤𝖳𝖧𝖱

  66.7 NM 𝑦-position of 𝑤𝖳𝖧𝖱 

𝑦𝑤𝖧𝖲𝖳𝟣

  67.8 NM 𝑦-position of 𝑤𝖧𝖲𝖳𝟣 

𝑦𝑤𝖧𝖲𝖳𝟤

  68.1 NM 𝑦-position of 𝑤𝖧𝖲𝖳𝟤 

𝑧𝑤𝑆,𝑘

  Table 29 ft Altitude constraint at 𝑤𝑆,𝑘 

𝑧𝑤𝑆,𝐻

  Table 27 ft Altitude (minimum) in holding stack 

𝑧𝑤𝖨𝖥

  3000 ft Altitude constraint at 𝑤𝖨𝖥 

𝑧𝐼𝟣𝟦

  2000 ft Go-around altitude 

𝜆𝑤𝑆,𝑘

  Table 29  deg Longitude of 𝑤𝑆,𝑘 

𝜆𝑤𝖨𝖥

  12.1903 deg Longitude of 𝑤𝖨𝖥 

𝜆𝑤𝖳𝖧𝖱

  12.2614 deg Longitude of 𝑤𝖳𝖧𝖱 

𝜆𝑤𝖧𝖲𝖳𝟣

  12.2692 deg Longitude of 𝑤𝖧𝖲𝖳𝟣 

𝜆𝑤𝖧𝖲𝖳𝟤

  12.2717 deg Longitude of 𝑤𝖧𝖲𝖳𝟤 

𝜑𝑤𝑆,𝑘

  Table 29 deg Latitude of 𝑤𝑆,𝑘 

𝜑𝑤𝖨𝖥

  42.0158 deg Latitude of 𝑤𝖨𝖥 

𝜑𝑤𝖳𝖧𝖱

  41.8458 deg Latitude of 𝑤𝖳𝖧𝖱 

𝜑𝑤𝖧𝖲𝖳𝟣

  41.8275 deg Latitude of 𝑤𝖧𝖲𝖳𝟣 

𝜑𝑤𝖧𝖲𝖳𝟤

  41.8217 deg Latitude of 𝑤𝖧𝖲𝖳𝟤 

𝜓𝑤𝑆,𝑘

  Table 29 deg Magnetic track of 𝑤𝑆,𝑘, i.e. bearing of 𝑤𝑆,𝑘 seen from 𝑤𝑆,𝑘−1 

𝜓𝑤𝑆,𝐻,𝖨

  Table 27 deg Magnetic track of the inbound leg towards 𝑤𝑆,𝐻,𝖨 

𝜓𝑤𝑆,𝐻,𝖮

  Table 27 deg Magnetic track of the outbound leg towards 𝑤𝑆,𝐻,𝖮 

𝜓𝑤𝖳𝖧𝖱

  161 deg Magnetic track of 𝑤𝖳𝖧𝖱, i.e. bearing of 𝑤𝖳𝖧𝖱 seen from 𝑤𝖨𝖥 

𝜓𝑤𝖧𝖲𝖳

  191 deg Magnetic direction of both 𝑤𝖧𝖲𝖳𝟣 and 𝑤𝖧𝖲𝖳𝟤 

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

 

 

 

 𝑛𝑤𝑆,𝐻

  𝑥𝑤𝑆,𝐻,𝖨

  𝑥𝑤𝑆,𝐻,𝖮

  𝑦𝑤𝑆,𝐻,𝖨

  𝑦𝑤𝑆,𝐻,𝖮

  𝑧𝑤𝑆,𝐻

  𝑣𝖨𝖠𝖲,𝑤𝑆,𝐻

  𝜓𝑤𝑆,𝐻,𝖨

  𝜓𝑤𝑆,𝐻,𝖮

  

  𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 

𝐻 𝐻𝟣 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 ∈ ℍ𝑆) of 𝑆 (𝑆 ∈ 𝕊), i.e. 𝑤𝑆,𝐻,𝘐 and 𝑤𝑆,𝐻,𝘖 

 

 

 𝑘𝐼𝟦,𝑆
  𝑘𝐼𝟧,𝑆

  𝑘𝐼𝟫,𝑆
  𝑘𝐼𝟣𝟢,𝑆

  𝑘𝐼𝟣𝟧,𝑆
   

 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤  

 8 7 9 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

  𝜑𝑤𝑆,𝑘

  𝜆𝑤𝑆,𝑘

  𝑥𝑤𝑆,𝑘

  𝑦𝑤𝑆,𝑘

    

  𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤   

𝑘 

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 35.5 73.1 33.2 35.7   

3 GIXOM ESALU 42.2619 42.2197 11.6489 12.4922 38.5 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 41.5   

6 RF422 RF443 42.1625 42.3439 11.8567 12.2753 47.7 66.2 47.6 36.8   

7 RF423 RF444 42.2419 42.4236 11.8228 12.2417 46.2 64.6 42.9 32.0   

8 RF424 RF446 42.3211 42.3886 11.7886 12.0911 44.7 58.0 38.1 34.1   

9 RF426 RF447 42.3567 42.3089 11.9386 12.1250 51.3 59.5 36.0 38.9   

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 54.3 62.6 45.5 48.4   

12 SUVOK N/A 42.1183 N/A 12.0403 N/A 55.9 N/A 50.3 N/A   

  𝑧𝑤𝑆,𝑘

  𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

  𝜓𝑤𝑆,𝑘

  𝑑𝑤𝖳𝖧𝖱,𝑤𝑆,𝑘

  𝑥𝑤𝐼𝟤,𝑆,𝑘

  𝑦𝑤𝐼𝟤,𝑆,𝑘

  

  𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤 

𝑘 

0 19000 17000 250 250 N/A N/A 123.2 95.2 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 

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 𝑤𝑆,𝑘  

C.3.3 Wind model 

Variable State space Unit Description 

𝑣𝖶
𝑧   ℝ+ kt Wind speed random variable at altitude 𝑧 * 

𝜓𝖶
𝑧   〈0, 360] deg Wind direction random variable at altitude 𝑧 * 

Parameter Value Unit Description 

Δ𝑣𝖶
  5 kt Wind speed margin that is both added to and subtracted from the mean  

𝜇𝑣𝖶
𝑧

 , where the total range is used to pick a random sample from 

Δ𝜓𝖶
  20 deg Wind direction margin that is both added to and subtracted from the mean  

𝜇𝜓𝖶
𝑧

 , where the total range is used to pick a random sample from  

𝜇𝑣𝖶
𝑧

  Table 31 kt Mean (i.e. baseline) wind speed at altitude layer 𝑧 * 

𝜇𝜓𝖶
𝑧

  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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  𝜇𝑣𝖶
𝑧

  𝜇𝜓𝖶
𝑧

   

 FL000 6 220  

 FL020 7 210  

 FL030 6 210  

 FL050 3 135  

 FL064 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 

 

1:  𝑣𝖶
 𝖥𝖫𝟢𝟢𝟢 = |𝒰(𝜇𝑣𝖶

𝖥𝖫𝟢𝟢𝟢
  – Δ𝑣𝖶

 ,  𝜇𝑣𝖶
𝖥𝖫𝟢𝟢𝟢

  + Δ𝑣𝖶
 )| 

2:  𝑣𝖶
 𝖥𝖫𝟢𝟤𝟢 = |𝒰(𝜇𝑣𝖶

𝖥𝖫𝟢𝟤𝟢
  – Δ𝑣𝖶

 ,  𝜇𝑣𝖶
𝖥𝖫𝟢𝟤𝟢

  + Δ𝑣𝖶
 )| 

3:  continue likewise 

4:  𝑣𝖶
 𝖥𝖫𝟥𝟢𝟢 = |𝒰(𝜇𝑣𝖶

𝖥𝖫𝟥𝟢𝟢
  – Δ𝑣𝖶

 ,  𝜇𝑣𝖶
𝖥𝖫𝟥𝟢𝟢

  + Δ𝑣𝖶
 )| 

5:  𝜓𝖶
 𝖥𝖫𝟢𝟢𝟢 = ℱ𝜓𝖶,𝖢

(𝒰(𝜇𝜓𝖶
𝖥𝖫𝟢𝟢𝟢

  – Δ𝜓𝖶
 ,  𝜇𝜓𝖶

𝖥𝖫𝟢𝟢𝟢
  + Δ𝜓𝖶

 )) 

6:  𝜓𝖶
 𝖥𝖫𝟢𝟤𝟢 = ℱ𝜓𝖶,𝖢

(𝒰(𝜇𝜓𝖶
𝖥𝖫𝟢𝟤𝟢

  – Δ𝜓𝖶
 ,  𝜇𝜓𝖶

𝖥𝖫𝟢𝟤𝟢
  + Δ𝜓𝖶

 )) 

7:  continue likewise 

8:  𝜓𝖶
 𝖥𝖫𝟥𝟢𝟢 = ℱ𝜓𝖶,𝖢

(𝒰(𝜇𝜓𝖶
𝖥𝖫𝟥𝟢𝟢

  – Δ𝜓𝖶
 ,  𝜇𝜓𝖶

𝖥𝖫𝟥𝟢𝟢
  + Δ𝜓𝖶

 )) 

Action 1 – Assigning values to the wind speed (𝑣𝘞
𝑧) and wind direction (𝜓𝘞

𝑧) variables, chosen from a uniform distribution 𝒰(𝑙, 𝑢̆) 

 

Function ℱ𝜓𝖶,𝖢
(𝜓̆𝖶) 

Argument State space Unit Description 

𝜓̆𝖶 ℝ deg Wind direction that will be corrected if found to be outside the range 〈0, 360] 

Variable State space Unit Description 

𝜓̆𝖶,𝖢 〈0, 360] deg Corrected wind direction 

1:  𝜓̆𝖶,𝖢 = 𝜓̆𝖶 

2:  if (𝜓̆𝖶 > 360) then 

3:   𝜓̆𝖶,𝖢 -= 360 

4:  else if (𝜓̆𝖶 ≤ 0) then  

5:   𝜓̆𝖶,𝖢 += 360 

6:  end if 

7:  return: 𝜓̆𝖶,𝖢 

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 𝑎𝑖 is/has been 

operating (i.e. 𝑆 
𝑎𝑖 ,𝑐), by the specific waypoint where 𝑎𝑖 is referenced to (i.e. 𝑘 

𝑎𝑖,𝑐) or by a specific index that defines the 

significant point where 𝑎𝑖 will be vectored to when flying the vector inbound IF instruction (i.e. 𝑁 
𝑎𝑖,𝑐). These dependent 

variables contain the subscripts “𝑆”, “𝑘”, “𝑁” respectively, where 𝑆 = 𝑆 
𝑎𝑖 ,𝑐, 𝑘 = 𝑘 

𝑎𝑖,𝑐 and 𝑁 = 𝑁 
𝑎𝑖,𝑐. 
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Variable State space Unit Description 

𝑎𝖢
𝑐 𝔸 

𝑐 - Aircraft where 𝑐 is in contact with 

𝑎𝐼
𝑐 𝔸 

𝑐 - Aircraft that is available/required to receive 𝐼 (𝐼 ∈ 𝕀 
𝑐), as identified by 𝑐 

𝑏𝖠,𝐼𝟥

𝑎𝑖,𝑐 Boolean - Boolean that indicates if 𝑎𝑖 is available for a vector inbound STAR instruction 

𝑏𝖠,𝐼𝟧

𝑎𝑖,𝑐 Boolean - Boolean that indicates if 𝑎𝑖 is available for a vector inbound merge instruction 

𝑏𝖠,𝐼𝟩

𝑎𝑖,𝑐 Boolean - Boolean that indicates if 𝑎𝑖 is available for a vector inbound IF instruction 

𝑏𝖠,𝐼𝟫

𝑎𝑖,𝑐 Boolean - 
Boolean that indicates if 𝑎𝑖 is available for a vector inbound trombone instruction 

with respect to both 𝑎𝟦,𝑖 and 𝑎𝟧,𝑖 

𝑏
𝖠,𝐼𝟫

𝑎𝟦,𝑖,𝑐 Boolean - 
Boolean that indicates if 𝑎𝑖 is available for a vector inbound trombone instruction 

with respect to 𝑎𝟦,𝑖 

𝑏
𝖠,𝐼𝟫

𝑎𝟧,𝑖,𝑐 Boolean - 
Boolean that indicates if 𝑎𝑖 is available for a vector inbound trombone instruction 

with respect to 𝑎𝟧,𝑖 

𝑏𝖠,𝐼𝟣𝟢

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 is available for the handover to ARR instruction 

𝑏𝖠,𝐼𝟣𝟣

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 is available for the handover to TWR instruction 

𝑏𝖠,𝐼𝟣𝟤

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 is available for the handover to GND instruction 

𝑏
𝖠,𝐼𝟣𝟥

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 is available for the landing clearance instruction 

𝑏
𝖠,𝐼𝟣𝟧

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 is available for the holding entry instruction 

𝑏
𝖠,𝐼𝟣𝟨

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 is available for the holding exit instruction 

𝑏𝖱,𝐼𝟤,𝟣

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 has a separation minima conflict with 𝑎𝟣,𝑖 

𝑏𝖱,𝐼𝟤,𝟤

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 has a desired spacing conflict with 𝑎𝟣,𝑖 

𝑏
𝖱,𝐼𝟦

𝑎𝑖,𝑐 Boolean - Boolean that indicates if 𝑎𝑖 requires a vector outbound merge instruction 

𝑏
𝖱,𝐼𝟨,𝟣

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 has a separation minima conflict with 𝑎𝟤,𝑖 

𝑏
𝖱,𝐼𝟨,𝟤

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 has a desired spacing conflict with 𝑎𝟤,𝑖 

𝑏
𝖱,𝐼𝟪

𝑎𝑖,𝑐 Boolean - Boolean that indicates if 𝑎𝑖 requires a vector outbound trombone instruction  

𝑏
𝖱,𝐼𝟣𝟦

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 requires a go-around instruction 

𝑏
𝖱,𝐼𝟣𝟧

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 requires a holding entry instruction 

𝑏𝖱,𝐼𝟣𝟩

𝑎𝑖 ,𝑐  Boolean - Boolean that indicates if 𝑎𝑖 requires a holding altitude instruction 

𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐  ℝ+ NM Distance (tangent) between 𝑎𝑖 and 𝑤𝑆,𝑘 

𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  ℝ+ NM Distance (direct) between 𝑎𝑖 and 𝑤𝑆,𝐻,𝖨 

𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  ℝ+ NM Distance (direct) between 𝑎𝑖 and 𝑤𝖨𝖥 

𝑑𝖵,𝑤𝖨𝖥

𝑎𝑖,𝑐  ℝ+ NM Distance (via) between 𝑎𝑖 and 𝑤𝖨𝖥 via 𝑤𝑆,𝖬𝖨 

𝑑
𝖣,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 ℝ+ NM Similar description as 𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐 , but applied to 𝑎𝟤,𝑖 

𝑑
𝖵,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 ℝ+ NM Similar description as 𝑑𝖵,𝑤𝖨𝖥

𝑎𝑖,𝑐 , but applied to 𝑎𝟤,𝑖 

𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  ℝ+ NM Distance between 𝑎𝑖 and 𝑤𝖳𝖧𝖱, defined by the operational state of 𝑎𝑖  

𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟣,𝑖,𝑐  ℝ+ NM Similar description as 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐 , but applied to 𝑎𝟣,𝑖 

𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟤,𝑖,𝑐  ℝ+ NM Similar description as 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐 , but applied to 𝑎𝟤,𝑖 

𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟥,𝑖,𝑐  ℝ+ NM Similar description as 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐 , but applied to 𝑎𝟥,𝑖 

𝑑
𝖵,𝑤𝖳𝖧𝖱

𝑎𝟦,𝑖,𝑐  ℝ+ NM Similar description as 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐 , but applied to 𝑎𝟦,𝑖 

𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟧,𝑖,𝑐  ℝ+ NM Similar description as 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐 , but applied to 𝑎𝟧,𝑖 

𝑑𝑤𝖳𝖧𝖱,𝑤𝑆,𝑘

𝑎𝑖,𝑐  ℝ+ NM Distance between 𝑤𝖳𝖧𝖱 and 𝑤𝑆,𝑘 along the legs of the STAR procedure 

𝐼 
𝑐 𝕀𝑐 - Instruction that is (“currently”) instructed by 𝑐 to 𝑎𝑖  

𝐼 
𝑎𝑖,𝑐 𝕀𝑐 - Last instruction that has been instructed by 𝑐 to 𝑎𝑖 

𝑗𝔸𝖥𝖠
 

𝑎𝑖,𝑐 ℕ𝟢 - Index of 𝑎𝑖 in 𝔸𝖥𝖠
  

𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 ℕ𝟢 - Index of 𝑎𝑖 in 𝔸𝖨𝖥
  

𝑗𝔸𝑆
 

𝑎𝑖,𝑐 ℕ𝟢 - Index of 𝑎𝑖 in 𝔸𝑆
  

𝑗𝔸𝑆,𝐻
 

𝑎𝑖 ,𝑐  ℕ𝟢 - Index of 𝑎𝑖 in 𝔸𝑆,𝐻
  

𝐾 
𝑎𝑖,𝑐 ℕ𝟢 - Number of waypoints in 𝑆 

𝑎𝑖,𝑐  

𝑘 
𝑎𝑖,𝑐 [0, 𝐾 

𝑎𝑖,𝑐] - Current waypoint number of 𝑆 
𝑎𝑖 ,𝑐 
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𝑘𝐼𝟦,𝑆
𝑎𝑖,𝑐 [0, 𝐾 

𝑎𝑖,𝑐] - Waypoint (number) that corresponds to 𝑤𝑆,𝖬𝖮 

𝑘𝐼𝟧,𝑆
𝑎𝑖,𝑐 [0, 𝐾 

𝑎𝑖,𝑐] - Waypoint (number) that corresponds to 𝑤𝑆,𝖬𝖨 

𝑘𝐼𝟫,𝑆
𝑎𝑖,𝑐 [0, 𝐾 

𝑎𝑖,𝑐] - Waypoint (number) that corresponds to 𝑤𝑆,𝖱 

𝑘𝐼𝟣𝟢,𝑆
𝑎𝑖 ,𝑐  [0, 𝐾 

𝑎𝑖,𝑐] - Waypoint (number) that corresponds to 𝑤𝑆,𝖧𝖮 

𝑘𝐼𝟣𝟧,𝑆
𝑎𝑖 ,𝑐  [0, 𝐾 

𝑎𝑖,𝑐] - Waypoint (number) that corresponds to 𝑤𝑆,𝐻,𝖨 

𝑙𝑡𝖨𝖣𝖤
 𝑐  ℝ+ s Minimum value of 𝑡𝖨𝖣𝖤

𝑐  as defined by 𝑀𝑐 

𝑙𝑡𝖨𝖭𝖲
 

𝑐  ℝ+ s Minimum value of 𝑡𝖨𝖭𝖲
𝑐  as defined by 𝑀𝑐 

𝑙𝑡𝖲𝖢𝖭
 𝑐  ℝ+ s Minimum value of 𝑡𝖲𝖢𝖭

𝑐  as defined by 𝑀𝑐 

𝑙𝑡𝖲𝖧𝖣
 𝑐  ℝ+ s Minimum value of 𝑡𝖲𝖧𝖣

𝑐  as defined by 𝑀𝑐 

𝑀𝑐 𝕄 - Current contextual control mode of 𝑐 

𝑁 
𝑎𝑖,𝑐 ℕ𝟢 - Index that defines to which 𝑤𝐼𝟨,𝑆,𝑁

 𝑎𝑖 will be vectored 

𝑄𝑎,𝐼𝟧
 ℕ𝟢 - Number of aircraft that are currently flying vector outbound merge 

𝑠 
𝑎𝟣,𝑖,𝑐 ℝ+ NM Actual spacing between 𝑎𝑖 and 𝑎𝟣,𝑖  

𝑠𝖣

𝑎𝟤,𝑖,𝑐 ℝ+ NM Actual spacing (direct) between 𝑎𝑖 and 𝑎𝟤,𝑖 

𝑠
𝖵

𝑎𝟤,𝑖,𝑐 ℝ+ NM Actual spacing (via) between 𝑎𝑖 and 𝑎𝟤,𝑖 

𝑠 
𝑎𝟥,𝑖,𝑐 ℝ+ NM Actual spacing between 𝑎𝑖 and 𝑎𝟥,𝑖  

𝑠 
𝑎𝟦,𝑖,𝑐 ℝ+ NM Actual spacing between 𝑎𝑖 and 𝑎𝟦,𝑖  

𝑠 
𝑎𝟧,𝑖,𝑐 ℝ+ NM Actual spacing between 𝑎𝑖 and 𝑎𝟧,𝑖  

𝑠
𝖲

𝑎𝟣,𝑖,𝑐 ℝ+ NM Separation minima between 𝑎𝑖 and 𝑎𝟣,𝑖 

𝑠
𝖲

𝑎𝟤,𝑖,𝑐 ℝ+ NM Separation minima between 𝑎𝑖 and 𝑎𝟤,𝑖 

𝑠
𝖲

𝑎𝟥,𝑖,𝑐 ℝ+ NM Separation minima between 𝑎𝑖 and 𝑎𝟥,𝑖 

𝑠
𝖲

𝑎𝟦,𝑖,𝑐 ℝ+ NM Separation minima between 𝑎𝑖 and 𝑎𝟦,𝑖 

𝑠𝖲

𝑎𝟧,𝑖,𝑐 ℝ+ NM Separation minima between 𝑎𝑖 and 𝑎𝟧,𝑖 

𝑠
𝖴

𝑎𝟣,𝑖,𝑐 ℝ+ NM Desired spacing between 𝑎𝑖 and 𝑎𝟣,𝑖 

𝑠
𝖴

𝑎𝟤,𝑖,𝑐 ℝ+ NM Desired spacing between 𝑎𝑖 and 𝑎𝟤,𝑖 

𝑠
𝖴

𝑎𝟥,𝑖,𝑐 ℝ+ NM Desired spacing between 𝑎𝑖 and 𝑎𝟥,𝑖 

𝑠𝖴

𝑎𝟦,𝑖,𝑐 ℝ+ NM Desired spacing between 𝑎𝑖 and 𝑎𝟦,𝑖 

𝑠𝖴

𝑎𝟧,𝑖,𝑐 ℝ+ NM Desired spacing between 𝑎𝑖 and 𝑎𝟧,𝑖 

𝑆 
𝑎𝑖 ,𝑐 𝕊 - STAR procedure that is/has been operated by 𝑎𝑖 

𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟣 ℝ+ s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟣 

𝑡
𝖡

𝑎𝟣,𝑖,𝑐𝟤 ℝ+ s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟤 

𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟥 ℝ+ s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟥 

𝑡𝖡

𝑎𝟤,𝑖,𝑐𝟥 ℝ+ s Default time buffer between 𝑎𝑖 and 𝑎𝟤,𝑖 as applied by 𝑐𝟥 

𝑡𝖡

𝑎𝟥,𝑖,𝑐𝟦 ℝ+ s Default time buffer between 𝑎𝑖 and 𝑎𝟥,𝑖 as applied by 𝑐𝟦 

𝑡𝖨𝖣𝖤
𝑐  ℝ+ s Time period required by 𝑐 to identify tasks 

𝑡𝖨𝖭𝖲
𝑐  ℝ+ s Time period required by 𝑐 to send instruction to 𝑎𝑖 

𝑡𝖲𝖢𝖭
𝑐  ℝ+ s Recurrence time period of the scanning practice of 𝑐, i.e. event ℰ𝖲𝖠

𝑐  

𝑡𝖲𝖧𝖣
𝑐  ℝ+ s Time period required by 𝑐 to schedule the identified tasks 

𝑣𝖦𝖲

𝑎𝑖,𝑐  ℝ+ kt Ground speed of 𝑎𝑖 

𝑣
𝖦𝖲

𝑎𝟧,𝑖,𝑐 ℝ+ kt Ground speed of 𝑎𝟧,𝑖 

𝑣𝖨𝖠𝖲

𝑎𝑖,𝑐 ℝ+ kt Indicated (calibrated) airspeed of 𝑎𝑖 

𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  ℝ+ kt Instructed indicated airspeed 

𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  ℝ+ kt Speed limit (IAS) at 𝑤𝑆,𝑘 

𝑣𝖨𝖠𝖲,𝑤𝑆,𝐻

𝑎𝑖,𝑐  ℝ+ kt Speed limit (IAS) in holding stack 

𝑊 
𝑎𝑖,𝑐 𝕎 - WTC of 𝑎𝑖 

𝑊 
𝑎𝟣,𝑖,𝑐 𝕎 - WTC of 𝑎𝟣,𝑖 

𝑊 
𝑎𝟤,𝑖,𝑐 𝕎 - WTC of 𝑎𝟤,𝑖 

𝑊 
𝑎𝟥,𝑖,𝑐 𝕎 - WTC of 𝑎𝟥,𝑖 

𝑊 
𝑎𝟦,𝑖,𝑐 𝕎 - WTC of 𝑎𝟦,𝑖 

𝑊 
𝑎𝟧,𝑖,𝑐 𝕎 - WTC of 𝑎𝟧,𝑖 



 

 

 

156 

MASTER OF SCIENCE THESIS REPORT 

 

𝑥 
𝑎𝑖,𝑐 ℝ NM 𝑥-position of 𝑎𝑖 

𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐  ℝ NM 𝑥-position of 𝑤𝑆,𝑘 

𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  ℝ NM 𝑥-position of 𝑤𝑆,𝐻,𝖨 

𝑥𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐  ℝ NM 𝑥-position of 𝑤𝐼𝟤,𝑆,𝑘
 

𝑥𝑤𝐼𝟦,𝑆

𝑎𝑖,𝑐  ℝ NM 𝑥-position of 𝑤𝐼𝟦,𝑆
 

𝑥𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐  ℝ NM 𝑥-position of 𝑤𝐼𝟨,𝑆,𝑁
  

𝑥𝑤𝐼𝟪,𝑆

𝑎𝑖,𝑐  ℝ NM 𝑥-position of 𝑤𝐼𝟪,𝑆
  

𝑥𝑤𝑆,𝖬𝖨

𝑎𝑖,𝑐  ℝ NM 𝑥-position of 𝑤𝑆,𝖬𝖨 

𝑦 
𝑎𝑖,𝑐 ℝ NM 𝑦-position of 𝑎𝑖 

𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐 ℝ NM 𝑦-position of 𝑤𝑆,𝑘 

𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  ℝ NM 𝑦-position of 𝑤𝑆,𝐻,𝖨 

𝑦𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐  ℝ NM 𝑦-position of 𝑤𝐼𝟤,𝑆,𝑘
 

𝑦𝑤𝐼𝟦,𝑆

𝑎𝑖,𝑐  ℝ NM 𝑦-position of 𝑤𝐼𝟦,𝑆
 

𝑦𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐  ℝ NM 𝑦-position of 𝑤𝐼𝟨,𝑆,𝑁
  

𝑦𝑤𝐼𝟪,𝑆

𝑎𝑖,𝑐  ℝ NM 𝑦-position of 𝑤𝐼𝟪,𝑆
  

𝑦𝑤𝑆,𝖬𝖨

𝑎𝑖,𝑐  ℝ NM 𝑦-position of 𝑤𝑆,𝖬𝖨 

𝑧 
𝑎𝑖,𝑐 ℝ+ ft Altitude of 𝑎𝑖 

𝑧𝗅

𝑎𝑖,𝑐 ℝ+ ft Instructed altitude 

𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  ℝ+ ft Altitude constraint at 𝑤𝑆,𝑘 

𝑧𝑤𝑆,𝐻

𝑎𝑖,𝑐  ℝ+ ft Altitude (minimum) in holding stack 

𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐  ℝ+ ft Required altitude in holding stack 

𝛽 
𝑎𝑖,𝑐 [-180, 180] deg Angle between 𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  and 𝜓𝑤𝖳𝖧𝖱

 , i.e. interception angle at 𝑤𝖨𝖥 

𝜇𝑡𝖨𝖣𝖤
 𝑐  ℝ>0 s Mean value of 𝑡𝖨𝖣𝖤

𝑐  as defined by 𝑀𝑐 

𝜇𝑡𝖨𝖭𝖲
 𝑐  ℝ>0 s Mean value of 𝑡𝖨𝖭𝖲

𝑐  as defined by 𝑀𝑐 

𝜇𝑡𝖲𝖢𝖭
 𝑐  ℝ>0 s Mean value of 𝑡𝖲𝖢𝖭

𝑐  as defined by 𝑀𝑐 

𝜇𝑡𝖲𝖧𝖣
 𝑐  ℝ>0 s Mean value of 𝑡𝖲𝖧𝖣

𝑐  as defined by 𝑀𝑐 

𝜎𝑡𝖨𝖣𝖤
 𝑐  ℝ+ s Standard deviation of 𝑡𝖨𝖣𝖤

𝑐  as defined by 𝑀𝑐 

𝜎𝑡𝖨𝖭𝖲
 𝑐  ℝ+ s Standard deviation of 𝑡𝖨𝖭𝖲

𝑐  as defined by 𝑀𝑐 

𝜎𝑡𝖲𝖢𝖭
 𝑐  ℝ+ s Standard deviation of 𝑡𝖲𝖢𝖭

𝑐  as defined by 𝑀𝑐 

𝜎𝑡𝖲𝖧𝖣
 𝑐  ℝ+ s Standard deviation of 𝑡𝖲𝖧𝖣

𝑐  as defined by 𝑀𝑐 

𝜓 
𝑎𝑖 ,𝑐 〈0, 360] deg Heading direction of 𝑎𝑖 with respect to magnetic north 

𝜓𝑤𝑆,𝑘

𝑎𝑖,𝑐  〈0, 360] deg Magnetic track of 𝑤𝑆,𝑘, i.e. bearing of 𝑤𝑆,𝑘 seen from 𝑤𝑆,𝑘−1 

𝜓𝑤𝑆,𝑘+1

𝑎𝑖 ,𝑐  〈0, 360] deg Magnetic track of 𝑤𝑆,𝑘+1, i.e. bearing of 𝑤𝑆,𝑘+1 seen from 𝑤𝑆,𝑘 

𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  〈0, 360] deg Bearing (tangent) of 𝑤𝑆,𝑘 seen from 𝑎𝑖 

𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  〈0, 360] deg Bearing (direct) of 𝑤𝑆,𝑘 seen from 𝑎𝑖 

𝜓𝖠,𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐  〈0, 360] deg Bearing (tangent) of 𝑤𝐼𝟤,𝑆,𝑘
 seen from 𝑎𝑖 

𝜓𝖣,𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐  〈0, 360] deg Bearing (direct) of 𝑤𝐼𝟤,𝑆,𝑘
 seen from 𝑎𝑖 

𝜓𝖠,𝑤𝐼𝟦,𝑆

𝑎𝑖 ,𝑐  〈0, 360] deg Bearing (tangent) of 𝑤𝐼𝟦,𝑆
 seen from 𝑎𝑖 

𝜓𝖣,𝑤𝐼𝟦,𝑆

𝑎𝑖 ,𝑐  〈0, 360] deg Bearing (direct) of 𝑤𝐼𝟦,𝑆
 seen from 𝑎𝑖 

𝜓𝖠,𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐  〈0, 360] deg Bearing (tangent) of 𝑤𝐼𝟨,𝑆,𝑁
 seen from 𝑎𝑖 

𝜓𝖣,𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐  〈0, 360] deg Bearing (direct) of 𝑤𝐼𝟨,𝑆,𝑁
 seen from 𝑎𝑖 

𝜓𝖠,𝑤𝐼𝟪,𝑆

𝑎𝑖 ,𝑐  〈0, 360] deg Bearing (tangent) of 𝑤𝐼𝟪,𝑆
 seen from 𝑎𝑖 

𝜓𝖣,𝑤𝐼𝟪,𝑆

𝑎𝑖 ,𝑐  〈0, 360] deg Bearing (direct) of 𝑤𝐼𝟪,𝑆
 seen from 𝑎𝑖 

𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖,𝑐  〈0, 360] deg Bearing (tangent) of 𝑤𝖨𝖥 seen from 𝑎𝑖 

𝜓𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐  〈0, 360] deg Bearing (direct) of 𝑤𝖨𝖥 seen from 𝑎𝑖 

Table 32 – List of variables that belong to the controller agent 𝑐 
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Parameter Value Unit Description 

𝑄𝖻,𝐼𝟣𝟧
 2 - 

Maximum allowed number of aircraft that are flying the vector outbound merge 

operation at which holding operations become required 

𝑄𝖻,𝐼𝟣𝟨
 0 - 

Maximum allowed number of aircraft that are flying the vector outbound merge 

operation at which aircraft may be instructed to exit the holding 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟣 varying s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟣 in reduced capacity mode 

𝑡
𝖡,𝐶𝖨

 
𝑎𝟣,𝑖,𝑐𝟣 10 s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟣 in normal capacity mode 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟤 varying s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟤 in reduced capacity mode 

𝑡
𝖡,𝐶𝖨

 
𝑎𝟣,𝑖,𝑐𝟤 10 s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟤 in normal capacity mode 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟥 10 s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟥 in reduced capacity mode 

𝑡
𝖡,𝐶𝖨

 
𝑎𝟣,𝑖,𝑐𝟥 10 s Default time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟥 in normal capacity mode 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟤,𝑖,𝑐𝟥 70 s Default time buffer between 𝑎𝑖 and 𝑎𝟤,𝑖 as applied by 𝑐𝟥 in reduced capacity mode 

𝑡
𝖡,𝐶𝖨

 
𝑎𝟤,𝑖,𝑐𝟥 15 s Default time buffer between 𝑎𝑖 and 𝑎𝟤,𝑖 as applied by 𝑐𝟥 in normal capacity mode 

𝑡
𝖡,𝐶𝖣

 
𝑎𝟥,𝑖,𝑐𝟦 20 s Default time buffer between 𝑎𝑖 and 𝑎𝟥,𝑖 as applied by 𝑐𝟦 in reduced capacity mode 

𝑡
𝖡,𝐶𝖨

 
𝑎𝟥,𝑖,𝑐𝟦 -10 s Default time buffer between 𝑎𝑖 and 𝑎𝟥,𝑖 as applied by 𝑐𝟦 in normal capacity mode 

𝑡𝖡,𝖧𝖬

𝑎𝟣,𝑖,𝑐𝟣 0 s Additional time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟣 

𝑡𝖡,𝖬𝖧

𝑎𝟣,𝑖,𝑐𝟣 0 s Additional time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟣 

𝑡𝖡,𝖧𝖬

𝑎𝟣,𝑖,𝑐𝟤 0 s Additional time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟤 

𝑡𝖡,𝖬𝖧

𝑎𝟣,𝑖,𝑐𝟤 0 s Additional time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟤 

𝑡
𝖡,𝖧𝖬

𝑎𝟣,𝑖,𝑐𝟥 0 s Additional time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟥 

𝑡𝖡,𝖬𝖧

𝑎𝟣,𝑖,𝑐𝟥 0 s Additional time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 as applied by 𝑐𝟥 

𝑡𝖡,𝖧𝖬

𝑎𝟤,𝑖,𝑐𝟥 10 s Additional time buffer between 𝑎𝑖 and 𝑎𝟤,𝑖 as applied by 𝑐𝟥 

𝑡𝖡,𝖬𝖧

𝑎𝟤,𝑖,𝑐𝟥 15 s Additional time buffer between 𝑎𝑖 and 𝑎𝟤,𝑖 as applied by 𝑐𝟥 

𝑡𝖡,𝖧𝖬

𝑎𝟥,𝑖,𝑐𝟦 0 s Additional time buffer between 𝑎𝑖 and 𝑎𝟥,𝑖 as applied by 𝑐𝟦 

𝑡𝖡,𝖬𝖧

𝑎𝟥,𝑖,𝑐𝟦 0 s Additional time buffer between 𝑎𝑖 and 𝑎𝟥,𝑖 as applied by 𝑐𝟦 

𝑢𝛽 45 deg Maximum allowed interception angle at 𝑤𝖨𝖥 

𝛽𝖻 18 deg Bound that determines whether 𝑤𝐼𝟨,𝑆,𝟣 or 𝑤𝐼𝟨,𝑆,𝟤 should be used 

Table 33 – List of parameters that belong to the controller agent 𝑐 

 

 

Set Contents Description 

𝔸 
𝑐 ⊆ 𝔸 Sorted list of aircraft that controller 𝑐 is responsible for. 𝔸 

𝑐 is sorted by 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  

𝔸𝖥𝖠
  ⊆ 𝔸 Sequence of aircraft that are flying the intermediate- or final approach segment 

𝔸𝖨𝖥
  ⊆ 𝔸 Sequence of aircraft that will be or have been instructed the vector inbound IF instruction, but 

which have not yet intercepted 𝑤𝖨𝖥 

𝔸𝐼𝟪
 ⊆ 𝔸 Sequence of aircraft that are operating the vector outbound trombone instruction in general 

𝔸𝐼𝟪,𝑆
  ⊆ 𝔸𝐼𝟪

 Sequence of aircraft that are operating the vector outbound trombone instruction towards 𝑤𝐼𝟪,𝑆
 

𝔸𝐼𝟫,𝑆
  ⊆ 𝔸 Sequence of aircraft that are operating the vector inbound trombone towards 𝑤𝑆,𝖱 

𝔸𝑆 ⊆ 𝔸 Sequence of aircraft that are or have been flying the STAR procedure 𝑆 

𝔸𝑆,𝐻
  ⊆ 𝔸𝑆 Sequence of aircraft that are flying in holding pattern 𝐻 

𝕀𝑐 ⊆ 𝕀 Collection of identified tasks/instructions by controller 𝑐 

𝕄 {𝑀𝖳, 𝑀𝖮} Collection of contextual control modes in which 𝑐 may operate, where 𝑀𝖳 represents the tactical 

control mode and where 𝑀𝖮 represents the opportunistic control mode 

𝕋𝖨
𝑐  Collection of recent time points at which instructions have been provided by 𝑐 

Table 34 – List of sets that belong to the controller agent 𝑐  
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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 controller in 

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 II) that eventually will be added to the ‘estimated’ distance 

𝑑̆.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Function ℱ𝑠𝖡
(𝑑̆, 𝑀̆) 

Argument State space Unit Description 

𝑑̆ ℝ+ NM Distance between 𝑎𝑖 and the significant point where 𝑎𝑖 will be vectored to 

𝑀̆ 𝕄 - Contextual control mode of the controller 

Variable State space Unit Description 

𝑢̆𝑠𝖡
 ℝ NM Mean value of 𝑠̆𝖡 

𝜎̆𝑠𝖡
 ℝ+ NM Standard deviation of 𝑠̆𝖡 

𝑠̆𝖡 ℝ NM Separation buffer (type II) 

𝑤𝖨𝖥 
𝑤𝖳𝖧𝖱 

𝔸𝖥𝖠
 [0] 

𝔸 
𝑐𝟦[3] 

𝔸[5] 

 

𝔸[6] 

 𝔸 
𝑐𝟦[4] 

𝔸𝖥𝖠
 [1] 

𝔸[7] 

 𝔸 
𝑐𝟥[0] 

𝔸𝖥𝖠
 [2] 

𝔸[8] 

 𝔸 
𝑐𝟥[1] 

𝔸𝖨𝖥
 [0] 

𝔸[9] 

 𝔸 
𝑐𝟥[2] 

𝔸𝖨𝖥
 [1] 

𝔸[10] 

 𝔸 
𝑐𝟥[3] 

𝔸𝖨𝖥
 [2] 

Figure 63 – Example scenario that visualizes the use and purpose of some aircraft collections that are used in the model 

Figure 64 – Two regions with different vector accuracies as defined by the ‘threshold’ distance 

𝑑̆ 
𝑑𝖻,𝑠𝖡

  

𝑎𝑖 
𝑤𝑆,𝑘 

𝑤𝑆,𝑘+1 

𝑤𝑆,𝑘−1 
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Parameter Value Unit Description 

𝑑𝖻,𝑠𝖡

  15 NM Distance (radius) from the significant point where 𝑎𝑖 will be vectored to, 

which marks the boundary between the two regions where different 

vectoring accuracies apply 

𝜇𝑠𝖡,𝖫,𝖮
  -0.5 NM Mean value of 𝑠̆𝖡 when 𝑑̆ > 𝑑𝖻,𝑠𝖡

  and 𝑀̆ == 𝑀𝖮 

𝜇𝑠𝖡,𝖫,𝖳
  -0.4 NM Mean value of 𝑠̆𝖡 when 𝑑̆ > 𝑑𝖻,𝑠𝖡

  and 𝑀̆ == 𝑀𝖳 

𝜇𝑠𝖡,𝖲,𝖮
  -0.3 NM Mean value of 𝑠̆𝖡 when 𝑑̆ ≤ 𝑑𝖻,𝑠𝖡

  and 𝑀̆ == 𝑀𝖮 

𝜇𝑠𝖡,𝖲,𝖳
  -0.2 NM Mean value of 𝑠̆𝖡 when 𝑑̆ ≤ 𝑑𝖻,𝑠𝖡

  and 𝑀̆ == 𝑀𝖳 

𝜎𝑠𝖡,𝖫,𝖮
  varying NM Standard deviation of 𝑠̆𝖡 when 𝑑̆ > 𝑑𝖻,𝑠𝖡

  and 𝑀̆ == 𝑀𝖮 

𝜎𝑠𝖡,𝖫,𝖳
  varying NM Standard deviation of 𝑠̆𝖡 when 𝑑̆ > 𝑑𝖻,𝑠𝖡

  and 𝑀̆ == 𝑀𝖳 

𝜎𝑠𝖡,𝖲,𝖮
  varying NM Standard deviation of 𝑠̆𝖡 when 𝑑̆ ≤ 𝑑𝖻,𝑠𝖡

  and 𝑀̆ == 𝑀𝖮 

𝜎𝑠𝖡,𝖲,𝖳
  varying NM Standard deviation of 𝑠̆𝖡 when 𝑑̆ ≤ 𝑑𝖻,𝑠𝖡

  and 𝑀̆ == 𝑀𝖳 

1:  if (𝑑̆ > 𝑑𝖻,𝑠𝖡

 ) then 

2:   if (𝑀̆ == 𝑀𝖳) then 

3:    𝑢̆𝑠𝖡
 = 𝜇𝑠𝖡,𝖫,𝖳

  

4:    𝜎̆𝑠𝖡
 = 𝜎𝑠𝖡,𝖫,𝖳

  

5:   else if (𝑀̆ == 𝑀𝖮) then 

6:    𝑢̆𝑠𝖡
 = 𝜇𝑠𝖡,𝖫,𝖮

  

7:    𝜎̆𝑠𝖡
 = 𝜎𝑠𝖡,𝖫,𝖮

  

8:   end if 

9:  else if (𝑑̆ ≤ 𝑑𝖻,𝑠𝖡

 ) then 

10:   if (𝑀̆ == 𝑀𝖳) then 

11:    𝑢̆𝑠𝖡
 = 𝜇𝑠𝖡,𝖲,𝖳

  

12:    𝜎̆𝑠𝖡
 = 𝜎𝑠𝖡,𝖲,𝖳

  

13:   else if (𝑀̆ == 𝑀𝖮) then 

14:    𝑢̆𝑠𝖡
 = 𝜇𝑠𝖡,𝖲,𝖮

  

15:    𝜎̆𝑠𝖡
 = 𝜎𝑠𝖡,𝖲,𝖮

  

16:   end if 

17:  end if 

18:  𝑠̆𝖡 = 𝒩(𝑢̆𝑠𝖡
, 𝜎̆𝑠𝖡

) 

19:  return: 𝑠̆𝖡 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

𝑎𝑖 

𝑎𝟣,𝑖 

𝑤𝑆,𝑘 
𝑤𝑆,𝑘−1 𝑤𝑆,𝑘+1 

𝑤𝐼𝟤𝑆,𝑘
 

Figure 65 – Visualization of the “opening” divergent vectors due to updated positions of the respective vector waypoints 

Δ𝑦𝑤𝐼𝟤,𝑆,𝑘

  

Δ𝑥𝑤𝐼𝟤,𝑆,𝑘
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   Δ𝑥𝑤𝐼𝟤,𝑆,𝑘

  Δ𝑦𝑤𝐼𝟤,𝑆,𝑘

   

   𝑆𝟣 𝑆𝟤 𝑆𝟣 𝑆𝟤  

 

𝑘 

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  

 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 ℱ𝑤𝐼𝟤
(𝑆, 𝑘) 

Argument State space Unit Description 

𝑆 𝕊 - STAR procedure where the to be updated 𝑤𝐼𝟤𝑆,𝑘
 belongs to 

𝑘 [0,..,𝐾𝑆] - Waypoint number that corresponds to the to be updated 𝑤𝐼𝟤𝑆,𝑘
 

Parameter Value Unit Description 

Δ𝑥𝑤𝐼𝟤,𝑆,𝑘

  Table 35 NM Degree by which the 𝑥-position of 𝑤𝐼𝟤𝑆,𝑘
 will change after position update 

Δ𝑦𝑤𝐼𝟤,𝑆,𝑘

  Table 35 NM Degree by which the 𝑦-position of 𝑤𝐼𝟤𝑆,𝑘
 will change after position update 

1:  𝑥𝑤𝐼𝟤,𝑆,𝑘

  += Δ𝑥𝑤𝐼𝟤,𝑆,𝑘

  

2:  𝑦𝑤𝐼𝟤,𝑆,𝑘

  += Δ𝑦𝑤𝐼𝟤,𝑆,𝑘

  

Function 21 – Position update of the vector point 𝑤𝐼𝟤,𝑆,𝑘 

C.4.4 Events 

C.4.4.1 Update situation awareness of controller about 𝒂𝒊 

Event ℰ𝖲𝖠
𝑐  models the updating process of the situation awareness of controller 𝑐 about 𝑎𝑖 (∀𝑐 ∈ ℂ ꓥ ∀𝑎𝑖 ∈ 𝔸 

𝑐). 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 ℰ𝖲𝖠
𝑐  will eventually be evaluated in the condition 

triggered transitions of the so-called SA-statecharts (appendix C.4.5.1). 

 

• First occurrence time: starts immediately  

• Recurrence time period: 𝑡𝖲𝖢𝖭
𝑐  

 

Event ℰ𝖲𝖠
𝑐   

1:  𝑡𝖲𝖢𝖭
𝑐  = ℒ(𝜇𝑡𝖲𝖢𝖭

 𝑐 , 𝜎𝑡𝖲𝖢𝖭
 𝑐 , 𝑙𝑡𝖲𝖢𝖭

 𝑐 ) 

2:  Update SA of controller about the position and orientation of 𝑎𝑖 

 • Observe the flight data of 𝑎𝑖 from the radar screen 

 • Obtain the required data of 𝑤𝑆,𝑘 that corresponds to 𝑎𝑖 

 • Observe the position and orientation of 𝑎𝑖 relative to 𝑤𝑆,𝑘 

 • Observe the position and orientation of 𝑎𝑖 relative to 𝑤𝖨𝖥 
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 • Observe the position of 𝑎𝑖 relative to 𝑤𝑆,𝐻,𝖨 

 • Observe the position and orientation of 𝑎𝑖 relative to the multiple vector points 

 • Observe the distance between 𝑎𝑖 and 𝑤𝖳𝖧𝖱 

 • Determine the waypoint number 𝑘 
𝑎𝑖,𝑐 during vector outbound STAR operations 

3:  Update SA of controller about the situation between 𝑎𝑖 and 𝑎𝟣,𝑖 

 • Find available 𝑎𝟣,𝑖 

 • Observe actual spacing between 𝑎𝑖 and 𝑎𝟣,𝑖 

 • Define separation minima and desired spacing between 𝑎𝑖 and 𝑎𝟣,𝑖 

 • Check vector outbound STAR requirement for 𝑎𝑖 

 • Decide if 𝑎𝑖 is available for a vector inbound STAR instruction 

 • Check holding entry requirement for 𝑎𝑖 

 • Decide if 𝑎𝑖 is available for holding entry 

 • Decide if 𝑎𝑖 is available for holding exit 

 • Check holding altitude requirement for 𝑎𝑖 

4:  Update SA of controller about the situation between 𝑎𝑖 and 𝑎𝟤,𝑖 

 • Find available 𝑎𝟤,𝑖 

 • Observe actual spacing between 𝑎𝑖 and 𝑎𝟤,𝑖 

 • Define separation minima and desired spacing between 𝑎𝑖 and 𝑎𝟤,𝑖 

 • Check vector outbound IF requirement for 𝑎𝑖 

 • Decide if 𝑎𝑖 is available for a vector inbound IF instruction 

 • Check vector outbound merge requirement for 𝑎𝑖 

 • Decide if 𝑎𝑖 is available for a vector inbound merge instruction 

 • Check vector outbound trombone requirement for 𝑎𝑖 

5:  Update SA of controller about the situation between 𝑎𝑖 and 𝑎𝟥,𝑖 

 • Find available 𝑎𝟥,𝑖 

 • Observe actual spacing between 𝑎𝑖 and 𝑎𝟥,𝑖 

 • Define separation minima and desired spacing between 𝑎𝑖 and 𝑎𝟥,𝑖 

 • Decide if 𝑎𝑖 is available for landing clearance 

6:  Update SA of controller about the situation between 𝑎𝑖, 𝑎𝟦,𝑖 and 𝑎𝟧,𝑖 

 • Find available 𝑎𝟦,𝑖 and 𝑎𝟧,𝑖 

 • Observe actual spacing between 𝑎𝑖 and 𝑎𝟦,𝑖, and between 𝑎𝑖 and 𝑎𝟧,𝑖 

 • Define separation minima and desired spacing between 𝑎𝑖 and 𝑎𝟦,𝑖, and between 𝑎𝑖 and 𝑎𝟧,𝑖 

 • Decide if 𝑎𝑖 is available for a vector inbound trombone instruction 

7:  Update SA of controller about handover of 𝑎𝑖 

 • Decide if 𝑎𝑖 is available for handover to ARR 

 • Decide if 𝑎𝑖 is available for handover to TWR 

 • Decide if 𝑎𝑖 is available for handover to GND 

Action 2 – Updating process of the situation awareness of controller 𝑐 about 𝑎𝑖 , where 𝑎𝑖  ∈ 𝔸𝑐 (∀𝑐 ∈ ℂ) 

 

Update SA of controller about the position and orientation of 𝒂𝒊 
The first set of actions are (for the most part) meant to identify and specify the position and orientation of 𝑎𝑖 relative 

to the multiple significant points.  

 

Observe the flight data of 𝑎𝑖 from the radar screen 

1:  𝑥 
𝑎𝑖,𝑐 = 𝑥 

𝑎𝑖  

2:  𝑦 
𝑎𝑖,𝑐 = 𝑦 

𝑎𝑖 

3:  𝑧 
𝑎𝑖,𝑐 = 𝑧 

𝑎𝑖  

4:  𝜓 
𝑎𝑖 ,𝑐 = 𝜓 

𝑎𝑖  

5:  𝑣𝖨𝖠𝖲

𝑎𝑖 ,𝑐 = 𝑣𝖨𝖠𝖲

𝑎𝑖  

6:  𝑣𝖦𝖲

𝑎𝑖 ,𝑐 = ℱ𝑣𝖦𝖲
(𝑧 

𝑎𝑖,𝑐, 𝑣𝖨𝖠𝖲

𝑎𝑖 ,𝑐, 𝜓 
𝑎𝑖 ,𝑐) 

7:  𝑊 
𝑎𝑖,𝑐 = 𝑊 

𝑎𝑖 
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8:  𝑆 
𝑎𝑖 ,𝑐 = 𝑆 

𝑎𝑖  

9:  𝑘 
𝑎𝑖 ,𝑐 = 𝑘 

𝑎𝑖  

 

Obtain the required data of 𝑤𝑆,𝑘 that corresponds to 𝑎𝑖 

10:  𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐  = * 

11:  𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐 = * 

12:  𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  = * 

13:  𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  = * 

14:  𝜓𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  = * 

15:  𝜓𝑤𝑆,𝑘+1

𝑎𝑖 ,𝑐  = * 

16:  𝑑𝑤𝖳𝖧𝖱,𝑤𝑆,𝑘

𝑎𝑖,𝑐  = * 

*obtain data in appendix C.3.2 

 

Observe the position and orientation of 𝑎𝑖 relative to 𝑤𝑆,𝑘 

17:  𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  = ℱ𝜓𝖠
(𝜓 

𝑎𝑖 ,𝑐, 𝑥 
𝑎𝑖,𝑐, 𝑦 

𝑎𝑖,𝑐, 𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐 , 𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐, 𝑟𝖳) 

18:  𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐 – 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐  – 𝑥 
𝑎𝑖,𝑐)) 

19:  𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐  = ℱ𝑑(𝜓 
𝑎𝑖,𝑐, 𝑥 

𝑎𝑖,𝑐, 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐 , 𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐, 𝑟𝖳) 

 

 

 

 

 

 

 

 

 

 

 

 

Observe the position and orientation of 𝑎𝑖 relative to 𝑤𝖨𝖥 

20:  𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  = ℱ𝜓𝖠
(𝜓 

𝑎𝑖,𝑐, 𝑥 
𝑎𝑖,𝑐, 𝑦 

𝑎𝑖,𝑐, 𝑥𝑤𝖨𝖥

 , 𝑦𝑤𝖨𝖥

 , 𝑟𝖳) 

21:  𝜓𝖣,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝖨𝖥

  – 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝖨𝖥

  – 𝑥 
𝑎𝑖,𝑐)) 

22:  𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐  = ℱ𝑑(𝜓 
𝑎𝑖 ,𝑐, 𝑥 

𝑎𝑖,𝑐, 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝖨𝖥

 , 𝑦𝑤𝖨𝖥

 , 𝑟𝖳) 

23:  𝑑𝖵,𝑤𝖨𝖥

𝑎𝑖,𝑐  = ℱ𝑑(𝜓 
𝑎𝑖,𝑐, 𝑥 

𝑎𝑖,𝑐, 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝑆,𝖬𝖨

𝑎𝑖,𝑐 , 𝑦𝑤𝑆,𝖬𝖨

𝑎𝑖,𝑐 , 𝑟𝖳) + √((𝑥𝑤𝑆,𝖬𝖨

𝑎𝑖,𝑐  – 𝑥𝑤𝖨𝖥

 )² + (𝑦𝑤𝑆,𝖬𝖨

𝑎𝑖,𝑐  – 𝑦𝑤𝖨𝖥

 )²) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑑𝑤𝖳𝖧𝖱,𝑤𝑆,𝑘

𝑎𝑖,𝑐  

𝑤𝑆,𝑘+1 𝑤𝑆,𝖨𝖠𝖥 𝑤𝖨𝖥 
𝑤𝖳𝖧𝖱 

𝑤𝑆,𝑘 

𝑤𝑆,𝑘−1 

𝜓 
𝑎𝑖,𝑐 

𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖,𝑐  

𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐  

𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐  
𝜓𝑤𝑆,𝑘+1

𝑎𝑖,𝑐  

𝜓𝑤𝑆,𝑘

𝑎𝑖,𝑐  

(𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐 , 𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐) 

(𝑥 
𝑎𝑖,𝑐, 𝑦 

𝑎𝑖,𝑐) 

Figure 66 – Visualization of the variables that are used to define the position and orientation of 𝑎𝑖  relative to 𝑤𝑆,𝑘 

𝑟𝖳 

𝑎𝑖  

                              (a) 𝑎𝑖  directly referenced to 𝑤𝘐𝘍                                                                       (b) 𝑎𝑖  referenced to 𝑤𝘐𝘍 via 𝑤𝑆,𝘔𝘐 

𝑤𝑆,𝖬𝖨  

𝑤𝖨𝖥  

𝑤𝖨𝖥  

𝑎𝑖  

𝑎𝑖  

𝜓 
𝑎𝑖 ,𝑐  

𝜓𝖣,𝑤𝖨𝖥

𝑎𝑖 ,𝑐   
𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖 ,𝑐   

𝜓𝑤𝖳𝖧𝖱

   

𝑤𝖳𝖧𝖱  

𝑤𝑆,𝖨𝖠𝖥  

𝑑𝖵,𝑤𝖨𝖥

𝑎𝑖,𝑐   
𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐   

𝑟𝖳  

(𝑥𝑤𝖨𝖥

 , 𝑦𝑤𝖨𝖥

 ) 

(𝑥 
𝑎𝑖,𝑐, 𝑦 

𝑎𝑖,𝑐) 

(𝑥𝑤𝑆,𝖬𝖨

𝑎𝑖,𝑐 , 𝑦𝑤𝑆,𝖬𝖨

𝑎𝑖,𝑐 ) 

Figure 67 – Visualization of the variables that are used to define the position and orientation of 𝑎𝑖  relative to 𝑤𝘐𝘍 
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Observe the position of 𝑎𝑖 relative to 𝑤𝑆,𝐻,𝖨 

24:  𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  = √((𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  – 𝑥 
𝑎𝑖,𝑐)² + (𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  – 𝑦 
𝑎𝑖,𝑐)²) 

 

Observe the position and orientation of 𝑎𝑖 relative to the multiple vector points 

25:  𝑥𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐  = * 

26:  𝑦𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐  = * 

27:  𝜓𝖠,𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖 ,𝑐  = ℱ𝜓𝖠
(𝜓 

𝑎𝑖,𝑐, 𝑥 
𝑎𝑖,𝑐, 𝑦 

𝑎𝑖,𝑐, 𝑥𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐 , 𝑦𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐 , 𝑟𝖳) 

28:  𝜓𝖣,𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖 ,𝑐  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐  – 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖,𝑐  – 𝑥 
𝑎𝑖,𝑐))  

29:  𝛽 
𝑎𝑖,𝑐 = ℱ𝜃(𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖 ,𝑐 , 𝜓𝑤𝖳𝖧𝖱

 ) 

30:  if (|𝛽 
𝑎𝑖,𝑐| ≥ 𝛽𝖻) then 

31:   𝑁 
𝑎𝑖,𝑐 = 1 

32:  else if (|𝛽 
𝑎𝑖,𝑐| < 𝛽𝖻) then 

33:   𝑁 
𝑎𝑖,𝑐 = 2 

34:  end if 

35:  𝑥𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐  = * 

36:  𝑦𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐  = * 

37:  𝜓𝖠,𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖 ,𝑐  = ℱ𝜓𝖠
(𝜓 

𝑎𝑖 ,𝑐, 𝑥 
𝑎𝑖,𝑐, 𝑦 

𝑎𝑖,𝑐, 𝑥𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐 , 𝑦𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐 , 𝑟𝖳) 

38:  𝜓𝖣,𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖 ,𝑐  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐  – 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖,𝑐  – 𝑥 
𝑎𝑖,𝑐)) 

39:  𝜓𝖠,𝑤𝐼𝟦,𝑆

𝑎𝑖 ,𝑐  = ℱ𝜓𝖠
(𝜓 

𝑎𝑖,𝑐, 𝑥 
𝑎𝑖,𝑐, 𝑦 

𝑎𝑖,𝑐, 𝑥𝑤𝐼𝟦,𝑆

𝑎𝑖,𝑐 , 𝑦𝑤𝐼𝟦,𝑆

𝑎𝑖,𝑐 , 𝑟𝖳) 

40:  𝜓𝖣,𝑤𝐼𝟦,𝑆

𝑎𝑖 ,𝑐  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝐼𝟦,𝑆

𝑎𝑖,𝑐  – 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝐼𝟦,𝑆

𝑎𝑖,𝑐  – 𝑥 
𝑎𝑖,𝑐)) 

41:  𝜓𝖠,𝑤𝐼𝟪,𝑆

𝑎𝑖 ,𝑐  = ℱ𝜓𝖠
(𝜓 

𝑎𝑖,𝑐, 𝑥 
𝑎𝑖,𝑐, 𝑦 

𝑎𝑖,𝑐, 𝑥𝑤𝐼𝟪,𝑆

𝑎𝑖,𝑐 , 𝑦𝑤𝐼𝟪,𝑆

𝑎𝑖,𝑐 , 𝑟𝖳) 

42:  𝜓𝖣,𝑤𝐼𝟪,𝑆

𝑎𝑖 ,𝑐  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝐼𝟪,𝑆

𝑎𝑖,𝑐  – 𝑦 
𝑎𝑖,𝑐, 𝑥𝑤𝐼𝟪,𝑆

𝑎𝑖,𝑐  – 𝑥 
𝑎𝑖,𝑐)) 

*obtain data appendix C.3.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Observe the distance between 𝑎𝑖 and 𝑤𝖳𝖧𝖱 

43:  

if ((〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐]  ꓥ ¬〈passed final waypoint⟩⌊SA STAR progress⌋[𝑎𝑖, 𝑐]) ∨ 〈vector merge⟩⌊SA 

operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector outbound trombone phase 2⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 

〈vector inbound trombone⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈holding⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) then 

44:   𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  = 𝑑𝑤𝖳𝖧𝖱,𝑤𝑆,𝑘

𝑎𝑖,𝑐  + 𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐  

45:  else if (〈vector IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) then 

𝑤𝖨𝖥 

𝑤𝖳𝖧𝖱 

𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  

 𝑎𝑖 

𝛽 
𝑎𝑖 ,𝑐 

𝛽𝖻 

𝑢𝛽 

𝜓𝑤𝖳𝖧𝖱
 

 

Figure 68 – The angles that are used by the controller agent to define the specific vector operation and vector point 
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46:   𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  = 𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐  + 𝑑𝑤𝖳𝖧𝖱,𝑤𝖨𝖥

  

47:  else if (〈intermediate approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈final approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) then  

48:   𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  = √((𝑥𝑤𝖳𝖧𝖱

  – 𝑥 
𝑎𝑖,𝑐)² + (𝑦𝑤𝖳𝖧𝖱

  – 𝑦 
𝑎𝑖,𝑐)²) 

49:  else 

50:   𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  = 0 

51:  end if 

 

Determine the waypoint number 𝑘 
𝑎𝑖,𝑐 during vector outbound STAR operations 

Models the reasoning of the controller agent in defining the most logical and suitable waypoint (𝑤𝑆,𝑘) to vector 𝑎𝑖 to. 

This reasoning is based on the classification of 𝑎𝑖 in one of the two possible zones that are bounded by the so-called 

update radials 𝜓𝖴,𝖫

𝑎𝑖,𝑐 and 𝜓𝖴,𝖱

𝑎𝑖 ,𝑐. Both update radials are directed towards 𝑤𝑆,𝑘 of 𝑎𝑖 and enclose the radial 𝜓𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  (circle 

sector ① in figure 69). The update radials are defined by the bisector(s) of the radials 𝜓𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  and 𝜓𝑤𝑆,𝑘+1

𝑎𝑖 ,𝑐 . The current 

waypoint number of 𝑎𝑖 (𝑘 
𝑎𝑖,𝑐) is updated (i.e. incremented) once 𝑎𝑖 switches zone, i.e. once 𝑎𝑖 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.  

 

Variable State space Unit Description 

𝛼 
𝑎𝑖,𝑐 [-180, 180] deg Angle between 𝜓𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  and 𝜓𝑤𝑆,𝑘+1

𝑎𝑖 ,𝑐  

𝜓𝖴,𝖫

𝑎𝑖 ,𝑐 〈0, 360] deg Update radial oriented left of the leg between 𝑤𝑆,𝑘−1 and 𝑤𝑆,𝑘 

𝜓𝖴,𝖱

𝑎𝑖 ,𝑐 〈0, 360] deg Update radial oriented right of the leg between 𝑤𝑆,𝑘−1 and 𝑤𝑆,𝑘 

Parameter Value Unit Description 

𝑟𝖴
  4 NM Radius that guarantees viable turning movements, > 2 · 𝑟𝖳 

𝜃𝖠
  20 deg Angle that defines the shape of the update radials 𝜓𝖴,𝖫

𝑎𝑖 ,𝑐 and 𝜓𝖴,𝖱

𝑎𝑖 ,𝑐, and used to 

‘tune’ the size of the area that is enclosed by the two update radials (①) 

52:  𝛼 
𝑎𝑖,𝑐 = ℱ𝜃(𝜓𝑤𝑆,𝑘

𝑎𝑖 ,𝑐 , 𝜓𝑤𝑆,𝑘+1

𝑎𝑖,𝑐 ) 

53:  𝜓𝖴,𝖫

𝑎𝑖 ,𝑐 = 𝜓𝑤𝑆,𝑘

𝑎𝑖,𝑐  + ½𝛼 
𝑎𝑖,𝑐 + 90 – 𝜃𝖠

  

𝑤𝑆,𝑘 

𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖,𝑐  

𝜓𝖴,𝖫

𝑎𝑖 ,𝑐  

𝜓𝖴,𝖱

𝑎𝑖 ,𝑐  

𝜓𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

𝜓𝑤𝑆,𝑘+1

𝑎𝑖,𝑐  

𝜃𝖠
  

𝛼 
𝑎𝑖,𝑐 

½𝛼 
𝑎𝑖,𝑐 

𝜃𝜓
𝖴,𝖱
 

𝑎𝑖 ,𝑐 

𝜃𝜓
𝖴,𝖫
 

𝑎𝑖 ,𝑐 

𝑤𝑆,𝑘+1 

Figure 69 – Visualization of the update radials, i.e. the angles and heading directions that define when the controller will update 𝑘𝑎𝑖,𝑐 

𝑟𝖴
  

𝑎𝑖 

② 

 

① 

③ 

𝑤𝑆,𝑘−1 
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54:  𝜓𝖴,𝖱

𝑎𝑖 ,𝑐 = 𝜓𝑤𝑆,𝑘

𝑎𝑖,𝑐  + ½𝛼 
𝑎𝑖,𝑐 – 90 + 𝜃𝖠

  

55:  if (𝜓𝖴,𝖫

𝑎𝑖,𝑐 ≤ 0) then 

56:   𝜓𝖴,𝖫

𝑎𝑖 ,𝑐 += 360 

57:  else if (𝜓𝖴,𝖫

𝑎𝑖,𝑐 > 360) then 

58:   𝜓𝖴,𝖫

𝑎𝑖 ,𝑐 -= 360 

59:  end if 

60:  if (𝜓𝖴,𝖱

𝑎𝑖,𝑐 ≤ 0) then 

61:   𝜓𝖴,𝖱

𝑎𝑖 ,𝑐 += 360 

62:  else if (𝜓𝖴,𝖱

𝑎𝑖,𝑐 > 360) then 

63:   𝜓𝖴,𝖱

𝑎𝑖 ,𝑐 -= 360 

64:  end if 

65:  𝜃𝜓
𝖴,𝖫
 

𝑎𝑖,𝑐 = ℱ𝜃(𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐 , 𝜓𝖴,𝖫

𝑎𝑖 ,𝑐) 

66:  𝜃𝜓
𝖴,𝖱
 

𝑎𝑖,𝑐 = ℱ𝜃(𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖,𝑐 , 𝜓𝖴,𝖱

𝑎𝑖,𝑐) 

67:  
if (〈vector outbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 〈available for waypoint update⟩⌊SA waypoint update history⌋ 

[𝑎𝑖, 𝑐] ꓥ (((𝜃𝜓
𝖴,𝖫
 

𝑎𝑖,𝑐 < 0 ∨ 𝜃𝜓
𝖴,𝖱
 

𝑎𝑖 ,𝑐 > 0) ꓥ 𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐  ≥ 𝑟𝖴
 ) ∨ 𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐  < 𝑟𝖴
 )) then 

68:   Trigger t₁ of ⌊SA waypoint update history⌋[𝑎𝑖, 𝑐] 

69:   if (𝑘 
𝑎𝑖,𝑐 ≠ 𝐾 

𝑎𝑖,𝑐 – 1) then 

70:    𝑘 
𝑎𝑖 ,𝑐++ 

71:    𝑘 
𝑎𝑖++ 

72:   end if 

73:   if (〈nearing final waypoint⟩⌊SA STAR progress⌋[𝑎𝑖, 𝑐]) then 

74:    Trigger t₅ of ⌊SA STAR progress⌋[𝑎𝑖, 𝑐] 

75:   end if 

76:  end if 

 

Update SA of controller about the situation between 𝒂𝒊 and 𝒂𝟭,𝒊 

The second category of clustered actions describe the controller’s situation awareness of aircraft 𝑎𝑖 and 𝑎𝟣,𝑖. 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 𝑎𝟣,𝑖 

77:  𝑗𝔸𝑆
 

𝑎𝑖 ,𝑐 = (𝑖{𝑎𝑖} ∈ 𝔸𝑆) 

78:  𝑗𝔸𝑆,𝐻
 

𝑎𝑖 ,𝑐  = (𝑖{𝑎𝑖} ∈ 𝔸𝑆,𝐻
 ) 

79:  if (𝑗𝔸𝑆
 

𝑎𝑖,𝑐 > 0) then 

80:   𝑎𝟣,𝑖 = 𝔸𝑆[𝑗𝔸𝑆
 

𝑎𝑖 ,𝑐 – 1] 

81:   obtain 𝑊 
𝑎𝟣,𝑖,𝑐 and 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟣,𝑖,𝑐  
82:  end if 

 

  

𝑎𝑖 

𝑎𝟣,𝑖 

𝑠 
𝑎𝟣,𝑖,𝑐 

Figure 70 – Visualization of the observed actual spacing between 𝑎𝑖  and 𝑎𝟣,𝑖 
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Observe actual spacing between 𝑎𝑖 and 𝑎𝟣,𝑖 

83:  if (𝑗𝔸𝑆
 

𝑎𝑖,𝑐 > 0) then 

84:   𝑠 
𝑎𝟣,𝑖,𝑐 = 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  – 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟣,𝑖,𝑐  

85:  end if 

 

Define separation minima and desired spacing between 𝑎𝑖 and 𝑎𝟣,𝑖 

Variable State space Unit Description 

𝑠̆
𝖡

𝑎𝟣,𝑖,𝑐 ℝ+ NM Separation buffer (type I) between 𝑎𝑖 and 𝑎𝟣,𝑖 

𝑡̆𝖡

𝑎𝟣,𝑖,𝑐 ℝ+ s Time buffer between 𝑎𝑖 and 𝑎𝟣,𝑖 

86:  if ({𝑎𝑖} ∈ 𝔸 
𝑐𝟣) then  

87:   𝑡̆𝖡

𝑎𝟣,𝑖,𝑐 = 𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟣 

88:   if (𝑊 
𝑎𝟣,𝑖,𝑐 == 𝑊𝖧 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖬) then 

89:    𝑡̆𝖡

𝑎𝟣,𝑖,𝑐 += 𝑡𝖡,𝖧𝖬

𝑎𝟣,𝑖,𝑐𝟣 

90:   else if (𝑊 
𝑎𝟣,𝑖,𝑐 == 𝑊𝖬 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖧) then 

91:    𝑡̆𝖡

𝑎𝟣,𝑖,𝑐 += 𝑡𝖡,𝖬𝖧

𝑎𝟣,𝑖,𝑐𝟣 

92:   end if 

93:  else if ({𝑎𝑖} ∈ 𝔸 
𝑐𝟤) then 

94:   𝑡̆
𝖡

𝑎𝟣,𝑖,𝑐 = 𝑡
𝖡

𝑎𝟣,𝑖,𝑐𝟤 

95:   if (𝑊 
𝑎𝟣,𝑖,𝑐 == 𝑊𝖧 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖬) then 

96:    𝑡̆
𝖡

𝑎𝟣,𝑖,𝑐 += 𝑡
𝖡,𝖧𝖬

𝑎𝟣,𝑖,𝑐𝟤 

97:   else if (𝑊 
𝑎𝟣,𝑖,𝑐 == 𝑊𝖬 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖧) then 

98:    𝑡̆𝖡

𝑎𝟣,𝑖,𝑐 += 𝑡𝖡,𝖬𝖧

𝑎𝟣,𝑖,𝑐𝟤 

99:   end if 

100:  else if ({𝑎𝑖} ∈ 𝔸 
𝑐𝟥) then 

101:   𝑡̆𝖡

𝑎𝟣,𝑖,𝑐 = 𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟥 

102:   if (𝑊 
𝑎𝟣,𝑖,𝑐 == 𝑊𝖧 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖬) then 

103:    𝑡̆𝖡

𝑎𝟣,𝑖,𝑐 += 𝑡𝖡,𝖧𝖬

𝑎𝟣,𝑖,𝑐𝟥 

104:   else if (𝑊 
𝑎𝟣,𝑖,𝑐 == 𝑊𝖬 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖧) then 

105:    𝑡̆𝖡

𝑎𝟣,𝑖,𝑐 += 𝑡𝖡,𝖬𝖧

𝑎𝟣,𝑖,𝑐𝟥 

106:   end if 

107:  end if 

108:  𝑠̆
𝖡

𝑎𝟣,𝑖 ,𝑐
 = 𝑣𝖦𝖲

𝑎𝑖,𝑐 ⋅ 𝑡̆
𝖡

𝑎𝟣,𝑖,𝑐 / 3600 

109:  if (𝑗𝔸𝑆
 

𝑎𝑖,𝑐 > 0) then 

110:   𝑠
𝖲

𝑎𝟣,𝑖,𝑐 = ℱ𝑠𝖲
(𝑊 

𝑎𝟣,𝑖,𝑐, 𝑊 
𝑎𝑖 ,𝑐) 

111:  end if 

112:  𝑠𝖴

𝑎𝟣,𝑖,𝑐 = 𝑠𝖲

𝑎𝟣,𝑖,𝑐 + 𝑠̆𝖡

𝑎𝟣,𝑖,𝑐 

 

Check vector outbound STAR requirement for 𝑎𝑖 

113:  𝑏𝖱,𝐼𝟤,𝟣

𝑎𝑖,𝑐  = false 

114:  𝑏𝖱,𝐼𝟤,𝟤

𝑎𝑖,𝑐  = false 

115:  
if (𝑗𝔸𝑆

 
𝑎𝑖,𝑐 > 0 ꓥ (〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ꓥ ¬〈holding⟩⌊SA operation⌋ 

[𝑎𝑖, 𝑐] ꓥ ¬〈holding⟩⌊SA operation⌋[𝑎𝟣,𝑖, 𝑐]) then 

116:   if (𝑠 
𝑎𝟣,𝑖,𝑐 < 𝑠𝖲

𝑎𝟣,𝑖,𝑐) then 

117:    𝑏
𝖱,𝐼𝟤,𝟣

𝑎𝑖,𝑐  = true 

118:   else if (𝑠 
𝑎𝟣,𝑖,𝑐 < 𝑠𝖴

𝑎𝟣,𝑖,𝑐) then 

119:    𝑏
𝖱,𝐼𝟤,𝟤

𝑎𝑖,𝑐  = true 

120:   end if 
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121:  end if 

 

Decide if 𝑎𝑖 is available for a vector inbound STAR instruction 

Variable State space Unit Description 

𝑠̆
𝖡,𝐼𝟥

𝑎𝟣,𝑖,𝑐 ℝ NM Separation buffer (type II) between 𝑎𝑖 and 𝑎𝟣,𝑖 when instructing 𝐼𝟥 

122:  𝑠̆
𝖡,𝐼𝟥

𝑎𝟣,𝑖,𝑐 = ℱ𝑠𝖡
(𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐 , 𝑀𝑐) 

123:  𝑏𝖠,𝐼𝟥

𝑎𝑖,𝑐 = false 

124:  if ((𝑗𝔸𝑆
 

𝑎𝑖,𝑐 == 0 ꓥ 〈vector outbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ∨ 𝐼 
𝑎𝑖,𝑐 == 𝐼𝟥) then 

125:   𝑏𝖠,𝐼𝟥

𝑎𝑖,𝑐 = true 

126:  else if ((𝑗𝔸𝑆
 

𝑎𝑖,𝑐 > 0 ꓥ (𝑠 
𝑎𝟣,𝑖,𝑐 > 𝑠𝖴

𝑎𝟣,𝑖,𝑐 + 𝑠̆
𝖡,𝐼𝟥

𝑎𝟣,𝑖,𝑐) ꓥ 〈vector outbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ∨ 𝐼 
𝑎𝑖,𝑐 == 𝐼𝟥) then 

127:   𝑏𝖠,𝐼𝟥

𝑎𝑖,𝑐 = true 

128:  else if (〈vector required⟩⌊SA vector outbound merge requirement⌋[𝑎𝑖, 𝑐]) then  

129:   𝑏
𝖠,𝐼𝟥

𝑎𝑖,𝑐 = false 

130:  end if 

 

Check holding entry requirement for 𝑎𝑖 

Variable State space Unit Description 

𝑎̆ 𝔸 - Iterator, i.e. specific aircraft in 𝔸, starting at 𝔸[0] 

131:  𝑏𝖱,𝐼𝟣𝟧

𝑎𝑖,𝑐  = false 

132:  𝑄𝑎,𝐼𝟧
 = 0 

133:  for (∀𝑎̆ ∈ 𝔸) do 

134:   if (〈vector outbound merge⟩⌊SA operation⌋[𝑎̆, 𝑐]) then 

135:    𝑄𝑎,𝐼𝟧
++ 

136:   end if 

137:  end for 

138:  if (𝑘 
𝑎𝑖,𝑐 ≤ 𝑘𝐼𝟣𝟧,𝑆

𝑎𝑖 ,𝑐  ꓥ (𝑄𝑎,𝐼𝟧
 ≥ 𝑄𝖻,𝐼𝟣𝟧

 ∨ |𝔸𝑆,𝐻
 | > 0) ꓥ ¬〈assigned holding entry⟩⌊SA holding entry⌋⌊𝑎𝑖, 𝑐]) then 

139:   𝑏
𝖱,𝐼𝟣𝟧

𝑎𝑖,𝑐  = true 

140:  end if 

 

Decide if 𝑎𝑖 is available for holding entry 

Parameter Value Unit Description 

𝑑𝑙,𝑤𝑆,𝐻,𝖨

  1 NM Minimum allowed value of 𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  for a feasible holding entry instruction 

𝑑𝑢,𝑤𝑆,𝐻,𝖨

  5 NM Maximum allowed value of 𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  for a feasible holding entry instruction 

141:  𝑏𝖠,𝐼𝟣𝟧

𝑎𝑖,𝑐  = false 

142:  
if ((𝑘 

𝑎𝑖,𝑐 == 𝑘𝐼𝟣𝟧,𝑆
𝑎𝑖 ,𝑐  ꓥ (〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ꓥ 𝑑𝑙,𝑤𝑆,𝐻,𝖨

  ≤ 𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  ≤ 

𝑑𝑢,𝑤𝑆,𝐻,𝖨

 ) ∨ 𝐼 
𝑎𝑖,𝑐 == 𝐼𝟣𝟧) then 

143:   𝑏𝖠,𝐼𝟣𝟧

𝑎𝑖,𝑐  = true 

144:  end if 

 

 

 

 

 

 

 

 

 

 

 

𝑤𝑆,𝐻,𝖨 

𝑎𝑖 

𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  
𝑑𝑢,𝑤𝑆,𝐻,𝖨

  
𝑑𝑙,𝑤𝑆,𝐻,𝖨

  

Figure 71 – Distances relative to 𝑤𝑆,𝐻,𝘐 that are used to determine if 𝑎𝑖  is available for holding entry 
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Decide if 𝑎𝑖 is available for holding exit 

Variable State space Unit Description 

𝑎̆ 𝔸 
𝑐𝟥 - Iterator, i.e. specific aircraft in 𝔸 

𝑐𝟥, starting at 𝔸 
𝑐𝟥[0] 

𝑏̆ Boolean - Temporary Boolean 

𝑓𝑠𝖴
 ℝ>0 - Multiplier of 𝑠𝖴

𝑎𝟣,𝑖,𝑐 describing the rate at which 𝑎𝑖 exits the holding 

𝑘̆ 
𝑎̆,𝑐 ℕ𝟢 - Current waypoint number of 𝑎̆ 

𝑘𝐼𝟦,𝑆
𝑎̆,𝑐  ℕ𝟢 - Waypoint (number) that corresponds to 𝑤𝑆,𝖬𝖮 

𝑘𝐼𝟧,𝑆
𝑎̆,𝑐  ℕ𝟢 - Waypoint (number) that corresponds to 𝑤𝑆,𝖬𝖨 

𝑠̆
𝖡,𝐼𝟣𝟨

𝑎𝑖 ,𝑐  ℝ NM Separation buffer (type II) between 𝑎𝑖 and 𝑎𝟣,𝑖 when instructing 𝐼𝟣𝟨 

Parameter Value Unit Description 

𝑑𝖻,𝑤𝑆,𝐻,𝖨

  1 - Minimum allowed value of 𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  for a feasible holding exit instruction  

𝑓𝑠𝖴,𝟢
 1 - Multiplier of 𝑠𝖴

𝑎𝟣,𝑖,𝑐 describing the default rate at which 𝑎𝑖 exits the holding 

𝑓𝑠𝖴,𝟣
 3 - Multiplier of 𝑠𝖴

𝑎𝟣,𝑖,𝑐 describing the adjusted rate at which 𝑎𝑖 exits the holding 

145:  𝑠̆𝖡,𝐼𝟣𝟨

𝑎𝑖 ,𝑐  = ℱ𝑠𝖡
(𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐 ,𝑀𝑐) 

146:  𝑏𝖠,𝐼𝟣𝟨

𝑎𝑖,𝑐 = false 

147:  𝑓𝑠𝖴
 = 𝑓𝑠𝖴,𝟢

 

148:  for (∀𝑎̆ ∈ 𝔸 
𝑐𝟥) do 

149:   if (𝑘̆ 
𝑎̆,𝑐 == 𝑘𝐼𝟦,𝑆

𝑎̆,𝑐  ∨ 𝑘̆ 
𝑎̆ == 𝑘𝐼𝟧,𝑆

𝑎̆,𝑐 ) then 

150:   𝑓𝑠𝖴
 = 𝑓𝑠𝖴,𝟣

 

151:   break 

152:   end if 

153:  end for 

154:  𝑏̆ = false 

155:  if (𝑗𝔸𝑆
 

𝑎𝑖,𝑐 == 0) then 

156:   𝑏̆ = true 

157:  else if (𝑗𝔸𝑆
 

𝑎𝑖,𝑐 > 0 ꓥ (𝑠 
𝑎𝟣,𝑖,𝑐 > 𝑓𝑠𝖴

 ⋅ 𝑠
𝖴

𝑎𝟣,𝑖,𝑐 + 𝑠̆
𝖡,𝐼𝟣𝟨

𝑎𝑖 ,𝑐 )) 

158:   𝑏̆ = true 

159:  end if 

160:  if ((𝑗𝔸𝑆,𝐻
 

𝑎𝑖,𝑐  == 0 ꓥ 𝑏̆ ꓥ 𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖,𝑐  > 𝑑𝖻,𝑤𝑆,𝐻,𝖨

  ꓥ 𝑄𝑎,𝐼𝟧
 ≤ 𝑄𝖻,𝐼𝟣𝟨

 ꓥ 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖]) ∨ 𝐼 
𝑎𝑖,𝑐 == 𝐼𝟣𝟨) then 

161:   𝑏
𝖠,𝐼𝟣𝟨

𝑎𝑖,𝑐 = true 

162:  end if 

  

Check holding altitude requirement for 𝑎𝑖 

163:  𝑏
𝖱,𝐼𝟣𝟩

𝑎𝑖,𝑐  = false 

164:  𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐  = 𝑧𝑤𝑆,𝐻

𝑎𝑖,𝑐  

165:  if (¬〈holding⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) then 

166:   𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐  = 𝑧𝑤𝑆,𝐻

𝑎𝑖,𝑐  + floor(|𝔸𝑆,𝐻
 | / 2) ⋅ 1000 

167:  else if (〈holding⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) then 

168:   𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐  = 𝑧𝑤𝑆,𝐻

𝑎𝑖,𝑐  + floor(𝑗𝔸𝑆,𝐻
 

𝑎𝑖,𝑐  / 2) ⋅ 1000 

169:   if (𝑧𝗅

𝑎𝑖,𝑐 ≠ 𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐 ) then 

170:    𝑏
𝖱,𝐼𝟣𝟩

𝑎𝑖,𝑐  = true 

171:   end if 

172:  end if 

 

Update SA of controller about the situation between 𝒂𝒊 and 𝒂𝟮,𝒊 

The third category of clustered actions describe the controller’s situation awareness of aircraft 𝑎𝑖 and 𝑎𝟤,𝑖. 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 𝑎𝟤,𝑖 

173:  𝑗𝔸𝖨𝖥
 

𝑎𝑖 ,𝑐 = (𝑖{𝑎𝑖} ∈ 𝔸𝖨𝖥) 

174:  if (𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 > 0) then 

175:   𝑎𝟤,𝑖 = 𝔸𝖨𝖥[𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 – 1] 

176:   obtain 𝑊 
𝑎𝟤,𝑖,𝑐, 𝑑𝖣,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐, 𝑑𝖵,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 and 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟤,𝑖,𝑐  
177:  end if 

 

Observe actual spacing between 𝑎𝑖 and 𝑎𝟤,𝑖 

178:  if (𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 > 0) then 

179:   𝑠𝖣

𝑎𝟤,𝑖,𝑐 = 𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐  – 𝑑𝖣,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 //figure 72a 

180:   
if (〈vector IF⟩⌊SA operation⌋[𝑎𝟤,𝑖, 𝑐] ∨ (〈STAR⟩⌊SA operation⌋[𝑎𝟤,𝑖, 𝑐] ꓥ 〈final segment⟩⌊SA STAR 

progress⌋[𝑎𝟤,𝑖, 𝑐])) then 

181:    𝑠
𝖵

𝑎𝟤,𝑖,𝑐 = 𝑑𝖵,𝑤𝖨𝖥

𝑎𝑖,𝑐  – 𝑑
𝖣,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 //figure 72b 

182:   else 

183:    𝑠𝖵

𝑎𝟤,𝑖,𝑐 = 𝑑𝖵,𝑤𝖨𝖥

𝑎𝑖,𝑐  – 𝑑𝖵,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 //figure 72c 

184:   end if 

185:  end if 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Define separation minima and desired spacing between 𝑎𝑖 and 𝑎𝟤,𝑖 

Variable State space Unit Description 

𝑠̆𝖡

𝑎𝟤,𝑖,𝑐 ℝ+ NM Separation buffer (type I) between 𝑎𝑖 and 𝑎𝟤,𝑖 

𝑡̆
𝖡

𝑎𝟤,𝑖,𝑐 ℝ+ s Time buffer between 𝑎𝑖 and 𝑎𝟤,𝑖 

186:  𝑡̆𝖡

𝑎𝟤,𝑖,𝑐 = 𝑡𝖡

𝑎𝟤,𝑖,𝑐𝟥 

187:  if (𝑊 
𝑎𝟤,𝑖,𝑐 == 𝑊𝖧 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖬) then 

188:   𝑡̆𝖡

𝑎𝟤,𝑖,𝑐 += 𝑡𝖡,𝖧𝖬

𝑎𝟤,𝑖,𝑐𝟥 

189:  else if (𝑊 
𝑎𝟤,𝑖,𝑐 == 𝑊𝖬 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖧) then 

190:   𝑡̆𝖡

𝑎𝟤,𝑖,𝑐 += 𝑡𝖡,𝖬𝖧

𝑎𝟤,𝑖,𝑐𝟥 

191:  end if 

192:  𝑠̆𝖡

𝑎𝟤,𝑖 ,𝑐
 = 𝑣𝖦𝖲

𝑎𝑖,𝑐⋅ 𝑡̆𝖡

𝑎𝟤,𝑖,𝑐 / 3600 

193:  if (𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 > 0) then 

194:   𝑠𝖲

𝑎𝟤,𝑖,𝑐 = ℱ𝑠𝖲
(𝑊 

𝑎𝟤,𝑖,𝑐, 𝑊 
𝑎𝑖 ,𝑐) 

𝑎𝟤,𝑖 

𝑎𝟤,𝑖 

𝑎𝟤,𝑖 

𝑎𝑖 

𝑎𝑖 

𝑎𝑖 

𝑤𝖨𝖥 𝑤𝖨𝖥 𝑤𝖨𝖥 

𝑤𝑆𝟣 ,𝖬𝖨 𝑤𝑆𝟤 ,𝖬𝖨 

𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐  
𝑑𝖣,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 

𝑠
𝖣

𝑎𝟤,𝑖,𝑐 

𝑑𝖵,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  

𝑑𝖣,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 

 

𝑠
𝖵

𝑎𝟤,𝑖,𝑐 

𝑑𝖵,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  

𝑑
𝖵,𝑤𝖨𝖥

𝑎𝟤,𝑖,𝑐 

𝑠
𝖵

𝑎𝟤,𝑖,𝑐 

                                              (a)                                                                                       (b)                                                                                        (c) 

Figure 72 – Three different types of observed actual separation distances between 𝑎𝑖  and 𝑎𝟤,𝑖 
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195:  end if 

196:  𝑠𝖴

𝑎𝟤,𝑖,𝑐 = 𝑠𝖲

𝑎𝟤,𝑖,𝑐 + 𝑠̆𝖡

𝑎𝟤,𝑖,𝑐 

  

Check vector outbound IF requirement for 𝑎𝑖 

197:  𝑏𝖱,𝐼𝟨,𝟣

𝑎𝑖,𝑐  = false 

198:  𝑏𝖱,𝐼𝟨,𝟤

𝑎𝑖,𝑐  = false 

199:  if (𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 > 0 ꓥ 〈vector inbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) then 

200:   if (𝑠𝖣

𝑎𝟤,𝑖,𝑐 < 𝑠𝖲

𝑎𝟤,𝑖,𝑐) then 

201:    𝑏𝖱,𝐼𝟨,𝟣

𝑎𝑖,𝑐  = true 

202:   else if (𝑠
𝖣

𝑎𝟤,𝑖,𝑐 < 𝑠
𝖴

𝑎𝟤,𝑖,𝑐) then 

203:    𝑏𝖱,𝐼𝟨,𝟤

𝑎𝑖,𝑐  = true 

204:   end if 

205:  end if 

 

Decide if 𝑎𝑖 is available for a vector inbound IF instruction 

Variable State space Unit Description 

𝑠̆
𝖡,𝐼𝟩

𝑎𝟤,𝑖,𝑐 ℝ NM Separation buffer (type II) between 𝑎𝑖 and 𝑎𝟤,𝑖 when instructing 𝐼𝟩 

206:  𝑠̆
𝖡,𝐼𝟩

𝑎𝟤,𝑖,𝑐 = ℱ𝑠𝖡
(𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐 ,𝑀𝑐) 

207:  𝑏
𝖠,𝐼𝟩

𝑎𝑖,𝑐 = false 

208:  if (𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 == 0) then 

209:   𝑏
𝖠,𝐼𝟩

𝑎𝑖,𝑐 = true 

210:  else if (𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 > 0 ꓥ (𝑠𝖣

𝑎𝟤,𝑖,𝑐 > 𝑠𝖴

𝑎𝟤,𝑖,𝑐 + 𝑠̆
𝖡,𝐼𝟩

𝑎𝟤,𝑖,𝑐) ꓥ 〈vector inbound IF⟩⌊SA operation⌋[𝑎𝟤,𝑖, 𝑐]) then 

211:   𝑏𝖠,𝐼𝟩

𝑎𝑖,𝑐 = true 

212:  end if 

213:  

if ((𝑏
𝖠,𝐼𝟩

𝑎𝑖 ,𝑐 ꓥ (〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector outbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ (〈vector outbound STAR⟩⌊SA 

operation⌋[𝑎𝑖, 𝑐] ꓥ 〈final segment⟩⌊SA STAR progress⌋[𝑎𝑖, 𝑐])) ꓥ ¬〈vector merge⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 𝛽 
𝑎𝑖,𝑐 < 𝑢𝛽) ∨ 

𝐼 
𝑎𝑖,𝑐 == 𝐼𝟩) then 

214:   𝑏
𝖠,𝐼𝟩

𝑎𝑖,𝑐 = true 

215:  else 

216:   𝑏
𝖠,𝐼𝟩

𝑎𝑖,𝑐 = false 

217:  end if 

 

Check vector outbound merge requirement for 𝑎𝑖 

218:  𝑏
𝖱,𝐼𝟦

𝑎𝑖,𝑐 = false 

219:  
if (〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 〈base segment⟩⌊SA STAR progress⌋[𝑎𝑖, 𝑐] ꓥ 〈not available for vector⟩             ⌊SA 

vector inbound IF⌋[𝑎𝑖, 𝑐]) then //figure 73a 

220:   𝑏𝖱,𝐼𝟦

𝑎𝑖,𝑐 = true 

221:  end if 

222:  
if (〈vector STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 〈base segment⟩⌊SA STAR progress⌋[𝑎𝑖, 𝑐] ꓥ 𝑗𝔸𝑆

 
𝑎𝑖  > 0 ꓥ 〈vector merge⟩    ⌊SA 

operation⌋[𝑎𝟣,𝑖, 𝑐]) then //figure 73b 

223:   𝑏𝖱,𝐼𝟦

𝑎𝑖,𝑐 = true 

224:  end if 
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ecide if 𝑎𝑖 is available for a vector inbound merge instruction 

Variable State space Unit Description 

𝑠̆𝖡,𝐼𝟧

𝑎𝑖,𝑐 ℝ NM 
Separation buffer (type II) between 𝑎𝑖 and 𝑎𝟣,𝑖, and between 𝑎𝑖 and 𝑎𝟤,𝑖 when 

instructing 𝐼𝟧 

225:  𝑠̆𝖡,𝐼𝟧

𝑎𝑖 ,𝑐 = ℱ𝑠𝖡
(𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖 , 𝑀𝑐) 

226:  𝑏𝖠,𝐼𝟧

𝑎𝑖,𝑐 = false 

227:  if (𝑗𝔸𝖨𝖥
 

𝑎𝑖,𝑐 == 0 ∨ (𝑗𝔸𝖨𝖥
 

𝑎𝑖 ,𝑐 > 0 ꓥ 𝑠𝖵

𝑎𝟤,𝑖,𝑐 > 𝑠𝖴

𝑎𝟤,𝑖,𝑐 + 𝑠̆𝖡,𝐼𝟧

𝑎𝑖 ,𝑐)) then 

228:   𝑏
𝖠,𝐼𝟧

𝑎𝑖,𝑐 = true 

229:  end if 

230:  if (𝑏𝖠,𝐼𝟧

𝑎𝑖 ,𝑐 ꓥ (𝑗𝔸𝑆
 

𝑎𝑖,𝑐 == 0 ∨ (𝑗𝔸𝑆
 

𝑎𝑖 ,𝑐 > 0 ꓥ 𝑠 
𝑎𝟣,𝑖,𝑐 > 𝑠𝖴

𝑎𝟣,𝑖,𝑐 + 𝑠̆𝖡,𝐼𝟧

𝑎𝑖,𝑐))) then 

231:   𝑏
𝖠,𝐼𝟧

𝑎𝑖,𝑐 = true 

232:  else 

233:   𝑏𝖠,𝐼𝟧

𝑎𝑖,𝑐 = false 

234:  end if 

235:  if (¬〈vector outbound merge⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) then 

236:   𝑏
𝖠,𝐼𝟧

𝑎𝑖,𝑐 = false 

237:  end if 

238:  if (𝐼 
𝑎𝑖,𝑐 == 𝐼𝟧) then 

239:   𝑏
𝖠,𝐼𝟧

𝑎𝑖,𝑐 = true 

240:  end if 

 

Check vector outbound trombone requirement for 𝑎𝑖 

Parameter Value Unit Description 

𝑑𝖻,𝑤𝖨𝖥

  6 NM 
Distance around 𝑤𝖨𝖥 that marks the area where conflicting aircraft (𝑎𝑖) will be 

instructed the vector outbound trombone operation 

241:  𝑏
𝖱,𝐼𝟪

𝑎𝑖,𝑐 = false 

242:  

if (((〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ (〈passed final waypoint⟩⌊SA STAR progress⌋[𝑎𝑖, 𝑐] ∨ 〈nearing final waypoint⟩⌊SA 

STAR progress⌋[𝑎𝑖, 𝑐])) ∨ (〈vector outbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 〈passed final waypoint⟩⌊SA STAR 

progress⌋[𝑎𝑖, 𝑐])) ꓥ 〈not available for vector⟩⌊SA vector inbound IF⌋[𝑎𝑖, 𝑐]) then 

243:   𝑏𝖱,𝐼𝟪

𝑎𝑖,𝑐 = true 

244:  
else if (〈vector inbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ ¬〈in no conflict⟩⌊SA vector outbound IF requirement⌋[𝑎𝑖, 𝑐] ꓥ 

 𝑑𝖣,𝑤𝖨𝖥

𝑎𝑖,𝑐  < 𝑑𝖻,𝑤𝖨𝖥

 ) then 

245:   𝑏𝖱,𝐼𝟪

𝑎𝑖,𝑐 = true 

246:  else if (〈vector outbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 𝛽 
𝑎𝑖,𝑐 > 𝑢𝛽) then 

247:   𝑏𝖱,𝐼𝟪

𝑎𝑖,𝑐 = true 

248:  end if 

𝑤𝖨𝖥 𝑤𝖨𝖥 

𝑤𝑆𝟣 ,𝖬𝖨 𝑤𝑆𝟣 ,𝖬𝖨 𝑤𝑆𝟤 ,𝖬𝖨 𝑤𝑆𝟤 ,𝖬𝖮 𝑤𝑆𝟤 ,𝖬𝖨 𝑤𝑆𝟤 ,𝖬𝖮 𝑤𝑆𝟣 ,𝖬𝖮 𝑤𝑆𝟣 ,𝖬𝖮 

𝑎𝑖 

𝑎𝟤,𝑖 
𝑎𝟤,𝑖 

𝑎𝑖 

                                          (a) 𝑎𝑖  flying STAR procedure                                                                                        (b) 𝑎𝑖  flying vector STAR  

Figure 73 – Two typical configurations between 𝑎𝑖  and 𝑎𝟤,𝑖 that require 𝑎𝑖  to fly a vector outbound merge operation 

𝑎𝟣,𝑖 
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Update SA of controller about the situation between 𝒂𝒊 and 𝒂𝟯,𝒊 

The fourth category of clustered actions describe the controller’s situation awareness of aircraft 𝑎𝑖 and 𝑎𝟥,𝑖. This 

obtained information is used to decide upon the necessity and feasibility of the landing clearance and go-around 

instructions.  

 

Find available 𝑎𝟥,𝑖 

249:  𝑗𝔸𝖥𝖠
 

𝑎𝑖 ,𝑐 = (𝑖{𝑎𝑖} ∈ 𝔸𝖥𝖠) 

250:  if (𝑗𝔸𝖥𝖠
 

𝑎𝑖,𝑐 > 0) then 

251:   𝑎𝟥,𝑖 = 𝔸𝖥𝖠[𝑗𝔸𝖥𝖠
 

𝑎𝑖,𝑐 – 1] 

252:   obtain 𝑊 
𝑎𝟥,𝑖,𝑐, 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟥,𝑖,𝑐  
253:  end if 

 

Observe actual spacing between 𝑎𝑖 and 𝑎𝟥,𝑖 

254:  if (𝑗𝔸𝖥𝖠
 

𝑎𝑖,𝑐 > 0) then 

255:   𝑠 
𝑎𝟥,𝑖,𝑐 = 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  – 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟥,𝑖,𝑐  

256:  end if 

 

 

 

 

 

 

Define separation minima and desired spacing between 𝑎𝑖 and 𝑎𝟥,𝑖 

Variable State space Unit Description 

𝑠̆𝖡

𝑎𝟥,𝑖,𝑐 ℝ+ NM Separation buffer (type I) between 𝑎𝑖 and 𝑎𝟥,𝑖 

𝑡̆𝖡

𝑎𝟥,𝑖,𝑐 ℝ+ s Time buffer between 𝑎𝑖 and 𝑎𝟥,𝑖 

257:  𝑡̆𝖡

𝑎𝟥,𝑖,𝑐 = 𝑡𝖡

𝑎𝟥,𝑖,𝑐𝟦 

258:  if (𝑊 
𝑎𝟥,𝑖,𝑐 == 𝑊𝖧 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖬) then 

259:   𝑡̆
𝖡

𝑎𝟥,𝑖,𝑐 += 𝑡
𝖡,𝖧𝖬

𝑎𝟥,𝑖,𝑐𝟦 

260:  else if (𝑊 
𝑎𝟥,𝑖,𝑐 == 𝑊𝖬 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖧) then 

261:   𝑡̆𝖡

𝑎𝟥,𝑖,𝑐 += 𝑡𝖡,𝖬𝖧

𝑎𝟥,𝑖,𝑐𝟦 

262:  end if 

263:  𝑠̆𝖡

𝑎𝟥,𝑖 ,𝑐
 = 𝑣𝖦𝖲

𝑎𝑖,𝑐⋅ 𝑡̆𝖡

𝑎𝟥,𝑖,𝑐 / 3600 

264:  if (𝑗𝔸𝖥𝖠
 

𝑎𝑖,𝑐 > 0) then 

265:   𝑠
𝖲

𝑎𝟥,𝑖,𝑐 = ℱ𝑠𝖲
(𝑊 

𝑎𝟥,𝑖,𝑐, 𝑊 
𝑎𝑖 ,𝑐) 

266:  end if 

267:  𝑠𝖴

𝑎𝟥,𝑖,𝑐 = 𝑠𝖲

𝑎𝟥,𝑖,𝑐 + 𝑠̆𝖡

𝑎𝟥,𝑖,𝑐 

 

𝑎𝟥,𝑖 𝑎𝑖 𝑤𝖨𝖥 

𝑠 
𝑎𝟥,𝑖,𝑐 

𝑤𝖳𝖧𝖱 

Figure 75 – Visualization of the observed actual spacing between 𝑎𝑖  and 𝑎𝟥,𝑖 

𝑎𝟤,𝑖 
𝑎𝑖 

𝑤𝖨𝖥 

𝑤𝑆𝟣,𝖨𝖠𝖥 𝑤𝑆𝟤,𝖨𝖠𝖥 

𝑢𝛽 

𝑑𝖻,𝑤𝖨𝖥

  

Figure 74 – Example situation in which 𝑎𝑖  is likely to receive a vector outbound trombone instruction  
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Decide if 𝑎𝑖 is available for landing clearance 

268:  𝑏𝖠,𝐼𝟣𝟥

𝑎𝑖,𝑐  = false 

269:  𝑏𝖱,𝐼𝟣𝟦

𝑎𝑖,𝑐  = false 

270:  if (〈final approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 𝑗𝔸𝖥𝖠
 

𝑎𝑖,𝑐 > 0 ꓥ 𝑠 
𝑎𝟥,𝑖,𝑐 < 𝑠𝖴

𝑎𝟥,𝑖,𝑐) then 

271:   𝑏𝖱,𝐼𝟣𝟦

𝑎𝑖,𝑐  = true 

272:  else if (〈final approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 𝑗𝔸𝖥𝖠
 

𝑎𝑖,𝑐 == 0) then 

273:   𝑏𝖠,𝐼𝟣𝟥

𝑎𝑖,𝑐  = true 

274:  end if 

 

Update SA of controller about the situation between 𝒂𝒊, 𝒂𝟰,𝒊 and 𝒂𝟱,𝒊 

The fifth category of clustered actions describe the controller’s situation awareness of aircraft 𝑎𝑖, 𝑎𝟦,𝑖 and 𝑎𝟧,𝑖. This 

obtained information is used to decide upon the feasibility of the vector inbound trombone instruction.  

 

Find available 𝑎𝟦,𝑖 and 𝑎𝟧,𝑖 

Variable State space Unit Description 

𝑎̆𝟦 𝔸𝑆 - Iterator, i.e. specific aircraft in 𝔸𝑆, starting at the last item of 𝔸𝑆, i.e. at 𝔸𝑆[|𝔸𝑆|] 

𝑎̆𝟧 𝔸𝑆 - Iterator, i.e. specific aircraft in 𝔸𝑆, starting at the first item of 𝔸𝑆, i.e. at 𝔸𝑆[0] 

𝑘̆ 
𝑎̆𝟦 ℕ𝟢 - Current waypoint number of 𝑎̆𝟦 

𝑘̆ 
𝑎̆𝟧 ℕ𝟢 - Current waypoint number of 𝑎̆𝟧 

275:  for (∀𝑎̆𝟦 ∈ 𝔸𝑆) do //reverse order iteration, starting at the last element of the set 

276:   if (|𝔸𝑆| > 0 ꓥ 𝑘̆ 
𝑎̆𝟦 > 𝑘𝐼𝟫,𝑆

𝑎𝑖,𝑐 ꓥ 𝑎̆𝟦 ≠ 𝑎𝑖) then 

277:    𝑎𝟦,𝑖 == 𝑎̆𝟦 

278:    obtain 𝑊 
𝑎𝟦,𝑖,𝑐 and 𝑑

𝖵,𝑤𝖳𝖧𝖱

𝑎𝟦,𝑖,𝑐  

279:    break 

280:   end if 

281:  end for 

282:  if (|𝔸𝐼𝟫,𝑆
 | > 0 ꓥ 𝔸𝐼𝟫,𝑆

 [|𝔸𝐼𝟫,𝑆
 | – 1] ≠ 𝑎𝑖) then //replace 𝑎𝟦,𝑖 if there are already aircraft operating the vector inbound trombone  

283:   𝑎𝟦,𝑖 == 𝔸𝐼𝟫,𝑆
 [|𝔸𝐼𝟫,𝑆

 | – 1] 

284:   obtain 𝑊 
𝑎𝟦,𝑖,𝑐 and 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟦,𝑖,𝑐  

285:  end if 

286:  for (∀𝑎̆𝟧 ∈ 𝔸𝑆) do //iteration will start at first element of the set 

287:   if (𝑘̆ 
𝑎̆𝟧 ≤ 𝑘𝐼𝟫,𝑆

𝑎𝑖 ,𝑐 ꓥ 𝑎̆𝟧 ≠ 𝑎𝑖 ꓥ ¬〈vector inbound trombone⟩⌊SA operation⌋[𝑎̆𝟧, 𝑐]) then  

288:    𝑎𝟧,𝑖 == 𝑎̆𝟧 

289:    obtain 𝑊 
𝑎𝟧,𝑖,𝑐, 𝑑

𝖵,𝑤𝖳𝖧𝖱

𝑎𝟧,𝑖,𝑐  and 𝑣
𝖦𝖲

𝑎𝟧,𝑖,𝑐 

290:    break 

291:   end if 

292:  end for 

 

 

Observe actual spacing between 𝑎𝑖 and 𝑎𝟦,𝑖, and between 𝑎𝑖 and 𝑎𝟧,𝑖 

293:  if (∃𝑎𝟦,𝑖) then 

294:   𝑠 
𝑎𝟦,𝑖,𝑐 = 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  – 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝟦,𝑖,𝑐  

295:  end if 

296:  if (∃𝑎𝟧,𝑖) then 

297:   𝑠 
𝑎𝟧,𝑖,𝑐 = 𝑑

𝖵,𝑤𝖳𝖧𝖱

𝑎𝟧,𝑖,𝑐  – 𝑑𝖵,𝑤𝖳𝖧𝖱

𝑎𝑖,𝑐  

298:  end if 
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Define separation minima and desired spacing between 𝑎𝑖 and 𝑎𝟦,𝑖, and between 𝑎𝑖 and 𝑎𝟧,𝑖 

Variable State space Unit Description 

𝑠̆𝖡

𝑎𝟦,𝑖,𝑐 ℝ+ NM Separation buffer (type I) between 𝑎𝑖 and 𝑎𝟦,𝑖 

𝑠̆
𝖡

𝑎𝟧,𝑖,𝑐 ℝ+ NM Separation buffer (type I) between 𝑎𝑖 and 𝑎𝟧,𝑖 

𝑡̆𝖡

𝑎𝟦,𝑖,𝑐 ℝ+ s Time buffer between 𝑎𝑖 and 𝑎𝟦,𝑖 

𝑡̆
𝖡

𝑎𝟧,𝑖,𝑐 ℝ+ s Time buffer between 𝑎𝑖 and 𝑎𝟧,𝑖 

299:  𝑡̆𝖡

𝑎𝟦,𝑖,𝑐 = 𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟥  

300:  if (𝑊 
𝑎𝟦,𝑖,𝑐 == 𝑊𝖧 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖬) then 

301:   𝑡̆𝖡

𝑎𝟦,𝑖,𝑐 += 𝑡𝖡,𝖧𝖬

𝑎𝟣,𝑖,𝑐𝟥 

302:  else if (𝑊 
𝑎𝟦,𝑖,𝑐 == 𝑊𝖬 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖧) then 

303:   𝑡̆𝖡

𝑎𝟦,𝑖,𝑐 += 𝑡𝖡,𝖬𝖧

𝑎𝟣,𝑖,𝑐𝟥 

304:  end if 

305:  𝑠̆𝖡

𝑎𝟦,𝑖 ,𝑐
 = 𝑣𝖦𝖲

𝑎𝑖,𝑐⋅ 𝑡̆𝖡

𝑎𝟦,𝑖,𝑐 / 3600 

306:  if (∃𝑎𝟦,𝑖) then 

307:   𝑠
𝖲

𝑎𝟦,𝑖,𝑐 = ℱ𝑠𝖲
(𝑊 

𝑎𝟦,𝑖,𝑐, 𝑊 
𝑎𝑖 ,𝑐) 

308:  end if 

309:  𝑠𝖴

𝑎𝟦,𝑖,𝑐 = 𝑠𝖲

𝑎𝟦,𝑖,𝑐 + 𝑠̆𝖡

𝑎𝟦,𝑖,𝑐 

310:  𝑡̆𝖡

𝑎𝟧,𝑖,𝑐 = 𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟥  

311:  if (𝑊 
𝑎𝟧,𝑖,𝑐 == 𝑊𝖧 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖬) then 

312:   𝑡̆𝖡

𝑎𝟧,𝑖,𝑐 += 𝑡𝖡,𝖧𝖬

𝑎𝟣,𝑖,𝑐𝟥 

313:  else if (𝑊 
𝑎𝟧,𝑖,𝑐 == 𝑊𝖬 ꓥ 𝑊 

𝑎𝑖,𝑐 == 𝑊𝖧) then 

314:   𝑡̆
𝖡

𝑎𝟧,𝑖,𝑐 += 𝑡
𝖡,𝖬𝖧

𝑎𝟣,𝑖,𝑐𝟥 

315:  end if 

316:  𝑠̆𝖡

𝑎𝟧,𝑖 ,𝑐
 = 𝑣

𝖦𝖲

𝑎𝟧,𝑖,𝑐⋅ 𝑡̆𝖡

𝑎𝟧,𝑖,𝑐 / 3600 

317:  if (∃𝑎𝟧,𝑖) then 

318:   𝑠
𝖲

𝑎𝟧,𝑖,𝑐 = ℱ𝑠𝖲
(𝑊 

𝑎𝟧,𝑖,𝑐, 𝑊 
𝑎𝑖 ,𝑐) 

319:  end if 

320:  𝑠
𝖴

𝑎𝟧,𝑖 ,𝑐 = 𝑠
𝖲

𝑎𝟧,𝑖,𝑐 + 𝑠̆
𝖡

𝑎𝟧,𝑖,𝑐 

 

Decide if 𝑎𝑖 is available for a vector inbound trombone instruction 

Variable State space Unit Description 

𝑠𝖡,𝐼𝟫

𝑎𝑖 ,𝑐 ℝ NM Separation buffer (type II) between 𝑎𝑖 and 𝑎𝟦,𝑖 when instructing 𝐼𝟫 

321:  𝑠𝖡,𝐼𝟫

𝑎𝑖 ,𝑐 = ℱ𝑠𝖡
(𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐 , 𝑀𝑐) 

322:  𝑏
𝖠,𝐼𝟫

𝑎𝟦,𝑖,𝑐 = false 

323:  if (∄𝑎𝟦,𝑖) then 

324:   𝑏
𝖠,𝐼𝟫

𝑎𝟦,𝑖,𝑐 = true 

325:  else if (∃𝑎𝟦,𝑖 ꓥ (𝑠 
𝑎𝟦,𝑖,𝑐 > 𝑠𝖴

𝑎𝟦,𝑖,𝑐 + 𝑠𝖡,𝐼𝟫

𝑎𝑖,𝑐)) then 

326:   𝑏
𝖠,𝐼𝟫

𝑎𝟦,𝑖,𝑐 = true 

𝑎𝑖 

𝑎𝟦,𝑖 

𝑎𝟧,𝑖 

𝑠 
𝑎𝟧,𝑖,𝑐 

𝑠 
𝑎𝟦,𝑖,𝑐 

𝑤𝑆,𝖱 

Figure 76 – Visualization of the observed actual spacing between 𝑎𝑖  and 𝑎𝟦,𝑖, and between 𝑎𝑖  and 𝑎𝟧,𝑖 
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327:  end if 

328:  𝑏
𝖠,𝐼𝟫

𝑎𝟧,𝑖,𝑐 = false 

329:  if (∄𝑎𝟧,𝑖) then 

330:   𝑏
𝖠,𝐼𝟫

𝑎𝟧,𝑖,𝑐 = true 

331:  else if (∃𝑎𝟧,𝑖 ꓥ 𝑠 
𝑎𝟧,𝑖,𝑐 > 𝑠𝖴

𝑎𝟧,𝑖,𝑐) then 

332:   𝑏
𝖠,𝐼𝟫

𝑎𝟧,𝑖,𝑐 = true 

333:  end if 

334:  𝑏𝖠,𝐼𝟫

𝑎𝑖,𝑐 = false 

335:  
if ((𝑏

𝖠,𝐼𝟫

𝑎𝟦,𝑖,𝑐 ꓥ 𝑏
𝖠,𝐼𝟫

𝑎𝟧,𝑖,𝑐 ꓥ 〈vector outbound trombone phase 2⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ |𝔸𝐼𝟪,𝑆
  | > 0 ꓥ 𝔸𝐼𝟪,𝑆

  [0] == 𝑎𝑖) ∨ 𝐼 
𝑎𝑖,𝑐 == 

𝐼𝟫) then 

336:   𝑏𝖠,𝐼𝟫

𝑎𝑖,𝑐 = true 

337:  end if 

 

Update SA of controller about handover of 𝒂𝒊 

The last category of clustered actions describe the controller’s situation awareness of aircraft 𝑎𝑖 about its availability 

for handover.  

 

Decide if 𝑎𝑖 is available for handover to ARR 

338:  𝑏𝖠,𝐼𝟣𝟢

𝑎𝑖,𝑐  = false 

339:  
if ((({𝑎𝑖} ∈ 𝔸 

𝑐𝟣 ∨ {𝑎𝑖} ∈ 𝔸 
𝑐𝟤) ꓥ 𝑘 

𝑎𝑖,𝑐 > 𝑘𝐼𝟣𝟢,𝑆
𝑎𝑖,𝑐  ꓥ 〈in no conflict⟩⌊SA vector outbound STAR requirement⌋[𝑎𝑖, 𝑐] ꓥ       

〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ∨ 𝐼 
𝑎𝑖,𝑐 == 𝐼𝟣𝟢) then 

340:   𝑏𝖠,𝐼𝟣𝟢

𝑎𝑖,𝑐  = true 

341:  end if 

 

Decide if 𝑎𝑖 is available for handover to TWR 

342:  𝑏𝖠,𝐼𝟣𝟣

𝑎𝑖,𝑐  = false 

343:  if (({𝑎𝑖} ∈ 𝔸 
𝑐𝟥 ꓥ 〈final approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ∨ 𝐼 

𝑎𝑖,𝑐 == 𝐼𝟣𝟣) then 

344:   𝑏
𝖠,𝐼𝟣𝟣

𝑎𝑖,𝑐  = true 

345:  end if 

 

Decide if 𝑎𝑖 is available for handover to GND 

346:  𝑏
𝖠,𝐼𝟣𝟤

𝑎𝑖,𝑐  = false 

347:  
if (({𝑎𝑖} ∈ 𝔸 

𝑐𝟦 ꓥ (〈constant ground run⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vacate runway⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈runway 

vacated⟩⌊SA operation⌋[𝑎𝑖, 𝑐])) ∨ 𝐼 
𝑎𝑖,𝑐 == 𝐼𝟣𝟤) then 

348:   𝑏
𝖠,𝐼𝟣𝟤

𝑎𝑖,𝑐  = true 

349:  end if 

C.4.4.2 Update number of recently provided instructions 

Event ℰ𝑀
𝑐  models the situation awareness of controller 𝑐 (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 (𝕋𝖨
𝑐). 

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 𝑡𝖨. Event ℰ𝑀
𝑐  is meant to periodically update 

the current number of time points that lie within this time span 𝑡𝖨. All these found time points are collected in the set 

𝕋𝖨
𝑐, which is used to define the controller’s workload and with that the control mode wherein the controller is 

operating. 

 

 

 

 

𝑡𝖠 

𝑡 𝑡𝖠 = 0 𝑡𝖨 

Figure 77 – Time points at which instructions have been provided by 𝑐, visualized by a x-mark 
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• First occurrence time: starts immediately  

• Recurrence time period: 𝑡𝖱,𝖨 

 

Event ℰ𝑀
𝑐  

Parameter Value Unit Description 

𝑡𝖨 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 𝑡𝖠  

𝑡𝖱,𝖨 10 s Recurrence time period of event ℰ𝑀
𝑐  

1:  Update the time points within 𝕋𝖨
𝑐 with the most recent (instruction) time points, i.e. time points that lie within 𝑡𝖨 

Action 3 – Update the situation awareness of 𝑐 (∀𝑐 ∈ ℂ) about the number of recently provided instructions, i.e. the contents of 𝕋𝘐
𝑐  

C.4.4.3 Manage merging sequence towards 𝒘𝗜𝗙 

Event ℰ
𝖬𝖲

𝑎𝑖 ,𝑐 manages the merging sequence towards 𝑤𝖨𝖥, 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 𝑤𝑆,𝖱. 

 

• Condition: 𝑘 
𝑎𝑖,𝑐 > 𝑘𝐼𝟫,𝑆

𝑎𝑖 ,𝑐  

 

Event ℰ𝖬𝖲

𝑎𝑖 ,𝑐 

1:  {𝑎𝑖} ∪ 𝔸𝖨𝖥
  

Action 4 – Manage sequence in which aircraft will be vectored towards 𝑤𝘐𝘍 

C.4.5 Statecharts 

C.4.5.1 Situation awareness 

The situation awareness of controller 𝑐 about the situation of 𝑎𝑖 (𝑎𝑖 ∈ 𝔸𝑐, 𝑐 ∈ 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 𝒄 about Appendix 

⌊SA operation⌋ the operational mode of 𝑎𝑖 during arrival/approach C.4.5.1.1 

⌊SA STAR progress⌋ the progress/position of 𝑎𝑖 in the STAR procedure C.4.5.1.2 

⌊SA vector instruction history⌋ the time period since the last instructed vector to 𝑎𝑖 C.4.5.1.3 

⌊SA waypoint update history⌋ the time period since the last update of 𝑘 
𝑎𝑖,𝑐 C.4.5.1.4 

⌊SA STAR speed⌋ the airspeed of 𝑎𝑖 when flying the STAR procedure C.4.5.1.5 

⌊SA STAR altitude⌋ the altitude of 𝑎𝑖 when flying the STAR procedure C.4.5.1.6 

⌊SA STAR speed instruction requirement⌋ the necessity of 𝐼𝟣 C.4.5.1.7 

⌊SA STAR altitude instruction requirement⌋ the necessity of 𝐼𝟣 C.4.5.1.8 

⌊SA vector outbound STAR requirement⌋ the necessity of 𝐼𝟤,𝟣 and 𝐼𝟤,𝟤 C.4.5.1.9 

⌊SA vector inbound STAR⌋ the feasibility of 𝐼𝟥 C.4.5.1.10 

⌊SA vector outbound merge requirement⌋ the necessity of 𝐼𝟦 C.4.5.1.11 

⌊SA vector outbound STAR history⌋ the feasibility of 𝐼𝟦 C.4.5.1.12 

⌊SA vector inbound merge⌋ the feasibility of 𝐼𝟧 C.4.5.1.13 

⌊SA vector outbound IF requirement⌋ the necessity of 𝐼𝟨,𝟣 and 𝐼𝟨,𝟤 C.4.5.1.14 

⌊SA vector inbound IF⌋ the feasibility of 𝐼𝟩 C.4.5.1.15 

⌊SA vector outbound trombone requirement⌋ the necessity of 𝐼𝟪 C.4.5.1.16 

⌊SA vector inbound trombone⌋ the feasibility of 𝐼𝟫 C.4.5.1.17 

⌊SA handover to ARR⌋ the feasibility of 𝐼𝟣𝟢 C.4.5.1.18 

⌊SA handover to TWR⌋ the feasibility of 𝐼𝟣𝟣 C.4.5.1.19 

⌊SA handover to GND⌋ the feasibility of 𝐼𝟣𝟤 C.4.5.1.20 
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⌊SA landing clearance⌋ the feasibility of 𝐼𝟣𝟥 and necessity of 𝐼𝟣𝟦 C.4.5.1.21 

⌊SA holding requirement⌋ the necessity of 𝐼𝟣𝟧 C.4.5.1.22 

⌊SA holding entry⌋ the feasibility of 𝐼𝟣𝟧 C.4.5.1.23 

⌊SA holding exit⌋ the feasibility of 𝐼𝟣𝟨 C.4.5.1.24 

⌊SA holding altitude requirement⌋ the necessity of 𝐼𝟣𝟩 C.4.5.1.25 

Table 36 – List of statecharts that are used to describe the situation awareness of controller 𝑐 (𝑐 ∈ ℂ) about the situation of 𝑎𝑖  (𝑎𝑖  ∈ 𝔸𝑐) 

 

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 ℰ𝖲𝖠
𝑐  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: 

• 〈not available⟩: indicates that 𝑎𝑖 is not (yet) considered available for instruction 𝐼. 

• 〈available⟩: indicates that 𝑎𝑖 is considered available for instruction 𝐼. 

• 〈assigned⟩: indicates that 𝑎𝑖 has already been instructed instruction 𝐼. 

• 〈not required⟩: indicates that instruction 𝐼 is not considered required based on the observed situation of 𝑎𝑖. 

• 〈required⟩: indicates that instruction 𝐼 is considered required based on the observed situation of 𝑎𝑖. 

C.4.5.1.1 SA operation 
The ⌊SA operation⌋[𝑎𝑖, 𝑐] statechart (figure 78) models the situation awareness of the controller agent about the 

operational state of 𝑎𝑖. 
 

〈STAR⟩ 

• State entry actions: 

1:  Trigger transition t₆ of ⌊SA STAR progress⌋[𝑎𝑖, 𝑐] 
 

〈vector outbound trombone phase 2⟩ 

• State entry actions: 

1:  𝑘 
𝑎𝑖 ,𝑐 = 𝑘𝐼𝟫,𝑆

𝑎𝑖,𝑐 

 

• State exit actions: 

1:  {𝑎𝑖} \ 𝔸𝐼𝟪
 

2:  {𝑎𝑖} \ 𝔸𝐼𝟪,𝑆
 

 

〈vector inbound trombone⟩ 

• State exit actions: 

1:  {𝑎𝑖} \ 𝔸𝐼𝟫,𝑆
  

 

〈intermediate approach⟩ 

• State entry actions: 

1:  {𝑎𝑖} \ 𝔸𝖨𝖥
  

2:  {𝑎𝑖} ∪ 𝔸𝖥𝖠
  

3:  if (𝑣𝖥𝖠

𝑎𝑖  < 𝑣𝖨𝖠𝖲

𝑎𝑖 ) then  

4:   𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖥𝖠

𝑎𝑖  

5:  end if 
 

〈go-around⟩ 

• State entry actions: 

1:  {𝑎𝑖} \ 𝔸𝖥𝖠
  

 

〈deceleration⟩ 

Represents the deceleration phase of 𝑎𝑖 just after touchdown at 𝑤𝖳𝖧𝖱 by using its brakes, spoilers and thrust reverse. 

• State entry actions: 

1:  {𝑎𝑖} \ 𝔸𝖥𝖠
  

2:  𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖧𝖲𝖳
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3:  𝜓 
𝑎𝑖  = 𝒞𝖣𝖤𝖦

𝖱𝖠𝖣(atan2(𝑦𝑤𝖧𝖲𝖳𝟣

  – 𝑦 
𝑎𝑖, 𝑥𝑤𝖧𝖲𝖳𝟣

 – 𝑥 
𝑎𝑖))  

 

〈constant ground run⟩ 

Represents the phase in which 𝑎𝑖 taxies with a constant speed over the runway up to the moment when 𝑎𝑖 is located 

next to 𝑤𝖧𝖲𝖳𝟣 or 𝑤𝖧𝖲𝖳𝟤. 
 

〈vacate runway⟩ 

Represents the period in which 𝑎𝑖 starts turning its nose wheel in order to vacate the runway up to the moment when 

it really has vacated the runway.  

• State entry actions: 

1:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝑤𝖧𝖲𝖳

  

2:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝑤𝖧𝖲𝖳

  

3:  𝑟𝖳 = 𝑟𝖧𝖲𝖳 ⋅ 𝑓𝖭𝖬
𝖬  

4:  Trigger t₁ of ⌊Heading control⌋[MCP 𝑎𝑖] 
 

〈runway vacated⟩ 

Represents the taxiing of 𝑎𝑖 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.  

• State entry actions: 

1:  {𝑎𝑖} \ 𝔸 
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Figure 78 – ⌊SA operation⌋[𝑎𝑖 , 𝑐] 
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〈final state⟩ 

Marks the last state of the ⌊SA operation⌋[𝑎𝑖, 𝑐] statechart. At this stage the aircraft is removed from all aircraft 

collections and then removed from the model (i.e. simulation) 

• State entry actions: 

1:  {𝑎𝑖} \ 𝔸 

 

The remaining states do not have any entry- and/or exit actions 

 

Transition t₂₃ 

The timeout value of 𝑡t𝟤𝟥

  is chosen such that 𝑎𝑖 is given sufficient time to leave the dense airspace section between 𝑤𝖨𝖥 

and 𝑤𝑆,𝖨𝖠𝖥 before the controller may consider 𝑎𝑖 available again for a vector inbound trombone instruction.  

Parameter Value Unit Description 

𝑡t𝟤𝟥

  60 s Timeout value of t₂₃ in ⌊SA operation⌋[𝑎𝑖, 𝑐] 

• Timeout: 𝑡t𝟤𝟥

  
 

Transition t₂₇ 

Transition t₂₇ is taken when the controller was not able to evaluate a feasible vector inbound trombone operation 

within the time period 𝑡t𝟤𝟩

 , i.e. 𝑎𝑖 is currently located too far away from 𝑤𝑆,𝖱 for still being instructed a vector inbound 

trombone operation. 

Parameter Value Unit Description 

𝑡t𝟤𝟩

  200 s Timeout value of t₂₇ in ⌊SA operation⌋[𝑎𝑖, 𝑐] 

• Timeout: 𝑡t𝟤𝟩

  

• Guard: 𝐼 
𝑎𝑖 ≠ 𝐼𝟫 

 

Transition t₃₀ 

• Condition: 𝑧 
𝑎𝑖 < |𝑧̇ 

𝑎𝑖| / 60 ⋅ Δ𝑡  
 

Transition t₃₁ 

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 

𝑡t𝟥𝟣

  320 s Timeout value of t₃₁ in ⌊SA operation⌋[𝑎𝑖, 𝑐] 

• Timeout: 𝑡t𝟥𝟣

  
 

Transition t₃₂ 

• Condition: 𝑣𝖨𝖠𝖲

𝑎𝑖  ≤ 𝑣𝖧𝖲𝖳  
 

Transition t₃₄ 

Transition t₃₄ 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 

𝑡t𝟥𝟦

  10 s Timeout value of t₃₄ in ⌊SA operation⌋[𝑎𝑖, 𝑐] 

• Timeout: 𝑡t𝟥𝟦

  
 

Transition t₃₅ 

Transition t₃₅ 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 

𝑡t𝟥𝟧

  40 s Timeout value of t₃₅ in ⌊SA operation⌋[𝑎𝑖, 𝑐] 

• Timeout: 𝑡t𝟥𝟧
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Transition (remaining) 

Many of the transitions in the ⌊SA operation⌋[𝑎𝑖, 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⌋[𝑎𝑖, 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⌋[𝒂𝒊, 𝒄] is triggered in 

t₁ 〈holding entry instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₂ 〈holding exit instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₃ t₆ of ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] 

t₄ t₇ of ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] 

t₅ 〈vector outbound merge instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₆ 〈vector inbound merge instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₇ t₁ and t₂ of ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] 

t₈ t₁, t₂ and t₅ of ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] 

t₉ 〈vector outbound merge instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₀ 〈vector outbound merge instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₁ 〈vector outbound STAR instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₂ 〈vector inbound STAR instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₃ 〈vector outbound STAR instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₄ 〈vector outbound trombone instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₅ 〈vector inbound IF instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₆ 〈vector inbound IF instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₇ 〈vector outbound IF instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₈ 〈vector inbound IF instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₁₉ 〈vector outbound trombone instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₂₀ 〈vector outbound trombone instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₂₁ t₃ and t₄ of ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] 

t₂₂ 〈vector outbound trombone instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₂₄ 〈vector inbound trombone instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₂₅ t₁ and t₂ of ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] 

t₂₆ 〈holding entry instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₂₈ t₁ of ⌊Glide slope interception⌋[MCP 𝑎𝑖] 

t₂₉ 〈go-around instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

t₃₃ 〈passed 𝑤𝖧𝖲𝖳𝟣⟩ and 〈passed 𝑤𝖧𝖲𝖳𝟤⟩ of ⌊SA HST⌋[flight crew 𝑎𝑖] 

 

C.4.5.1.2 SA STAR progress 
The ⌊SA STAR progress⌋[𝑎𝑖, 𝑐] statechart (figure 79) models the situation 

awareness of the TNW/TNE/ARR controller agent about the specific position of 

𝑎𝑖 in the trombone segment of the STAR procedure. 
 

No further clarification needed for the 〈downwind segment⟩, 〈base segment⟩ 

and 〈final segment⟩ states 
 

〈not nearing final waypoint⟩ 

Indicates that 𝑎𝑖 is positioned on a leg within the final segment that is not 

connected to 𝑤𝑆,𝖨𝖠𝖥.  
 

〈nearing final waypoint⟩ 

Indicates that 𝑎𝑖 is positioned on a leg within the final segment that is 

connected to 𝑤𝑆,𝖨𝖠𝖥. This state indicates therefore that 𝑎𝑖 is about to complete 

its flown STAR procedure.  
 

〈passed final waypoint⟩ 

SA STAR progress 

downwind segment 

base segment 

not nearing final waypoint 

nearing final waypoint 

passed final waypoint 

final segment 

t₁ 

Figure 79 – ⌊SA STAR progress⌋[𝑎𝑖 , 𝑐] 

t₂ 

t₃ 

t₄ t₅ 

t₆ 
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Marks the completion of the flown STAR procedure. This state can either be achieved when 𝑎𝑖 has passed 𝑤𝑆,𝖨𝖠𝖥, or 

when 𝑎𝑖 is no longer able to receive a vector inbound STAR instruction towards 𝑤𝑆,𝖨𝖠𝖥.  
 

Transition t₁ - t₄ 

All condition triggered: 

Transition Condition   

t₁ (〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 𝑘 
𝑎𝑖,𝑐 > 𝑘𝐼𝟦,𝑆

𝑎𝑖 ,𝑐) ∨ (〈vector STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 𝑘 
𝑎𝑖,𝑐 > 𝑘𝐼𝟦,𝑆

𝑎𝑖,𝑐 – 1) 

t₂ 𝑘 
𝑎𝑖 ,𝑐 > 𝑘𝐼𝟧,𝑆

𝑎𝑖,𝑐 

t₃ 𝑘 
𝑎𝑖 ,𝑐 == 𝐾𝑆 – 1     

t₄ 〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐]  ꓥ 𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖,𝑐 ≤ 𝑑Δ𝑡
𝑎𝑖    

 

Transition t₅ 

Triggered in the “Determine the waypoint number 𝑘 
𝑎𝑖 ,𝑐 during vector outbound STAR operations” phase in event ℰ𝖲𝖠

𝑐  
(appendix C.4.4.1). In this situation 𝑎𝑖 is passing/has passed 𝑤𝑆,𝖨𝖠𝖥 while flying a vector outbound STAR operation. 
 

Transition t₆ 

Triggered in the entry actions of 〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] 

C.4.5.1.3 SA vector instruction history 
The ⌊SA vector instruction history⌋[𝑎𝑖, 𝑐] statechart (figure 80) models the memory of the TNW/TNE/ARR controller 

about the last vector operation that has been instructed to 𝑎𝑖. 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 𝑎𝑖.  
 

〈available for vector instruction⟩ 

Indicates that the controller is free to instruct 𝑎𝑖 a vector operation. This 

means that the last vector instruction for 𝑎𝑖 has been instructed a sufficiently 

long period ago, according to the modelled memory of the controller.  
 

〈vector recently instructed⟩ 

Activated just after the controller has instructed a vector operation to 𝑎𝑖. 

When this state is active the controller temporarily cannot instruct 𝑎𝑖 a new 

vector operation. 
 

Transition t₁ 

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 𝑎𝑖⌋[𝑐] 
 

Transition t₂ 

Defines the time period in which the controller cannot instruct a new vector operation to 𝑎𝑖. 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 t₂ in ⌊SA vector instruction history⌋[𝑎𝑖, 𝑐] 

• Timeout: 𝑡𝖠𝖵 

C.4.5.1.4 SA waypoint update history 
The ⌊SA waypoint update history⌋[𝑎𝑖, 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 𝑤𝑆,𝑘 of 𝑎𝑖. The statechart 

imposes a time period in which the controller cannot update 𝑘𝑎𝑖 ,𝑐. 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⟩ 

SA vector instruction history 

available for vector instruction 

vector recently instructed 

t₁ t₂ 

Figure 80 – ⌊SA vector instruction history⌋[𝑎𝑖 , 𝑐] 
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Indicates that the controller is free to update the waypoint number 𝑘𝑎𝑖,𝑐 

when 𝑎𝑖 is operating the vector outbound STAR instruction. 
 

〈waypoint recently updated⟩ 

Activated just after the controller has updated the waypoint number 𝑘𝑎𝑖,𝑐. 

When this state is active the controller temporarily cannot update 𝑘𝑎𝑖,𝑐. 
 

Transition t₁ 

Triggered in the “Determine the waypoint number 𝑘 
𝑎𝑖 ,𝑐 during vector 

outbound STAR operations” phase in event ℰ𝖲𝖠
𝑐  (appendix C.4.4.1).  

 

Transition t₂ 

Defines the time period in which the controller cannot update 𝑘𝑎𝑖 ,𝑐. The duration of this timeout period (i.e. 𝑡𝖠𝖶) is 

chosen such that it prevents too frequent and therefore unrealistic increments of 𝑘𝑎𝑖,𝑐. The transition makes sure that 

the controller keeps on referencing 𝑎𝑖 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 t₂ of ⌊SA waypoint update history⌋[𝑎𝑖, 𝑐] 

• Timeout: 𝑡𝖠𝖶 
 

C.4.5.1.5 SA STAR speed 
The ⌊SA STAR speed⌋[𝑎𝑖, 𝑐] statechart (figure 82) models the situation awareness of the TNW/TNE/ARR controller 

about the airspeed of 𝑎𝑖. The statechart compares the observed airspeed of 𝑎𝑖 with the airspeed that 𝑎𝑖 is desired to 

fly when considering the current position of 𝑎𝑖 along the STAR procedure or within the arrival phase in general. This 

observation is used to evaluate if the current airspeed of 𝑎𝑖 is in proportion with the prescribed speed constraints of 

the STAR procedure.  
 

〈correct speed⟩ 

Indicates that the observed airspeed of 𝑎𝑖 is in proportion with the prescribed speed constraints of the STAR. 
 

〈too fast⟩ 

Indicates that the observed airspeed of 𝑎𝑖 is higher than the prescribed speed constraints of the STAR. 
 

〈too slow⟩ 

Indicates that the observed airspeed of 𝑎𝑖 is lower than the prescribed speed constraints of the STAR. 
 

Transition t₁ - t₄ 

All condition triggered: 

Transition Condition 

t₁ 𝑣𝖨𝖠𝖲

𝑎𝑖 ,𝑐 > 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖,𝑐  + 𝑣𝖨𝖠𝖲,𝜀
  

t₂ 𝑣𝖨𝖠𝖲

𝑎𝑖 ,𝑐 ≤ 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖,𝑐  + 𝑣𝖨𝖠𝖲,𝜀
  

t₃ 𝑣𝖨𝖠𝖲

𝑎𝑖 ,𝑐 < 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖,𝑐  – 𝑣𝖨𝖠𝖲,𝜀
  

t₄ 𝑣𝖨𝖠𝖲

𝑎𝑖 ,𝑐 ≥ 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖,𝑐  – 𝑣𝖨𝖠𝖲,𝜀
  

 

C.4.5.1.6 SA STAR altitude 
The ⌊SA STAR altitude⌋[𝑎𝑖, 𝑐] statechart (figure 83) models the situation awareness of the TNW/TNE/ARR controller 

about the altitude of 𝑎𝑖. The statechart compares the observed altitude of 𝑎𝑖 with the altitude that 𝑎𝑖 is desired to fly 

when considering the current position of 𝑎𝑖 along the STAR procedure or within the arrival phase in general. This 

observation is used to evaluate if the current altitude of 𝑎𝑖 is in proportion with the prescribed altitude constraints of 

the STAR procedure.  
 

〈correct altitude⟩ 

Indicates that the observed altitude of 𝑎𝑖 is in proportion with the prescribed altitude constraints of the STAR. 
 

SA waypoint update history 

available for waypoint update 

waypoint recently updated 

t₁ t₂ 

Figure 81 – ⌊SA waypoint update history⌋[𝑎𝑖 , 𝑐] 

SA STAR speed 

correct speed 

too fast too slow 

t₁ t₂ t₃ t₄ 

Figure 82 – ⌊SA STAR speed⌋[𝑎𝑖 , 𝑐] 
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〈too high⟩ 

Indicates that the observed altitude of 𝑎𝑖 is higher than the prescribed altitude constraints of the STAR. 
 

〈too low⟩ 

Indicates that the observed altitude of 𝑎𝑖 is lower than the prescribed altitude constraints of the STAR. 
 

Transition t₁ - t₄ 

All condition triggered:  

Transition Condition 

t₁ 𝑧 
𝑎𝑖,𝑐 > 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  + 𝑧𝜀
  

t₂ 𝑧 
𝑎𝑖,𝑐 ≤ 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  + 𝑧𝜀
  

t₃ 𝑧 
𝑎𝑖,𝑐 < 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  – 𝑧𝜀
  

t₄ 𝑧 
𝑎𝑖,𝑐 ≥ 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  – 𝑧𝜀
  

 

C.4.5.1.7 SA STAR speed instruction requirement 
The ⌊SA STAR speed instruction requirement⌋[𝑎𝑖, 𝑐] statechart (figure 84) models the situation awareness of the 

TNW/TNE/ARR controller about the state of 𝑎𝑖 concerning the requirement of a STAR speed and/or altitude 

instruction. The statechart compares both the actual observed speed and instructed speed of 𝑎𝑖 with the speed that 𝑎𝑖 

is desired to fly when considering the current position of 𝑎𝑖 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 𝑎𝑖. It indicates that the current airspeed of 𝑎𝑖 is in proportion with the prescribed speed constraints of 

the STAR procedure, or that 𝑎𝑖 is (already) operating the desired and instructed airspeed.  
 

〈instruction required⟩ 

Indicates that both the actual- and instructed airspeed of 𝑎𝑖 do not match with the airspeed that 𝑎𝑖 is desired to fly 

when considering the current position of 𝑎𝑖 along the STAR procedure or during arrival in general. 

 

 

 

 

 

 

 

 

 

Transition t₁ 

• Condition: (〈too fast⟩⌊SA STAR speed⌋[𝑎𝑖, 𝑐] ꓥ 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖,𝑐 > 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐 ) ∨ (〈too slow⟩⌊SA STAR speed⌋[𝑎𝑖, 𝑐] ꓥ 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖 ,𝑐 < 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐 ) 
 

Transition t₂ 

Note that t₂ will also be taken if 𝑎𝑖 is currently still approaching the instructed airspeed despite not being yet operating 

the desired and instructed airspeed. 

• Condition: (〈too fast⟩⌊SA STAR speed⌋[𝑎𝑖, 𝑐] ꓥ 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖,𝑐 == 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐 ) ∨ (〈too slow⟩⌊SA STAR speed⌋[𝑎𝑖, 𝑐] ꓥ 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖 ,𝑐 == 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐 ) 

∨ 〈correct speed⟩⌊SA STAR speed⌋[𝑎𝑖, 𝑐] 

C.4.5.1.8 SA STAR altitude instruction requirement 
The ⌊SA STAR altitude instruction requirement⌋[𝑎𝑖, 𝑐] statechart (figure 85) models the situation awareness of the 

TNW/TNE/ARR controller about the state of 𝑎𝑖 concerning the requirement of a STAR speed and/or altitude 

instruction. The statechart compares both the actual observed altitude and instructed altitude of 𝑎𝑖 with the altitude 

that 𝑎𝑖 is desired to fly when considering the current position of 𝑎𝑖 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.  
 

SA STAR altitude 

correct altitude 

too high too low 

t₁ t₂ t₃ t₄ 

Figure 83 – ⌊SA STAR altitude⌋[𝑎𝑖 , 𝑐] 

no instruction required 

instruction required 

SA STAR speed instruction requirement 

t₁ t₂ 

Figure 84 – ⌊SA STAR speed instruction requirement⌋[𝑎𝑖 , 𝑐] 
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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 𝑎𝑖. It indicates that the current altitude of 𝑎𝑖 is in proportion with the prescribed altitude constraints 

of the STAR procedure, or that 𝑎𝑖 is (already) operating the desired and instructed altitude.  
 

〈instruction required⟩ 

Indicates that both the actual- and instructed altitude of 𝑎𝑖 do not match with the altitude that 𝑎𝑖 is desired to fly 

when considering the current position of 𝑎𝑖 along the STAR procedure or during arrival in general. 

 

 

 

 

 

 

 

 

 

Transition t₁ 

• Condition: (〈too high⟩⌊SA STAR altitude⌋[𝑎𝑖, 𝑐] ꓥ 𝑧𝗅

𝑎𝑖,𝑐 > 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐 ) ∨ (〈too low⟩⌊SA STAR altitude⌋[𝑎𝑖, 𝑐] ꓥ 𝑧𝗅

𝑎𝑖,𝑐 < 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐 ) 
 

Transition t₂ 

Note that t₂ will also be taken if 𝑎𝑖 is currently still approaching the instructed altitude despite not being yet operating 

the desired and instructed altitude. 

• Condition: (〈too high⟩⌊SA STAR altitude⌋[𝑎𝑖, 𝑐] ꓥ 𝑧𝗅

𝑎𝑖,𝑐 == 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐 ) ∨ (〈too low⟩⌊SA STAR altitude⌋[𝑎𝑖, 𝑐] ꓥ 𝑧𝗅

𝑎𝑖,𝑐 == 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐 ) ∨ 

〈correct altitude⟩⌊SA STAR altitude⌋[𝑎𝑖, 𝑐] 

C.4.5.1.9 SA vector outbound STAR requirement 
The ⌊SA vector outbound STAR requirement⌋[𝑎𝑖, 𝑐] statechart (figure 86) models the situation awareness of the 

TNW/TNE/ARR controller about the state of 𝑎𝑖 concerning the requirement of a vector outbound STAR instruction.  

 

 

 

  

 

 

 

 

 

Transitions t₁ - t₆ 

All condition triggered: 

Transition Condition Transition Condition 

t₁ 𝑏𝖱,𝐼𝟤,𝟣

𝑎𝑖,𝑐  == true t₄ 𝑏𝖱,𝐼𝟤,𝟣

𝑎𝑖,𝑐  == false ꓥ 𝑏𝖱,𝐼𝟤,𝟤

𝑎𝑖 ,𝑐  == false 

t₂ 𝑏
𝖱,𝐼𝟤,𝟣

𝑎𝑖,𝑐  == false ꓥ 𝑏
𝖱,𝐼𝟤,𝟤

𝑎𝑖 ,𝑐  == false t₅ 𝑏
𝖱,𝐼𝟤,𝟣

𝑎𝑖,𝑐  == true 

t₃ 𝑏𝖱,𝐼𝟤,𝟣

𝑎𝑖,𝑐  == false ꓥ 𝑏𝖱,𝐼𝟤,𝟤

𝑎𝑖 ,𝑐  == true t₆ 𝑏𝖱,𝐼𝟤,𝟣

𝑎𝑖,𝑐  == false ꓥ 𝑏𝖱,𝐼𝟤,𝟤

𝑎𝑖 ,𝑐  == true 

 

  

no instruction required 

instruction required 

SA STAR altitude instruction requirement 

t₁ t₂ 

Figure 85 – ⌊SA STAR altitude instruction requirement⌋[𝑎𝑖 , 𝑐] 

SA vector outbound STAR requirement 

in no conflict 

desired spacing conflict separation minima conflict 

t₁ t₂ t₃ t₄ t₅ 

t₆ 

Figure 86 – ⌊SA vector outbound STAR requirement⌋[𝑎𝑖 , 𝑐] 
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C.4.5.1.10 SA vector inbound STAR 
The ⌊SA vector inbound STAR⌋[𝑎𝑖, 𝑐] statechart (figure 87) models the situation awareness of the TNW/TNE/ARR 

controller about the state of 𝑎𝑖 concerning the vector inbound STAR instruction.  

 

Transitions t₁, t₂, t₄ 

All condition triggered: 

Transition Condition 

t₁ 𝑏𝖠,𝐼𝟥

𝑎𝑖,𝑐 == true 

t₂ 𝑏𝖠,𝐼𝟥

𝑎𝑖,𝑐 == false 

t₄ 

〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨  

〈vector outbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨  

〈vector outbound merge⟩ ⌊SA operation⌋[𝑎𝑖, 𝑐] 
 

Transition t₃ 

Triggered in 〈vector inbound STAR instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

C.4.5.1.11 SA vector outbound merge requirement 
The ⌊SA vector outbound merge requirement⌋[𝑎𝑖, 𝑐] statechart (figure 88) models the situation awareness of the ARR 

controller about the state of 𝑎𝑖 concerning the requirement of a vector outbound merge instruction.  

 

 

Transition t₁ 

• Condition: 𝑏𝖱,𝐼𝟦

𝑎𝑖 ,𝑐== true 
 

Transition t₂ 

• Condition: 𝑏
𝖱,𝐼𝟦

𝑎𝑖 ,𝑐 == false 

 

 

C.4.5.1.12 SA vector outbound STAR history 
The ⌊SA vector outbound STAR history⌋[𝑎𝑖, 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 𝑎𝑖. This statechart has only a function 

when 𝑎𝑖 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 𝑎𝑖 (⌊SA vector outbound merge 

requirement⌋[𝑎𝑖, 𝑐]) while 𝑎𝑖 is still operating the vector outbound STAR. The ⌊SA vector outbound STAR history⌋[𝑎𝑖, 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 𝑎𝑖 has been operating the vector outbound STAR for a sufficient period of 

time 𝑎𝑖 becomes available again for the vector outbound merge instruction. Figure 90 visualizes the relative effects of 

different values for the timeout triggered transition t₂ 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 𝑎𝑖 is available to receive a vector outbound merge 

instruction when considering the duration of the flown vector 

outbound STAR operation.   
 

〈not available for vector outbound merge⟩ 

Activated just after the controller has instructed 𝑎𝑖 a vector outbound 

STAR operation. When this state is active the controller temporarily 

cannot instruct 𝑎𝑖 a vector outbound merge operation.  
 

 

 

 

t₁ t₂ 

t₃ 

t₄ 

SA vector inbound STAR 

not available for vector 

available for vector 

assigned vector 

Figure 87 – ⌊SA vector inbound STAR⌋[𝑎𝑖 , 𝑐] 

no vector required 

vector required 

SA vector outbound merge requirement 

t₁ t₂ 

Figure 88 – ⌊SA vector outbound merge requirement⌋[𝑎𝑖 , 𝑐] 

SA vector outbound STAR history 

available for vector outbound merge 

not available for vector outbound merge 

t₁ t₂ 

Figure 89 – ⌊SA vector outbound STAR history⌋[𝑎𝑖 , 𝑐] 
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Transition t₁ 

Triggered in 〈vector outbound STAR instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 
 

Transition t₂ 

Transition t₂ defines the time period in which the controller temporarily cannot instruct 𝑎𝑖 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 𝑎𝑖 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 𝑎𝑖 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 

𝑡𝖠,𝐼𝟦
 on the resilient buffer capacities of the STAR procedure around the base segment are visualized in figure 90. 

Parameter Value Unit Description 

𝑡𝖠,𝐼𝟦
 90 s Timeout value of t₂ in ⌊SA vector outbound STAR history⌋[𝑎𝑖, 𝑐] 

• Timeout: 𝑡𝖠,𝐼𝟦
 

C.4.5.1.13 SA vector inbound merge 
The ⌊SA vector inbound merge⌋[𝑎𝑖, 𝑐] statechart (figure 91) models the situation awareness of the ARR controller 

about the state of 𝑎𝑖 concerning the vector inbound merge instruction.  
 

Transitions t₁, t₂, t₄ 

All condition triggered: 

Transition Condition 

t₁ 𝑏𝖠,𝐼𝟧

𝑎𝑖,𝑐 == true  

t₂ 𝑏𝖠,𝐼𝟧

𝑎𝑖,𝑐 == false 

t₄ 𝑘 
𝑎𝑖 ,𝑐 > 𝑘𝐼𝟧,𝑆

𝑎𝑖,𝑐 

 

Transition t₃ 

Triggered in 〈vector inbound merge instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

C.4.5.1.14 SA vector outbound IF requirement 
The ⌊SA vector outbound IF requirement⌋[𝑎𝑖, 𝑐] statechart (figure 92) models the situation awareness of the ARR 

controller about the state of 𝑎𝑖 concerning the requirement of a vector outbound IF instruction.  

 

 

 

  

 

 

t₁ t₂ 

t₃ 

t₄ 

SA vector inbound merge 

not available for vector 

available for vector 

assigned vector 

Figure 91 – ⌊SA vector inbound merge⌋[𝑎𝑖 , 𝑐] 

SA vector outbound IF requirement 

in no conflict 

desired spacing conflict separation minima conflict 

t₁ t₂ t₃ t₄ 
t₅ 

t₆ 

Figure 92 – ⌊SA vector outbound IF requirement⌋[𝑎𝑖 , 𝑐] 

𝑎𝟣,𝑖 𝑎𝟣,𝑖 

𝑎𝑖 𝑎𝑖 

𝑤𝑆,𝖬𝖨 𝑤𝑆,𝖬𝖨 𝑤𝑆,𝖬𝖮 𝑤𝑆,𝖬𝖮 

𝑤𝐼𝟦,𝑆
 𝑤𝐼𝟦,𝑆

 

                (a) relative small 𝑡𝘈,𝐼𝟦                                              (b) relative large 𝑡𝘈,𝐼𝟦  

Figure 90 – Relative impact of different values for 𝑡𝘈,𝐼𝟦 on the buffer capacities of the STAR procedure around the base segment 
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Transitions t₁ - t₆ 

All condition triggered: 

Transition Condition Transition Condition 

t₁ 𝑏
𝖱,𝐼𝟨,𝟣

𝑎𝑖,𝑐  == true t₄ 𝑏
𝖱,𝐼𝟨,𝟣

𝑎𝑖,𝑐  == false ꓥ 𝑏
𝖱,𝐼𝟨,𝟤

𝑎𝑖 ,𝑐  == false 

t₂ 𝑏𝖱,𝐼𝟨,𝟣

𝑎𝑖,𝑐  == false ꓥ 𝑏𝖱,𝐼𝟨,𝟤

𝑎𝑖 ,𝑐  == false t₅ 𝑏𝖱,𝐼𝟨,𝟣

𝑎𝑖,𝑐  == true 

t₃ 𝑏𝖱,𝐼𝟨,𝟣

𝑎𝑖,𝑐  == false ꓥ 𝑏𝖱,𝐼𝟨,𝟤

𝑎𝑖 ,𝑐  == true t₆ 𝑏𝖱,𝐼𝟨,𝟣

𝑎𝑖,𝑐  == false ꓥ 𝑏𝖱,𝐼𝟨,𝟤

𝑎𝑖 ,𝑐  == true 

 

C.4.5.1.15 SA vector inbound IF 
The ⌊SA vector inbound IF⌋[𝑎𝑖, 𝑐] statechart (figure 93) models the situation awareness of the ARR controller about the 

state of 𝑎𝑖 concerning the vector inbound IF instruction.  
 

Transitions t₁, t₂, t₄, t₅ 

All condition triggered: 

Transition Condition 

t₁ 𝑏𝖠,𝐼𝟩

𝑎𝑖,𝑐 == true  

t₂ 𝑏𝖠,𝐼𝟩

𝑎𝑖,𝑐 == false 

t₄ 
〈vector outbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨  

〈vector outbound trombone phase 1⟩⌊SA operation⌋[𝑎𝑖, 𝑐] 

t₅ 〈intermediate approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐] 
 

Transition t₃ 

Triggered in 〈vector inbound IF instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

C.4.5.1.16 SA vector outbound trombone requirement 
The ⌊SA vector outbound trombone requirement⌋[𝑎𝑖, 𝑐] statechart (figure 94) models the situation awareness of the 

ARR controller about the state of 𝑎𝑖 concerning the requirement of a vector outbound trombone instruction. 

 

Transition t₁ 

• Condition: 𝑏𝖱,𝐼𝟪

𝑎𝑖 ,𝑐 == true 

 

Transition t₂ 

• Condition: 𝑏𝖱,𝐼𝟪

𝑎𝑖 ,𝑐 == false 

 

 

C.4.5.1.17 SA vector inbound trombone 
The ⌊SA vector inbound trombone⌋[𝑎𝑖, 𝑐] statechart (figure 95) models the situation awareness of the ARR controller 

about the state of 𝑎𝑖 concerning the vector inbound trombone instruction. 
 

Transitions t₁, t₂, t₄ 

All condition triggered: 

Transition Condition 

t₁ 𝑏𝖠,𝐼𝟫

𝑎𝑖,𝑐 == true 

t₂ 𝑏𝖠,𝐼𝟫

𝑎𝑖,𝑐== false 

t₄ 〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] 
 

Transition t₃ 

Triggered in 〈vector inbound trombone instruction⟩ 

⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

 

 

 

no vector required 

vector required 

SA vector outbound trombone requirement 

t₁ t₂ 

Figure 94 – ⌊SA vector outbound trombone requirement⌋[𝑎𝑖 , 𝑐] 

t₁ t₂ 

t₃ 

t₄ 

SA vector inbound trombone 

not available for vector 

available for vector 

assigned vector 

Figure 95 – ⌊SA vector inbound trombone⌋[𝑎𝑖 , 𝑐] 

SA vector inbound IF 

not available for vector 

available for vector 

assigned vector 

finished vector 

t₁ t₂ 

t₃ 

t₄ 

t₅ 

Figure 93 – ⌊SA vector inbound IF⌋[𝑎𝑖 , 𝑐] 
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C.4.5.1.18 SA handover to ARR 
The ⌊SA handover to ARR⌋[𝑎𝑖, 𝑐] statechart (figure 96) models the situation 

awareness of the TNW/TNE controller about the state of 𝑎𝑖 concerning the handover 

to ARR instruction.  
 

Transition t₁ 

• Condition: 𝑏𝖠,𝐼𝟣𝟢

𝑎𝑖 ,𝑐  == true  
 

Transition t₂ 

• Condition: 𝑏𝖠,𝐼𝟣𝟢

𝑎𝑖 ,𝑐  == false 
 

Transition t₃ 

Triggered in 〈handover to ARR controller instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

C.4.5.1.19 SA handover to TWR 
The ⌊SA handover to TWR⌋[𝑎𝑖, 𝑐] statechart (figure 97) models the situation 

awareness of the ARR controller about the state of 𝑎𝑖 concerning the handover to 

TWR instruction.  
 

Transition t₁ 

• Condition: 𝑏𝖠,𝐼𝟣𝟣

𝑎𝑖 ,𝑐  == true  
 

Transition t₂ 

• Condition: 𝑏
𝖠,𝐼𝟣𝟣

𝑎𝑖 ,𝑐  == false 
 

Transition t₃ 

Triggered in 〈handover to TWR controller instruction⟩⌊Contact with flight crew 

𝑎𝑖⌋[𝑐] 

C.4.5.1.20 SA handover to GND 
The ⌊SA handover to GND⌋[𝑎𝑖, 𝑐] statechart (figure 98) models the situation awareness of the TWR controller about 

the state of 𝑎𝑖 concerning the handover to GND instruction.  
 

Transition t₁ 

• Condition: 𝑏𝖠,𝐼𝟣𝟤

𝑎𝑖 ,𝑐  == true  
 

Transition t₂ 

• Condition: 𝑏𝖠,𝐼𝟣𝟤

𝑎𝑖 ,𝑐  == false 
 

Transition t₃ 

Triggered in 〈handover to GND controller instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

C.4.5.1.21 SA landing clearance 
The ⌊SA landing clearance⌋[𝑎𝑖, 𝑐] statechart (figure 99) models the situation awareness of the TWR controller about 

the state of 𝑎𝑖 concerning the landing clearance instruction.  
 

Transition t₁ 

• Condition: 𝑏𝖠,𝐼𝟣𝟥

𝑎𝑖 ,𝑐  == true  
 

Transition t₂ 

• Condition: 𝑏𝖱,𝐼𝟣𝟦

𝑎𝑖 ,𝑐  == true 
 

Transition t₃ 

Triggered in 〈landing clearance instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

 

SA handover to ARR 

not available for handover 

available for handover 

handed over 

t₁ t₂ 

t₃ 

Figure 96 – ⌊SA handover to ARR⌋[𝑎𝑖 , 𝑐] 

SA handover to TWR 

not available for handover 

available for handover 

handed over 

t₁ t₂ 

t₃ 

Figure 97 – ⌊SA handover to TWR⌋[𝑎𝑖 , 𝑐] 

SA handover to GND 

not available for handover 

available for handover 

handed over 

t₁ t₂ 

t₃ 

Figure 98 – ⌊SA handover to GND⌋[𝑎𝑖 , 𝑐] 

not available for landing clearance 

available for landing clearance 

no feasible landing clearance 

assigned landing clearance 

SA landing clearance 

t₃ 

t₂ t₁ 

Figure 99 – ⌊SA landing clearance⌋[𝑎𝑖 , 𝑐] 
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C.4.5.1.22 SA holding requirement 
The ⌊SA holding requirement⌋[𝑎𝑖, 𝑐] statechart (figure 100) models the situation awareness of the TNW/TNE controller 

about the state of 𝑎𝑖 concerning the requirement of a holding entry instruction.  

 

Transition t₁ 

• Condition: 𝑏𝖱,𝐼𝟣𝟧

𝑎𝑖 ,𝑐  == true 
 

Transition t₂ 

• Condition: 𝑏𝖱,𝐼𝟣𝟧

𝑎𝑖 ,𝑐  == false 

 

C.4.5.1.23 SA holding entry 
The ⌊SA holding entry⌋[𝑎𝑖, 𝑐] statechart (figure 101) models the situation awareness of the TNW/TNE controller about 

the state of 𝑎𝑖 concerning the holding entry instruction.  
 

Transition t₁ 

• Condition: 𝑏
𝖠,𝐼𝟣𝟧

𝑎𝑖 ,𝑐  == true 
 

Transition t₂ 

• Condition: 𝑏𝖠,𝐼𝟣𝟧

𝑎𝑖 ,𝑐  == false 
 

Transition t₃ 

Triggered in 〈holding entry instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐]  

 

C.4.5.1.24 SA holding exit 
The ⌊SA holding exit⌋[𝑎𝑖, 𝑐] statechart (figure 102) models the situation awareness of the TNW/TNE controller about 

the state of 𝑎𝑖 concerning the holding exit instruction.  
 

Transition t₁ 

• Condition: 𝑏𝖠,𝐼𝟣𝟨

𝑎𝑖 ,𝑐  == true 
 

Transition t₂ 

• Condition: 𝑏𝖠,𝐼𝟣𝟨

𝑎𝑖 ,𝑐  == false 
 

Transition t₃ 

Triggered in 〈holding exit instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐]  

C.4.5.1.25 SA holding altitude requirement 
The ⌊SA holding altitude requirement⌋[𝑎𝑖, 𝑐] statechart (figure 103) models the situation awareness of the TNW/TNE 

controller about the state of 𝑎𝑖 concerning the requirement of a holding altitude instruction.  
 

Transition t₁ 

• Condition: 𝑏𝖱,𝐼𝟣𝟩

𝑎𝑖 ,𝑐  == true 
 

Transition t₂ 

• Condition: 𝑏
𝖱,𝐼𝟣𝟩

𝑎𝑖 ,𝑐  == false 

 

C.4.5.2 Workflow 

The [Workflow][𝑐] statechart (figure 104) models the way in which controller 𝑐 (𝑐 ∈ ℂ) continuously identifies, 

schedules and executes observed tasks.  
 

〈task identification⟩ 

• State entry actions: (∀𝐼 ∈ 𝕀) 

SA holding requirement 

no holding required 

holding required 

t₁ t₂ 

Figure 100 – ⌊SA holding requirement⌋[𝑎𝑖 , 𝑐] 

not available for holding entry 

available for holding entry 

SA holding entry 

assigned holding entry 

t₁ t₂ 

t₃ 

Figure 101 - ⌊SA holding entry⌋[𝑎𝑖 , 𝑐] 

not available for holding exit 

available for holding exit 

SA holding exit 

assigned holding exit 

t₁ t₂ 

t₃ 

Figure 102 - ⌊SA holding exit⌋[𝑎𝑖 , 𝑐] 

SA holding altitude requirement 

no altitude instruction required 

altitude instruction required 

t₁ t₂ 

Figure 103 – ⌊SA holding altitude requirement⌋[𝑎𝑖 , 𝑐] 
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Variable State space Unit Description 

𝑎̆ 𝔸 
𝑐 - Iterator, i.e. specific aircraft in 𝔸 

𝑐 

1:  𝑎𝐼
𝑐 = ∅ 

2:  for (∀𝑎̆ ∈ 𝔸 
𝑐) do //see table 8 for the specific controller(s) 𝑐 where this identification process belongs to 

3:   if (states of 𝑎𝑖 that should be active to identify instruction 𝐼, see table 37) then 

4:    {𝐼} ∪ 𝕀𝑐 

5:    𝑎𝐼
𝑐 = 𝑎̆ 

6:    break 

7:   end if 

8:  end for 
 

𝑰 == States of 𝒂𝒊 that should be active to identify 𝑰 

𝐼𝟣 (〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ꓥ (〈instruction required⟩⌊SA STAR speed 

instruction requirement⌋[𝑎𝑖, 𝑐] ∨ 〈instruction required⟩⌊SA STAR altitude instruction requirement⌋[𝑎𝑖, 𝑐]) 

𝐼𝟤,𝟣 〈separation minima conflict⟩⌊SA vector outbound STAR requirement⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector instruction⟩ 

⌊SA vector instruction history⌋[𝑎𝑖, 𝑐] 

𝐼𝟤,𝟤 〈desired spacing conflict⟩⌊SA vector outbound STAR requirement⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector instruction⟩⌊SA 

vector instruction history⌋[𝑎𝑖, 𝑐] 

𝐼𝟥 〈available for vector⟩⌊SA vector inbound STAR⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector instruction⟩⌊SA vector instruction 

history⌋[𝑎𝑖, 𝑐] 

𝐼𝟦 〈vector required⟩⌊SA vector outbound merge requirement⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector outbound merge⟩⌊SA 

vector outbound STAR history⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector instruction⟩⌊SA vector instruction history⌋[𝑎𝑖, 𝑐] 

𝐼𝟧 〈available for vector⟩⌊SA vector inbound merge⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector instruction⟩⌊SA vector instruction 

history⌋[𝑎𝑖, 𝑐] 

𝐼𝟨,𝟣 〈separation minima conflict⟩⌊SA vector outbound IF requirement⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector instruction⟩⌊SA 

vector instruction history⌋[𝑎𝑖, 𝑐] 

𝐼𝟨,𝟤 〈desired spacing conflict⟩⌊SA vector outbound IF requirement⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector instruction⟩⌊SA 

vector instruction history⌋[𝑎𝑖, 𝑐] 

𝐼𝟩 〈available for vector⟩⌊SA vector inbound IF⌋[𝑎𝑖, 𝑐] ꓥ 〈available for vector instruction⟩⌊SA vector instruction 

history⌋[𝑎𝑖, 𝑐] 
𝐼𝟪 〈vector required⟩⌊SA vector outbound trombone requirement⌋[𝑎𝑖, 𝑐] 
𝐼𝟫 〈available for vector⟩⌊SA vector inbound trombone⌋[𝑎𝑖, 𝑐] 
𝐼𝟣𝟢 〈available for handover⟩⌊SA handover to ARR⌋[𝑎𝑖, 𝑐] 
𝐼𝟣𝟣 〈available for handover⟩⌊SA handover to TWR⌋[𝑎𝑖, 𝑐] 
𝐼𝟣𝟤 〈available for handover⟩⌊SA handover to GND⌋[𝑎𝑖, 𝑐] 
𝐼𝟣𝟥 〈available for landing clearance⟩⌊SA landing clearance⌋[𝑎𝑖, 𝑐] 
𝐼𝟣𝟦 〈no feasible landing clearance⟩⌊SA landing clearance⌋[𝑎𝑖, 𝑐] ꓥ ¬〈go-around⟩⌊SA operation⌋[𝑎𝑖, 𝑐] 
𝐼𝟣𝟧 〈available for holding entry⟩⌊SA holding entry⌋[𝑎𝑖, 𝑐] ꓥ 〈holding required⟩⌊SA holding requirement⌋[𝑎𝑖, 𝑐] 
𝐼𝟣𝟨 〈available for holding exit⟩⌊SA holding exit⌋[𝑎𝑖, 𝑐] 
𝐼𝟣𝟩 〈altitude instruction required⟩⌊SA holding altitude requirement⌋[𝑎𝑖, 𝑐] 

*here 𝑎̆ is iterated over 𝔸𝐼𝟪
 instead of 𝔸 

𝑐 

Table 37 – The set of states corresponding to 𝑎𝑖  that should be active in order to let controller 𝑐 identify instruction 𝐼 

 

〈task scheduling⟩ 

• State entry actions: 

1:  if (𝐼𝟤,𝟣 ∈ 𝕀𝑐) then 

2:   𝐼 
𝑐 = 𝐼𝟤,𝟣 

3:  else if (𝐼𝟤,𝟤 ∈ 𝕀𝑐) then 

4:   𝐼 
𝑐 = 𝐼𝟤,𝟤 

5:  continue likewise 

6:  else if (𝐼𝟣 ∈ 𝕀𝑐) then 

7:   𝐼 
𝑐 = 𝐼𝟣 
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8:  end if 

 

highest priority - 𝐼𝟤,𝟣 - 𝐼𝟤,𝟤 - 𝐼𝟪 - 𝐼𝟨,𝟣 - 𝐼𝟨,𝟤 - 𝐼𝟣𝟧 - 𝐼𝟣𝟨 - 𝐼𝟦 - 𝐼𝟥 - 𝐼𝟩 - 𝐼𝟧 - 𝐼𝟣𝟦 - 𝐼𝟣𝟥 - 𝐼𝟫 - 𝐼𝟣𝟢 - 𝐼𝟣𝟣 - 𝐼𝟣𝟤 - 𝐼𝟣𝟩 - 𝐼𝟣 - lowest priority 

Table 38 – Task/instruction priorities used in the task scheduling process 

 

〈task execution⟩ 

• State entry actions: 

1:  {𝑡𝖠} ∪ 𝕋𝖨
𝑐 

• State exit actions: 

1:  𝐼𝑐 = ∅ 

2:  𝕀𝑐 = ∅ 
 

Transition t₁ 

• Timeout: 𝑡𝖨𝖣𝖤
𝑐  

• Action: 

1:  𝑡𝖨𝖣𝖤
𝑐  = ℒ(𝜇𝑡𝖨𝖣𝖤

 𝑐 , 𝜎𝑡𝖨𝖣𝖤
 𝑐 , 𝑙𝑡𝖨𝖣𝖤

 𝑐 ) 
 

Transition t₂ 

Transition t₂ is the default branch transition of 〈b₁⟩ 
 

Transition t₃ 

• Condition: 𝕀𝑐 ≠ ∅ 
  
Transition t₄ 

• Timeout: 𝑡𝖲𝖧𝖣
𝑐  

• Action: 

1:  𝑡𝖲𝖧𝖣
𝑐  = ℒ(𝜇𝑡𝖲𝖧𝖣

 𝑐 , 𝜎𝑡𝖲𝖧𝖣
 𝑐 , 𝑙𝑡𝖲𝖧𝖣

 𝑐 ) 
 

Transition t₅ 

• Condition: 〈no contact⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 

C.4.5.3 Contact with flight crew 𝒂𝒊 

The ⌊Contact with flight crew 𝑎𝑖⌋[𝑐] statechart (figure 105) models the communication between 𝑐 (𝑐 ∈ ℂ) and the 

flight crew 𝑎𝑖 agent (𝑎𝑖 ∈ 𝔸𝑐) from the controller’s perspective.  
 

〈no contact⟩ 

Indicates that there is currently no active communication between 𝑐 and the flight crew 𝑎𝑖. 
 

〈in contact⟩ 

Indicates that 𝑐 has successfully made contact with the flight crew 𝑎𝑖. The controller is within the 〈in contact⟩ state 

either sending 𝐼 
𝑐 or receiving pilot read-back of 𝐼 

𝑐. 
 

〈sending instruction⟩ 

Represents the time period in which 𝑐 communicates the scheduled 𝐼 
𝑐 (𝐼 

𝑐 ∈ 𝕀 
𝑐) to the flight crew 𝑎𝑖.  

 

〈receiving pilot read-back⟩ 

Represents the time period in which the controller is receiving pilot read-back after having sent 𝐼 
𝑐. 

 

All the remaining descriptions of the ⌊Contact with flight crew 𝑎𝑖⌋[𝑐] states formalise the specific contents of the 

instructions that may be sent by 𝑐, where 𝑐 == 𝑐𝑎𝑖. Note that the variables that are assigned in these entry/exit actions 

all belong to 𝑎𝖢
𝑐, i.e. 𝑎𝑖 = 𝑎𝖢

𝑐. 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 𝑎𝖢
𝑐 has been assigned: 

1:  Trigger t₁ of ⌊Contact with 𝑐 
𝑎𝑖⌋[flight crew 𝑎𝑖] 

2:  𝐼 
𝑎𝑖 = 𝐼 

𝑐 

Figure 104 – ⌊Workflow⌋[𝑐] 

Workflow 

task identification 

task scheduling 

task execution 

t₁ 
t₂ 

t₃ 

t₄ 
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b₁ 
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3:  𝐼 
𝑎𝑖,𝑐 = 𝐼 

𝑐 
 

〈STAR speed and/or altitude instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣

𝑐  

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

3:  𝑧𝗅

𝑎𝑖,𝑐 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

4:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

5:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖 ,𝑐 = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖,𝑐  

 

〈vector outbound STAR instruction⟩ 

• State entry actions: 

1:  if (𝐼 
𝑐 == 𝐼𝟤,𝟣) then 

2:   𝑎𝖢
𝑐 = 𝑎𝐼𝟤,𝟣

𝑐  

3:  else if (𝐼 
𝑐 == 𝐼𝟤,𝟤) then 

4:   𝑎𝖢
𝑐 = 𝑎𝐼𝟤,𝟤

𝑐  

5:  end if 

6:  𝑧𝗅

𝑎𝑖 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

7:  𝑧𝗅

𝑎𝑖,𝑐 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

8:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

9:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖 ,𝑐 = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖,𝑐  

10:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝖠,𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖 ,𝑐  

11:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝐼𝟤,𝑆,𝑘

𝑎𝑖 ,𝑐  

12:  

Trigger t₁₁ and t₁₃ of ⌊SA operation⌋[𝑎𝑖, 𝑐],  

t₁ of ⌊SA vector instruction history⌋[𝑎𝑖, 𝑐] and  

t₁ of ⌊SA vector outbound STAR history⌋[𝑎𝑖, 𝑐] 

13:  ℱ𝑤𝐼𝟤
(𝑆 

𝑎𝑖,𝑐 , 𝑘 
𝑎𝑖 ,𝑐) 

 

〈vector inbound STAR instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟥

𝑐  

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

3:  𝑧𝗅

𝑎𝑖,𝑐 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

4:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

5:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖 ,𝑐 = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖,𝑐  

6:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

7:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

8:  𝑥𝖨

𝑎𝑖 = 𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐  

9:  𝑦𝖨

𝑎𝑖 = 𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐 

10:  

Trigger t₁₂ of ⌊SA operation⌋[𝑎𝑖, 𝑐],  

t₃ of ⌊SA vector inbound STAR⌋[𝑎𝑖, 𝑐] and  

t₁ of ⌊SA vector instruction history⌋[𝑎𝑖, 𝑐] 
 

〈vector outbound merge instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟦

𝑐  

2:  𝑘 
𝑎𝑖 ,𝑐 = 𝑘𝐼𝟧,𝑆

𝑎𝑖,𝑐 

3:  𝑘 
𝑎𝑖  = 𝑘𝐼𝟧,𝑆

𝑎𝑖 ,𝑐 

4:  𝑧𝗅

𝑎𝑖 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

5:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

Contact with flight crew 𝑎𝑖 

no contact 

in contact 

receiving pilot read-back 

sending instruction 

STAR speed and/or altitude instruction 

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 

handover to ARR controller instruction 

handover to TWR controller instruction 

handover to GND controller instruction 

landing clearance instruction 

go-around instruction 

holding entry instruction 

holding exit instruction 

holding altitude instruction 

t₁ 

t₂ 

t₃ 

t₄ 

t₅ 

t₆ 

t₇ 

t₈ 

t₉ 

t₁₀ 

t₁₁ 

t₁₂ 
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Figure 105 – ⌊Contact with flight crew 𝑎𝑖⌋[𝑐] 
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6:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝖠,𝑤𝐼𝟦,𝑆

𝑎𝑖 ,𝑐  

7:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝐼𝟦,𝑆

𝑎𝑖 ,𝑐  

8:  
Trigger t₅, t₉ and t₁₀ of ⌊SA operation⌋[𝑎𝑖, 𝑐]  

and t₁ of ⌊SA vector instruction history⌋[𝑎𝑖, 𝑐] 
 

〈vector inbound merge instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟧

𝑐  

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

3:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

4:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

5:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

6:  𝑥𝖨

𝑎𝑖 = 𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐  

7:  𝑦𝖨

𝑎𝑖 = 𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐 

8:  
Trigger t₆ of ⌊SA operation⌋[𝑎𝑖, 𝑐], t₃ of ⌊SA vector inbound merge⌋[𝑎𝑖, 𝑐] and t₁ of ⌊SA vector instruction 

history⌋[𝑎𝑖, 𝑐] 
 

〈vector outbound IF instruction⟩ 

• State entry actions: 

1:  if (𝐼 
𝑐 == 𝐼𝟨,𝟣) then 

2:   𝑎𝖢
𝑐 = 𝑎𝐼𝟨,𝟣

𝑐  

3:  else if (𝐼 
𝑐 == 𝐼𝟨,𝟤) then 

4:   𝑎𝖢
𝑐 = 𝑎𝐼𝟨,𝟤

𝑐  

5:  end if 

6:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝖠,𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖 ,𝑐  

7:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝐼𝟨,𝑆,𝑁

𝑎𝑖 ,𝑐  

8:  Trigger t₁₇ of ⌊SA operation⌋[𝑎𝑖, 𝑐] and t₁ of ⌊SA vector instruction history⌋[𝑎𝑖, 𝑐]  
 

〈vector inbound IF instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟩

𝑐  

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝑤𝖨𝖥

  

3:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝖨𝖥

  

4:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  

5:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝖨𝖥

𝑎𝑖 ,𝑐  

6:  𝑥𝖨

𝑎𝑖 = 𝑥𝑤𝖨𝖥

  

7:  𝑦𝖨

𝑎𝑖 = 𝑦𝑤𝖨𝖥

  

8:  
Trigger t₁₅, t₁₆ and t₁₈ of ⌊SA operation⌋[𝑎𝑖, 𝑐] , t₃ of ⌊SA vector inbound IF⌋[𝑎𝑖, 𝑐] and t₁ of ⌊SA vector instruction 

history⌋[𝑎𝑖, 𝑐] 

9:  {𝑎𝑖} \ 𝔸𝑆 
 

〈vector outbound trombone instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟪

𝑐  

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

3:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

4:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝖠,𝑤𝐼𝟪,𝑆

𝑎𝑖 ,𝑐  

5:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝐼𝟪,𝑆

𝑎𝑖 ,𝑐  

6:  Trigger t₁₄, t₁₉, t₂₀ and t₂₂ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 

7:  {𝑎𝑖} \ 𝔸𝖨𝖥
  

8:  {𝑎𝑖} \ 𝔸𝑆 
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9:  {𝑎𝑖} ∪ 𝔸𝐼𝟪
 

10:  {𝑎𝑖} ∪ 𝔸𝐼𝟪,𝑆
 

 

〈vector inbound trombone instruction⟩ 

• State entry actions: 

Variable Initial value State space Unit Description 

𝑎̆ - 𝔸𝑆 - Iterator, i.e. specific aircraft in 𝔸𝑆, starting at 𝔸𝑆[0] 

𝑏̆ false Boolean - Boolean that indicates if 𝑎𝟧,𝑖 is found 

𝑖̆ 0 ℕ𝟢 - Index of 𝑎𝟧,𝑖 in 𝔸𝑆, where 𝑆 == 𝑆 
𝑎𝑖  

𝑘̆ 
𝑎̆ - ℕ𝟢 - Current waypoint number of 𝑎̆ 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟫

𝑐  

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝑤𝑆,𝑘

𝑎𝑖,𝑐  

3:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

4:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

5:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖 ,𝑐  

6:  𝑥𝖨

𝑎𝑖 = 𝑥𝑤𝑆,𝑘

𝑎𝑖,𝑐  

7:  𝑦𝖨

𝑎𝑖 = 𝑦𝑤𝑆,𝑘

𝑎𝑖,𝑐 

8:  
Trigger t₂₄ of ⌊SA operation⌋[𝑎𝑖, 𝑐] , t₃ of ⌊SA vector inbound trombone⌋[𝑎𝑖, 𝑐] and t₁ of ⌊SA vector instruction 

history⌋[𝑎𝑖, 𝑐] 

9:  restart ℰ
𝖬𝖲

𝑎𝑖 ,𝑐 

10:  {𝑎𝑖} ∪ 𝔸𝐼𝟫,𝑆
  

11:  for (∀𝑎̆ ∈ 𝔸𝑆) do 

12:   if (𝑘̆ 
𝑎̆ < 𝑘𝐼𝟫,𝑆

 ) then 

13:    𝑖̆ = (𝑖{𝑎̆} ∈ 𝔸𝑆) 

14:    𝑖̆{𝑎𝑖} ∪ 𝔸𝑆 //add 𝑎𝑖 at index 𝑖̆ in 𝔸𝑆, i.e. add 𝑎𝑖 before 𝑎̆ 

15:    𝑏̆ = true 

16:    break 

17:   end if 

18:  end for 

19:  if (𝑏̆ == false) then 

20:   {𝑎𝑖} ∪ 𝔸𝑆 //add 𝑎𝑖 to 𝔸𝑆, i.e. add 𝑎𝑖 after last element of 𝔸𝑆  

21:  end if 
 

〈handover to ARR controller instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣𝟢

𝑐  

2:  {𝑎𝑖} \ 𝔸 
𝑐, where 𝑐 == 𝑐 

𝑎𝑖 and 𝑐 ∈ {𝑐𝟣, 𝑐𝟤} 

3:  Trigger t₃ of ⌊SA handover to ARR⌋[𝑎𝑖, 𝑐] 
 

〈handover to TWR controller instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣𝟣

𝑐  

2:  {𝑎𝑖} \ 𝔸 
𝑐, where 𝑐 == 𝑐 

𝑎𝑖 == 𝑐𝟥 

3:  Trigger t₃ of ⌊SA handover to TWR⌋[𝑎𝑖, 𝑐] 
 

〈handover to GND controller instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣𝟤

𝑐  

2:  {𝑎𝑖} \ 𝔸 
𝑐, where 𝑐 == 𝑐 

𝑎𝑖 == 𝑐𝟦 

3:  Trigger t₃ of ⌊SA handover to GND⌋[𝑎𝑖, 𝑐] 
 

〈landing clearance instruction⟩ 
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• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣𝟥

𝑐  

2:  Trigger t₃ of ⌊SA landing clearance⌋[𝑎𝑖, 𝑐] 
 

〈go-around instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣𝟦

𝑐  

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝐼𝟣𝟦

  

3:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝐼𝟣𝟦

  

4:  {𝑎𝑖} \ 𝔸 
𝑐, where 𝑐 == 𝑐 

𝑎𝑖 == 𝑐𝟦 

5:  {𝑎𝑖} \ 𝔸 

6:  Trigger t₂₉ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 
 

〈holding entry instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣𝟧

𝑐  

2:  𝑘 
𝑎𝑖 ,𝑐 = 𝑘𝐼𝟣𝟧,𝑆

𝑎𝑖,𝑐  

3:  𝑘 
𝑎𝑖  = 𝑘𝐼𝟣𝟧,𝑆

𝑎𝑖 ,𝑐  

4:  𝑧𝗅

𝑎𝑖 = 𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐  

5:  𝑧𝗅

𝑎𝑖,𝑐 = 𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐  

6:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝐻

𝑎𝑖 ,𝑐  

7:  {𝑎𝑖} ∪ 𝔸𝑆,𝐻
  

8:  Trigger t₁ and t₂₆ ⌊SA operation⌋[𝑎𝑖, 𝑐] and t₃ of ⌊SA holding entry⌋[𝑎𝑖, 𝑐] 
 

〈holding exit instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣𝟨

𝑐  

2:  𝜓𝖠,𝖨

𝑎𝑖  = 𝜓𝑤𝑆,𝐻,𝖨 
𝑎𝑖  

3:  𝜓𝖣,𝖨

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  

4:  𝑥𝖨

𝑎𝑖 = 𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖  

5:  𝑦𝖨

𝑎𝑖 = 𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖  

6:  {𝑎𝑖} \ 𝔸𝑆,𝐻
  

7:  Trigger t₂ of ⌊SA operation⌋[𝑎𝑖, 𝑐] and t₃ of ⌊SA holding exit⌋[𝑎𝑖, 𝑐] 
 

〈holding altitude instruction⟩ 

• State entry actions: 

1:  𝑎𝖢
𝑐 = 𝑎𝐼𝟣𝟩

𝑐  

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐  

3:  𝑧𝗅

𝑎𝑖,𝑐 = 𝑧𝖱,𝑤𝑆,𝐻

𝑎𝑖,𝑐  

 

Transition t₁ 

• Condition: 〈task execution⟩⌊Workflow⌋[𝑐] 
 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖲
𝑐  

• Action: 

1:  Trigger t₂ of ⌊Contact with 𝑐 
𝑎𝑖⌋[flight crew 𝑎𝑖] 

2:  𝑡𝖨𝖭𝖲
𝑐  = ℒ(𝜇𝑡𝖨𝖭𝖲

 𝑐 , 𝜎𝑡𝖨𝖭𝖲
 𝑐 , 𝑙𝑡𝖨𝖭𝖲

 𝑐 ) 
 

Transition t₃ 

Triggered in each simple state in 〈execution and read-back⟩⌊Contact with 𝑐 
𝑎𝑖⌋[flight crew 𝑎𝑖], i.e. when 𝑐 receives read-

back by the pilots of 𝑎𝑖. 
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Transitions t₄ - t₂₀ 

All condition triggered: 

Transition Condition Transition Condition Transition Condition Transition Condition 

t₄ 𝐼 
𝑐 == 𝐼𝟣 t₉ 𝐼 

𝑐 == 𝐼𝟨,𝟣 ∨ 𝐼 
𝑐 == 𝐼𝟨,𝟤 t₁₄ 𝐼 

𝑐 == 𝐼𝟣𝟣 t₁₉ 𝐼 
𝑐 == 𝐼𝟣𝟨 

t₅ 𝐼 
𝑐 == 𝐼𝟤,𝟣 ∨ 𝐼 

𝑐 == 𝐼𝟤,𝟤 t₁₀ 𝐼 
𝑐 == 𝐼𝟩 t₁₅ 𝐼 

𝑐 == 𝐼𝟣𝟤 t₂₀ 𝐼 
𝑐 == 𝐼𝟣𝟩 

t₆ 𝐼 
𝑐 == 𝐼𝟥 t₁₁ 𝐼 

𝑐 == 𝐼𝟪 t₁₆ 𝐼 
𝑐 == 𝐼𝟣𝟥   

t₇ 𝐼 
𝑐 == 𝐼𝟦 t₁₂ 𝐼 

𝑐 == 𝐼𝟫 t₁₇ 𝐼 
𝑐 == 𝐼𝟣𝟦   

t₈ 𝐼 
𝑐 == 𝐼𝟧 t₁₃ 𝐼 

𝑐 == 𝐼𝟣𝟢 t₁₈ 𝐼 
𝑐 == 𝐼𝟣𝟧   

 

C.4.5.4 Control mode 

The ⌊Control mode⌋[𝑐] statechart (figure 106) models the different contextual control modes of controller 𝑐 (𝑐 ∈ ℂ) 

and the corresponding implications of each specific control mode.  
 

〈tactical⟩ 

Parameter Value Unit Description 

𝑙𝑡𝖨𝖣𝖤,𝖳
   2.1 s Minimum value of 𝑡𝖨𝖣𝖤

𝑐  * 

𝑙𝑡𝖨𝖭𝖲,𝖳
   2.6 s Minimum value of 𝑡𝖨𝖭𝖲

𝑐  * 

𝑙𝑡𝖲𝖢𝖭,𝖳
   0.6 s Minimum value of 𝑡𝖲𝖢𝖭

𝑐  * 

𝑙𝑡𝖲𝖧𝖣,𝖳
   0.4 s Minimum value of 𝑡𝖲𝖧𝖣

𝑐  * 

𝜇𝑡𝖨𝖣𝖤,𝖳
   1.1 s Mean value of 𝑡𝖨𝖣𝖤

𝑐  * 

𝜇𝑡𝖨𝖭𝖲,𝖳
   2.5 s Mean value of 𝑡𝖨𝖭𝖲

𝑐  * 

𝜇𝑡𝖲𝖢𝖭,𝖳
 

  1.4 s Mean value of 𝑡𝖲𝖢𝖭
𝑐  * 

𝜇𝑡𝖲𝖧𝖣,𝖳
   1.0 s Mean value of 𝑡𝖲𝖧𝖣

𝑐  * 

𝜎𝑡𝖨𝖣𝖤,𝖳
   0.4 s Standard deviation of 𝑡𝖨𝖣𝖤

𝑐  * 

𝜎𝑡𝖨𝖭𝖲,𝖳
   0.2 s Standard deviation of 𝑡𝖨𝖭𝖲

𝑐  * 

𝜎𝑡𝖲𝖢𝖭,𝖳
   0.2 s Standard deviation of 𝑡𝖲𝖢𝖭

𝑐  * 

𝜎𝑡𝖲𝖧𝖣,𝖳
   0.3 s Standard deviation of 𝑡𝖲𝖧𝖣

𝑐  * 

* 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 

 

• State entry actions: 

1: 𝑀𝑐 = 𝑀𝖳       

2: 𝜇𝑡𝖨𝖣𝖤
 𝑐  = 𝜇𝑡𝖲𝖢𝖭,𝖳

   6: 𝜇𝑡𝖨𝖭𝖲
 𝑐  = 𝜇𝑡𝖲𝖢𝖭,𝖳

   10: 𝜇𝑡𝖲𝖢𝖭
 𝑐  = 𝜇𝑡𝖲𝖢𝖭,𝖳

   14: 𝜇𝑡𝖲𝖧𝖣
 𝑐  = 𝜇𝑡𝖲𝖢𝖭,𝖳

   

3: 𝜎𝑡𝖨𝖣𝖤
 
𝑐  = 𝜎𝑡𝖲𝖢𝖭,𝖳

 
  7: 𝜎𝑡𝖨𝖭𝖲

 
𝑐  = 𝜎𝑡𝖲𝖢𝖭,𝖳

 
  11: 𝜎𝑡𝖲𝖢𝖭

 
𝑐  = 𝜎𝑡𝖲𝖢𝖭,𝖳

 
  15: 𝜎𝑡𝖲𝖧𝖣

 
𝑐  = 𝜎𝑡𝖲𝖢𝖭,𝖳

 
  

4: 𝑙𝑡𝖨𝖣𝖤
 𝑐  = 𝑙𝑡𝖲𝖢𝖭,𝖳

   8: 𝑙𝑡𝖨𝖭𝖲
 𝑐  = 𝑙𝑡𝖲𝖢𝖭,𝖳

   12: 𝑙𝑡𝖲𝖢𝖭
 𝑐  = 𝑙𝑡𝖲𝖢𝖭,𝖳

   16: 𝑙𝑡𝖲𝖧𝖣
 𝑐  = 𝑙𝑡𝖲𝖢𝖭,𝖳

   

5: 𝑡𝖨𝖣𝖤
𝑐  = ℒ(𝜇𝑡𝖨𝖣𝖤

 𝑐 , 𝜎𝑡𝖨𝖣𝖤
 𝑐 , 𝑙𝑡𝖨𝖣𝖤

 𝑐 ) 9: 𝑡𝖨𝖭𝖲
𝑐  = ℒ(𝜇𝑡𝖨𝖭𝖲

 𝑐 , 𝜎𝑡𝖨𝖭𝖲
 𝑐 , 𝑙𝑡𝖨𝖭𝖲

 𝑐 ) 13: 𝑡𝖲𝖢𝖭
𝑐  = ℒ(𝜇𝑡𝖲𝖢𝖭

 𝑐 , 𝜎𝑡𝖲𝖢𝖭
 𝑐 , 𝑙𝑡𝖲𝖢𝖭

 𝑐 ) 17: 𝑡𝖲𝖧𝖣
𝑐  = ℒ(𝜇𝑡𝖲𝖧𝖣

 𝑐 , 𝜎𝑡𝖲𝖧𝖣
 𝑐 , 𝑙𝑡𝖲𝖧𝖣

 𝑐 ) 
 

〈opportunistic⟩ 

Parameter Value Unit Description 

𝑙𝑡𝖨𝖣𝖤,𝖮
   1.1 s Minimum value of 𝑡𝖨𝖣𝖤

𝑐  * 

𝑙𝑡𝖨𝖭𝖲,𝖮
   2.5 s Minimum value of 𝑡𝖨𝖭𝖲

𝑐  * 

𝑙𝑡𝖲𝖢𝖭,𝖮
   0.4 s Minimum value of 𝑡𝖲𝖢𝖭

𝑐  * 

𝑙𝑡𝖲𝖧𝖣,𝖮
   0.3 s Minimum value of 𝑡𝖲𝖧𝖣

𝑐  * 

𝜇𝑡𝖨𝖣𝖤,𝖮
   1.1 s Mean value of 𝑡𝖨𝖣𝖤

𝑐  * 

𝜇𝑡𝖨𝖭𝖲,𝖮
   1.4 s Mean value of 𝑡𝖨𝖭𝖲

𝑐  * 

𝜇𝑡𝖲𝖢𝖭,𝖮
 

  1.1 s Mean value of 𝑡𝖲𝖢𝖭
𝑐  * 

𝜇𝑡𝖲𝖧𝖣,𝖮
   0.6 s Mean value of 𝑡𝖲𝖧𝖣

𝑐  * 

𝜎𝑡𝖨𝖣𝖤,𝖮
   0.4 s Standard deviation of 𝑡𝖨𝖣𝖤

𝑐  * 
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𝜎𝑡𝖨𝖭𝖲,𝖮
   0.3 s Standard deviation of 𝑡𝖨𝖭𝖲

𝑐  * 

𝜎𝑡𝖲𝖢𝖭,𝖮
   0.2 s Standard deviation of 𝑡𝖲𝖢𝖭

𝑐  * 

𝜎𝑡𝖲𝖧𝖣,𝖮
   0.6 s Standard deviation of 𝑡𝖲𝖧𝖣

𝑐  * 

* 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 

 

• State entry actions: 

1: 𝑀𝑐 = 𝑀𝖮       

2: 𝜇𝑡𝖨𝖣𝖤
 𝑐  = 𝜇𝑡𝖲𝖢𝖭,𝖮

   6: 𝜇𝑡𝖨𝖭𝖲
 𝑐  = 𝜇𝑡𝖲𝖢𝖭,𝖮

   10: 𝜇𝑡𝖲𝖢𝖭
 𝑐  = 𝜇𝑡𝖲𝖢𝖭,𝖮

   14: 𝜇𝑡𝖲𝖧𝖣
 𝑐  = 𝜇𝑡𝖲𝖢𝖭,𝖮

   

3: 𝜎𝑡𝖨𝖣𝖤
 𝑐  = 𝜎𝑡𝖲𝖢𝖭,𝖮

   7: 𝜎𝑡𝖨𝖭𝖲
 𝑐  = 𝜎𝑡𝖲𝖢𝖭,𝖮

   11: 𝜎𝑡𝖲𝖢𝖭
 𝑐  = 𝜎𝑡𝖲𝖢𝖭,𝖮

   15: 𝜎𝑡𝖲𝖧𝖣
 𝑐  = 𝜎𝑡𝖲𝖢𝖭,𝖮

   

4: 𝑙𝑡𝖨𝖣𝖤
 𝑐  = 𝑙𝑡𝖲𝖢𝖭,𝖮

   8: 𝑙𝑡𝖨𝖭𝖲
 𝑐  = 𝑙𝑡𝖲𝖢𝖭,𝖮

   12: 𝑙𝑡𝖲𝖢𝖭
 𝑐  = 𝑙𝑡𝖲𝖢𝖭,𝖮

   16: 𝑙𝑡𝖲𝖧𝖣
 𝑐  = 𝑙𝑡𝖲𝖢𝖭,𝖮

   

5: 𝑡𝖨𝖣𝖤
𝑐  = ℒ(𝜇𝑡𝖨𝖣𝖤

 𝑐 , 𝜎𝑡𝖨𝖣𝖤
 𝑐 , 𝑙𝑡𝖨𝖣𝖤

 𝑐 ) 9: 𝑡𝖨𝖭𝖲
𝑐  = ℒ(𝜇𝑡𝖨𝖭𝖲

 𝑐 , 𝜎𝑡𝖨𝖭𝖲
 𝑐 , 𝑙𝑡𝖨𝖭𝖲

 𝑐 ) 13: 𝑡𝖲𝖢𝖭
𝑐  = ℒ(𝜇𝑡𝖲𝖢𝖭

 𝑐 , 𝜎𝑡𝖲𝖢𝖭
 𝑐 , 𝑙𝑡𝖲𝖢𝖭

 𝑐 ) 17: 𝑡𝖲𝖧𝖣
𝑐  = ℒ(𝜇𝑡𝖲𝖧𝖣

 𝑐 , 𝜎𝑡𝖲𝖧𝖣
 𝑐 , 𝑙𝑡𝖲𝖧𝖣

 𝑐 ) 
 

Parameter Value Unit Description 

𝑄𝖻,𝐼,𝖮 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 𝑄𝖻,𝐼,𝖮 

𝑄𝖻,𝐼,𝖳 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 𝑄𝖻,𝐼,𝖳 

 

 

Transition t₁ 

• Condition: |𝕋𝖨
𝑐| ≥ 𝑄𝖻,𝐼,𝖮 

 

Transition t₂ 

• Condition: |𝕋𝖨
𝑐| ≤ 𝑄𝖻,𝐼,𝖳 

 

 

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⟩ 

• State entry actions: N/A 
 

〈reduced capacity update received⟩ 

• State entry actions:  

1:  if (𝑐 == 𝑐𝟣) then 

2:   𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟣 = 𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟣 

3:  else if (𝑐 == 𝑐𝟤) then 

4:   𝑡
𝖡

𝑎𝟣,𝑖,𝑐𝟤 = 𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟤 

5:  else if (𝑐 == 𝑐𝟥) then 

6:   𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟥 = 𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝑖,𝑐𝟥 

7:   𝑡𝖡

𝑎𝟤,𝑖,𝑐𝟥 = 𝑡
𝖡,𝐶𝖣

 
𝑎𝟤,𝑖,𝑐𝟥 

8:  else if (𝑐 == 𝑐𝟦) then 

9:   𝑡𝖡

𝑎𝟥,𝑖,𝑐𝟦 = 𝑡
𝖡,𝐶𝖣

 
𝑎𝟥,𝑖,𝑐𝟦 

10:  end if 
 

tactical  

opportunistic  

Control mode 

t₁ t₂ 

Figure 106 – ⌊Control mode⌋[𝑐] 

Contact with supervisor about reduced capacity 

on stand-by for reduced capacity update 

reduced capacity update received 

Figure 107 – ⌊Contact with supervisor about reduced capacity⌋[𝑐] 

t₁ 
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Transition t₁ 

• Condition: (𝑐 == 𝑐𝟣 ꓥ 〈TNW controller has been informed⟩⌊Contact with TNW controller about reduced capacity⌋ 

[Supervisor APP]) ∨ (𝑐 == 𝑐𝟤 ꓥ 〈TNE controller has been informed⟩⌊Contact with TNE controller about reduced 

capacity⌋[Supervisor APP]) ∨ (𝑐 == 𝑐𝟥 ꓥ 〈ARR controller has been informed⟩⌊Contact with ARR controller about 

reduced capacity⌋[Supervisor APP]) ∨ (𝑐 == 𝑐𝟦 ꓥ 〈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⟩ 

• State entry actions: N/A 
 

〈recovered capacity update received⟩ 

• State entry actions:  

1:  if (𝑐 == 𝑐𝟣) then 

2:   𝑡𝖡

𝑎𝟣,𝑖,𝑐𝟣 = 𝑡
𝖡,𝐶𝖨

 
𝑎𝟣,𝑖,𝑐𝟣 

3:  else if (𝑐 == 𝑐𝟤) then 

4:   𝑡
𝖡

𝑎𝟣,𝑖,𝑐𝟤 = 𝑡
𝖡,𝐶𝖨

 
𝑎𝟣,𝑖,𝑐𝟤 

5:  else if (𝑐 == 𝑐𝟥) then 

6:   𝑡
𝖡

𝑎𝟣,𝑖,𝑐𝟥 = 𝑡
𝖡,𝐶𝖨

 
𝑎𝟣,𝑖,𝑐𝟥 

7:   𝑡𝖡

𝑎𝟤,𝑖,𝑐𝟥 = 𝑡
𝖡,𝐶𝖨

 
𝑎𝟤,𝑖,𝑐𝟥 

8:  else if (𝑐 == 𝑐𝟦) then 

9:   𝑡𝖡

𝑎𝟥,𝑖,𝑐𝟦 = 𝑡
𝖡,𝐶𝖨

 
𝑎𝟥,𝑖,𝑐𝟦 

10:  end if 
 

Transition t₁ 

• Condition: (𝑐 == 𝑐𝟣 ꓥ 〈TNW controller has been informed⟩⌊Contact with TNW controller about recovered capacity⌋ 

[Supervisor APP]) ∨ (𝑐 == 𝑐𝟤 ꓥ 〈TNE controller has been informed⟩⌊Contact with TNE controller about recovered 

capacity⌋[Supervisor APP]) ∨ (𝑐 == 𝑐𝟥 ꓥ 〈ARR controller has been informed⟩⌊Contact with ARR controller about 

recovered capacity⌋[Supervisor APP]) ∨ (𝑐 == 𝑐𝟦 ꓥ 〈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 𝑎𝟣 and 𝑎𝟤 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 𝑎𝟣 and 𝑎𝟤 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 

𝑎𝟣 and 𝑎𝟤. In that way the fictitious aircraft 𝑎𝟣 and 𝑎𝟤 enable aircraft generations at 𝑤𝑆,𝟢 (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. 

 

 

 

 

Contact with supervisor about recovered capacity 

on stand-by for recovered capacity update 

recovered capacity update received 

Figure 108 – ⌊Contact with supervisor about recovered capacity⌋[𝑐] 

t₁ 
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The initial spacing between 𝑎𝟣 and 𝑎𝟤 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

C.5.2 Variables, parameters and sets 

Variable State space Unit Description 

𝐶 ℝ+ ac⋅h−1 Desired (total) throughput capacity  

𝐷𝑆
𝑎𝟣 𝔻 - Aircraft type of 𝑎𝟣 

𝐷𝑆
𝑎𝟤 𝔻 - Aircraft type of 𝑎𝟤 

𝑙𝑡𝖦
 

  ℝ+ s Minimum value of 𝑡𝖦
  

𝑠𝖡,𝑆
  ℝ+ NM Separation buffer (type I) between 𝑎𝟣 and 𝑎𝟤 

𝑠𝖲,𝑆
  ℝ>0 NM Separation minima between 𝑎𝟣 and 𝑎𝟤 

𝑠𝖴,𝑆
  ℝ>0 NM Desired spacing between 𝑎𝟣 and 𝑎𝟤 

𝑡𝖡
  ℝ+ s Default time buffer between 𝑎𝟣 and 𝑎𝟤 

𝑡𝖡,𝑆
  ℝ+ s Time buffer between 𝑎𝟣 and 𝑎𝟤 

𝑡𝖦
  ℝ+ s Recurrence time period of ℰ𝖳𝖦 

𝑡𝖭,𝑆
  ℝ>0 s Minimum time point at which a next feasible aircraft generation may occur 

𝑡𝖱,𝑆
  ℝ>0 s Required time period between the generations of 𝑎𝟣 and 𝑎𝟤 to achieve and 

guarantee sufficient initial spacing 

𝑢𝑡𝖦
 

  ℝ+ s Maximum value of 𝑡𝖦
  

𝑣𝖦𝖲,𝑆
  ℝ>0 kt Initial ground speed of 𝑎𝟣 

𝑊𝑆
𝑎𝟣 𝕎 - WTC of 𝑎𝟣 

𝑊𝑆
𝑎𝟤 𝕎 - WTC of 𝑎𝟤 

𝜇𝑡𝖦
 

  ℝ+ s Mean value of 𝑡𝖦
  

Table 41 – List of variables that belong to the feeder agent  

 

 

𝑎𝟤 

𝑎𝟤 𝑎𝟣 

𝑎𝟣 

𝑤𝑆𝟣,𝟢
 

𝑤𝑆𝟤,𝟢
 

𝑤𝑆𝟣,𝟣
 

𝑤𝑆𝟣,𝟣
 

𝑤𝑆𝟣,𝟤
 

𝑤𝑆𝟤,𝟤
 

Figure 109 – General aircraft setting with 𝑎𝟣 and 𝑎𝟤 at 𝑤𝑆,𝟢 (∀𝑆 ∈ 𝕊) as considered by the feeder agent 

𝑡 

𝑠𝖲,𝑆
  𝑠𝖡,𝑆

  𝑠 

𝑠𝖴,𝑆
  

𝑎𝟣 

𝑎𝟣 𝑎𝟤 

𝑎𝟣 

 

𝑡𝖡,𝑆
𝑒  

𝑡𝖱,𝑆
  

Figure 110 – Logic behind the generation of aircraft while ensuring a viable separation between 𝑎𝟣 and 𝑎𝟤 at 𝑤𝑆,𝟢 
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Parameter Value Unit Description 

𝐶𝖨
  varying ac⋅h−1 Desired (total) throughput capacity in normal capacity mode 

𝐶𝖣
  21 ac⋅h−1 Desired (total) throughput capacity in reduced capacity mode 

𝑡𝖻,𝖦
  40 s Bound that determines the band width of 𝑡𝖦

 , i.e. 𝑙𝑡𝖦
 

  and 𝑢𝑡𝖦
 

  

𝑡
𝖡,𝐶𝖣

 
𝑎𝟣,𝟤  10 s Time buffer between 𝑎𝟣 and 𝑎𝟤 in reduced capacity mode 

𝑡
𝖡,𝐶𝖨

 
𝑎𝟣,𝟤 60 s Time buffer between 𝑎𝟣 and 𝑎𝟤 in normal capacity mode 

𝑡𝖡,𝖧𝖬

𝑎𝟣,𝟤  40 s Additional time buffer between 𝑎𝟣 and 𝑎𝟤 

𝑡𝖡,𝖬𝖧

𝑎𝟣,𝟤  60 s Additional time buffer between 𝑎𝟣 and 𝑎𝟤 

𝜎𝑡𝖦
 
  10 s Standard deviation of 𝑡𝖦

  

Table 42 – List of parameters that belong to the feeder agent 

 

Set Description 

𝕋𝖦,𝑆
  Set of time points that define when 𝑎𝑖 should be generated at 𝑤𝑆,𝟢 (𝑆 ∈ 𝕊) according to event ℰ𝖳𝖦 

Table 43 – List of sets that belong to the feeder agent 

C.5.3 Initial actions and values 

1:  𝐶 = 𝐶𝖨
  

2:  𝑡𝖡
  = 𝑡

𝖡,𝐶𝖨
 

𝑎𝟣,𝟤 

3:  𝜇𝑡𝖦
 

  = 3600 / 𝐶 

4:  𝑙𝑡𝖦
 

  = 𝜇𝑡𝖦
 
  – 𝑡𝖻,𝖦

  

5:  𝑢𝑡𝖦
 

  = 𝜇𝑡𝖦
 
  + 𝑡𝖻,𝖦

  

6:  𝑡𝖦
  = 𝒩𝘵(𝜇𝑡𝖦

 
 , 𝜎𝑡𝖦

 
 , 𝑙𝑡𝖦

 
 , 𝑢𝑡𝖦

 
 ) 

Action 5 – Setting up the variables of the feeder agent that require an initial value  

 

1:  𝑊𝑆
𝑎𝟣  = ℱ𝑊() 

2:  𝐷𝑆
𝑎𝟣  = ℱ𝐷(𝑊𝑆

𝑎𝟣) 

3:  𝑊𝑆
𝑎𝟤  = ℱ𝑊() 

4:  𝐷𝑆
𝑎𝟤  = ℱ𝐷(𝑊𝑆

𝑎𝟤) 

5:  𝑣𝖦𝖲,𝑆
  = ℱ𝑣𝖦𝖲

(𝑧𝑤𝑆,𝟢
, 𝑣𝖨𝖠𝖲,𝑤𝑆,𝟢

, 𝜓𝑤𝑆,𝟢
) 

6:  𝑡𝖡,𝑆
  = 𝑡𝖡

  

7:  if (𝑊𝑆
𝑎𝟣  == 𝑊𝖧 ꓥ 𝑊𝑆

𝑎𝟤  == 𝑊𝖬) then  

8:   𝑡𝖡,𝑆
  += 𝑡𝖡,𝖧𝖬

𝑎𝟣,𝟤
 

9:  else if (𝑊𝑆
𝑎𝟣  == 𝑊𝖬 ꓥ 𝑊𝑆

𝑎𝟤 == 𝑊𝖧) then 

10:   𝑡𝖡,𝑆
  += 𝑡𝖡,𝖬𝖧

𝑎𝟣,𝟤
 

11:  end if 

12:  𝑠𝖡,𝑆
  = 𝑡𝖡,𝑆

  · 𝑣𝖦𝖲,𝑆
  / 3600 

13:  𝑠𝖲,𝑆
  = ℱ𝑠𝖲

(𝑊𝑆
𝑎𝟣 , 𝑊𝑆

𝑎𝟤) 

14:  𝑠𝖴,𝑆
  = 𝑠𝖲,𝑆

  + 𝑠𝖡,𝑆
  

15:  𝑡𝖱,𝑆
  = 𝑠𝖴,𝑆

  / 𝑣𝖦𝖲,𝑆
  · 3600  

16:  𝑡𝖭,𝑆
  = 0 

Action 6 – Set up initial aircraft pairing 𝑎𝟣 and 𝑎𝟤 at 𝑤𝑆,𝟢 (∀𝑆 ∈ 𝕊)  
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C.5.4 Functions 

C.5.4.1 Generate random WTC 

Function ℱ𝑊() 

Variable State space Unit Description 

𝑊̆ 𝕎 - WTC, either MEDIUM (𝑊𝖬) or HEAVY (𝑊𝖧) 

𝑋̆ [0, 100] % Random variable that determines which 𝑊̆ will be returned 

Parameter Value Unit Description 

𝑃𝖬
  80 % Probability of WTC being of category 𝑊𝖬 

1:  𝑋̆ = 𝒰(0, 100) 

2:  if (𝑋̆ < 𝑃𝖬
 ) then  

3:   𝑊̆ = 𝑊𝖬 

4:  else 

5:   𝑊̆ = 𝑊𝖧 

6:  end if 

7:  return: 𝑊̆ 

Function 22 – Generate random WTC 

C.5.4.2 Generate random aircraft type 

Function ℱ𝐷(𝑊̆) 

Argument State space Unit Description 

𝑊̆ 𝕎 - WTC, either MEDIUM (𝑊𝖬) or HEAVY (𝑊𝖧) 

Variable State space Unit Description 

𝐷̆ 𝔻 - Aircraft type, either B738 (𝐷𝟣) or B744 (𝐷𝟤) 

1:  if (𝑊̆ == 𝑊𝖬) then 

2:   𝐷̆ = 𝐷𝟣 

3:  else if (𝑊̆ == 𝑊𝖧) then 

4:   𝐷̆ = 𝐷𝟤 

5:  end if 

6:  return: 𝐷̆ 

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 ℰ𝖳𝖦 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 ℰ𝖳𝖦, i.e. to define the desired inter-arrival times. 

 

 

 

 

 

 

 

 

 

𝑡𝖻,𝖦
  

𝑙𝑡𝖦
 

  𝑢𝑡𝖦
 

  𝜇𝑡𝖦
 

  

Figure 111 – On scale truncated probability function that is used to define 𝑡𝘎 
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• First occurrence time: 𝑡𝖦,0
  

• Recurrence time period: 𝑡𝖦
  

 

Event ℰ𝖳𝖦  

Variable State space Unit Description 

𝑋̆ [0, 100] % Random variable that determines at which 𝑤𝑆,𝟢 (𝑆 ∈ 𝕊) 𝑎𝑖 will be generated  

Parameter Value Unit Description 

𝑃𝑆𝟣

  35 % Probability that 𝑎𝑖 will be generated at 𝑤𝑆𝟣,𝟢
  

𝑡𝖦,0
  1 s First occurrence time of ℰ𝖳𝖦 

1:  𝑋̆ = 𝒰(0, 100) 

2:  if (𝑋̆ < 𝑃𝑆𝟣

 ) then  

3:   𝑡𝖠 ∪ 𝕋𝖦,𝑆𝟣

  

4:  else 

5:   𝑡𝖠 ∪ 𝕋𝖦,𝑆𝟤

  

6:  end if 

7:  𝑡𝖦
  = 𝒩𝘵(𝜇𝑡𝖦

 
 , 𝜎𝑡𝖦

 
 , 𝑙𝑡𝖦

 
 , 𝑢𝑡𝖦

 
 )  

Action 7 – Creation of aircraft generation time points 

C.5.5.2 Generation of aircraft agents  

Event ℰ𝖠𝖦,𝑆 is concerned with the actual generation of aircraft agents at 𝑤𝑆,𝟢 (𝑆 ∈ 𝕊). This second event is meant to 

evaluate the feasibility of the generated time points by ℰ𝖳𝖦 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 𝑎𝟣 

and 𝑎𝟤. 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 

𝑡𝖠, 𝕋𝖦,𝑆
 [0] and 𝑡𝖭,𝑆

 . 

 

 

 

 

 

 

 

 

 

 

• Condition: 𝕋𝖦,𝑆
  ≠ ∅ ∧ (𝑡𝖭,𝑆

  < 𝕋𝖦,𝑆
 [0] < 𝑡𝖠 ∨ 𝕋𝖦,𝑆

 [0] < 𝑡𝖭,𝑆
  < 𝑡𝖠), where 𝑆 ∈ 𝕊 

 

Event ℰ𝖠𝖦,𝑆
  

Variable State space Unit Description 

𝑐𝟢

𝑎𝑖 {𝑐𝟣, 𝑐𝟤} ∈ ℂ - Initial controller agent 

𝐷 
𝑎𝑖  𝔻 - Aircraft type 

𝑆 
𝑎𝑖  𝕊 - STAR procedure 

𝑣𝖨𝖠𝖲,𝟢

𝑎𝑖  [𝑣𝖨𝖠𝖲,𝑤𝑆𝟣,𝟢

 , 𝑣𝖨𝖠𝖲,𝑤𝑆𝟤,𝟢

 ] kt Initial calibrated airspeed 

𝑊 
𝑎𝑖 𝕎 - WTC 

𝑥𝟢

𝑎𝑖  [𝑥𝑤𝑆𝟣,𝟢

 , 𝑥𝑤𝑆𝟤,𝟢

 ] NM Initial 𝑥-position 

𝑦𝟢

𝑎𝑖  [𝑦𝑤𝑆𝟣,𝟢

 , 𝑦𝑤𝑆𝟤,𝟢

 ] NM Initial 𝑦-position 

𝑡 

𝑡𝖠 = 0 

𝑡𝖠 

𝕋𝖦,𝑆
 [0] 

𝑡𝖱,𝑆
  

𝑡𝖭,𝑆
   

Figure 112 – Relations between the time variables that are used in events ℰ𝘛𝘎
  and ℰ𝘈𝘎,𝑆
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𝑧𝟢

𝑎𝑖 [𝑧𝑤𝑆𝟣,𝟢

 , 𝑧𝑤𝑆𝟤,𝟢

 ] ft Initial altitude 

𝜓𝟢

𝑎𝑖  [𝜓𝑤𝑆𝟣,𝟢

 , 𝜓𝑤𝑆𝟤,𝟢

 ] deg Initial heading 

* all the variables of above correspond to the (to be) generated aircraft 𝑎𝑖 

2:  𝑥𝟢

𝑎𝑖 = 𝑥𝑤𝑆,𝟢

  

3:  𝑦𝟢

𝑎𝑖 = 𝑦𝑤𝑆,𝟢

  

4:  𝑧𝟢

𝑎𝑖 = 𝑧𝑤𝑆,𝟢

  

5:  𝑣𝖨𝖠𝖲,𝟢

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝑤𝑆,𝟢

  

6:  𝜓𝟢

𝑎𝑖  = 𝜓𝑤𝑆,𝟢

  

7:  𝑊 
𝑎𝑖  = 𝑊𝑆

𝑎𝟣  

8:  𝐷 
𝑎𝑖  = 𝐷𝑆

𝑎𝟣  

9:  𝑆 
𝑎𝑖  = 𝑆 

10:  if (𝑆 
𝑎𝑖  == 𝑆𝟣) then 

11:   𝑐𝟢

𝑎𝑖 = 𝑐𝟣 

12:  else if (𝑆 
𝑎𝑖  == 𝑆𝟤) then  

13:   𝑐𝟢

𝑎𝑖 = 𝑐𝟤 

14:  end if 

15:  Create aircraft agent and assign the initial variables of above 

16:  𝕋𝖦,𝑆
 [0] \ 𝕋𝖦,𝑆

   

17:  𝑊𝑆
𝑎𝟣 = 𝑊𝑆

𝑎𝟤  

18:  𝐷𝑆
𝑎𝟣 = 𝐷𝑆

𝑎𝟤  

19:  𝑊𝑆
𝑎𝟤  = ℱ𝑊() 

20:  𝐷𝑆
𝑎𝟤  = ℱ𝐷(𝑊𝑆

𝑎𝟤) 

21:  𝑣𝖦𝖲,𝑆
  = ℱ𝑣𝖦𝖲

(𝑧𝑤𝑆,𝟢
, 𝑣𝖨𝖠𝖲,𝑤𝑆,𝟢

, 𝜓𝑤𝑆,𝟢
) 

22:  𝑡𝖡,𝑆
  = 𝑡𝖡

  

23:  if (𝑊𝑆
𝑎𝟣  == 𝑊𝖧 ꓥ 𝑊𝑆

𝑎𝟤  == 𝑊𝖬) then  

24:   𝑡𝖡,𝑆
  += 𝑡𝖡,𝖧𝖬

𝑎𝟣,𝟤  

25:  else if (𝑊𝑆
𝑎𝟣  == 𝑊𝖬 ꓥ 𝑊𝑆

𝑎𝟤 == 𝑊𝖧) then 

26:   𝑡𝖡,𝑆
  += 𝑡

𝖡,𝖬𝖧

𝑎𝟣,𝟤  

27:  end if 

28:  𝑠𝖡,𝑆
  = 𝑡𝖡,𝑆

  · 𝑣𝖦𝖲,𝑆
  / 3600 

29:  𝑠𝖲,𝑆
  = ℱ𝑠𝖲

(𝑊𝑆
𝑎𝟣 , 𝑊𝑆

𝑎𝟤) 

30:  𝑠𝖴,𝑆
  = 𝑠𝖲,𝑆

  + 𝑠𝖡,𝑆
  

31:  𝑡𝖱,𝑆
  = 𝑠𝖴,𝑆

  / 𝑣𝖦𝖲,𝑆
  · 3600  

32:  𝑡𝖭,𝑆
  = 𝑡𝖠 + 𝑡𝖱,𝑆

  

33:  restart ℰ𝖠𝖦,𝑆
  

Action 8 – Generate aircraft 𝑎𝑖  at 𝑤𝑆,𝟢 (𝑆 ∈ 𝕊), and set up new aircraft pair 𝑎𝟣 and 𝑎𝟤 

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⟩ 
• State entry actions: N/A 
 

〈reduced capacity update received⟩ 

• State entry actions: 

1:  𝐶 = 𝐶𝖣
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2:  𝑡𝖡
  = 𝑡

𝖡,𝐶𝖣
 

𝑎𝟣,𝟤
 

3:  𝜇𝑡𝖦
 

  = 3600 / 𝐶 

4:  𝑙𝑡𝖦
 

  = 𝜇𝑡𝖦
 

  – 𝑡𝖻,𝖦
  

5:  𝑢𝑡𝖦
 

  = 𝜇𝑡𝖦
 

  + 𝑡𝖻,𝖦
  

6:  𝑡𝖦
  = 𝒩𝘵(𝜇𝑡𝖦

 
 , 𝜎𝑡𝖦

 
 , 𝑙𝑡𝖦

 
 , 𝑢𝑡𝖦

 
 ) 

7:  Clear 𝕋𝖦,𝑆
   

 

Transition t₁ 

• Condition: ⟨feeder has been informed⟩⌊Contact with feeder about reduced capacity⌋[Supervisor APP] 

C.5.6.2 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⟩ 
• State entry actions: N/A 
 

〈recovered capacity update received⟩ 

• State entry actions: 

1:  𝐶 = 𝐶𝖨
  

2:  𝑡𝖡
  = 𝑡

𝖡,𝐶𝖨
 

𝑎𝟣,𝟤
 

3:  𝜇𝑡𝖦
 

  = 3600 / 𝐶 

4:  𝑙𝑡𝖦
 

  = 𝜇𝑡𝖦
 

  – 𝑡𝖻,𝖦
  

5:  𝑢𝑡𝖦
 

  = 𝜇𝑡𝖦
 

  + 𝑡𝖻,𝖦
  

6:  𝑡𝖦
  = 𝒩𝘵(𝜇𝑡𝖦

 
 , 𝜎𝑡𝖦

 
 , 𝑙𝑡𝖦

 
 , 𝑢𝑡𝖦

 
 ) 

 

Transition t₁ 

• 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 𝑎𝑖 is/has been 

operating (i.e. 𝑆 
𝑎𝑖), by the specific waypoint where 𝑎𝑖 is referenced to (i.e. 𝑘 

𝑎𝑖) or by the aircraft type of 𝑎𝑖 (i.e. 𝐷 
𝑎𝑖). 

These dependent variables contain the subscripts “𝑆”, “𝑘”, “𝐷” respectively, where 𝑆 = 𝑆 
𝑎𝑖 , 𝑘 = 𝑘 

𝑎𝑖  and 𝐷 = 𝐷 
𝑎𝑖 .  

 

Variable State space Unit Description 

𝑑Δ𝑡
𝑎𝑖  ℝ+ NM Travelled distance per Δ𝑡 

𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖  ℝ+ NM Distance (“tangent”) between 𝑎𝑖 and 𝑤𝑆,𝑘 

𝑑𝑤𝖳𝖯,𝑤𝑆,𝑘

𝑎𝑖  ℝ+ NM Distance from 𝑤𝑆,𝑘 to start intercepting 𝑤𝑆,𝑘 

𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  ℝ+ NM Distance (“direct”) between 𝑎𝑖 and 𝑤𝑆,𝐻,𝖨 

𝑑𝖣,𝑤𝑆,𝐻,𝖮

𝑎𝑖  ℝ+ NM Distance (“direct”) between 𝑎𝑖 and 𝑤𝑆,𝐻,𝖮 

𝑑𝖠,𝑤𝖨𝖥

𝑎𝑖  ℝ+ NM Distance (“tangent”) between 𝑎𝑖 and 𝑤𝖨𝖥 

𝑑𝑤𝖳𝖯,𝑤𝖨𝖥

𝑎𝑖  ℝ+ NM Distance from 𝑤𝖨𝖥 to start intercepting 𝑤𝖨𝖥 

𝑑𝖣,𝑤𝖳𝖧𝖱

𝑎𝑖  ℝ+ NM Distance (“direct”) between 𝑎𝑖 and 𝑤𝖳𝖧𝖱 

𝑑𝖣,𝑤𝖧𝖲𝖳𝟣

𝑎𝑖  ℝ+ NM Distance (“direct”) between 𝑎𝑖 and 𝑤𝖧𝖲𝖳𝟣 

𝑑𝖣,𝑤𝖧𝖲𝖳𝟤

𝑎𝑖  ℝ+ NM Distance (“direct”) between 𝑎𝑖 and 𝑤𝖧𝖲𝖳𝟤 

𝐷 
𝑎𝑖 𝔻 - Aircraft type 

𝐾 
𝑎𝑖 ℕ𝟢 - Number of waypoints in 𝑆 

𝑎𝑖   

Contact with Supervisor APP about recovered capacity 

on stand-by for recovered capacity update 

recovered capacity update received 

Figure 114 – ⌊Contact with Supervisor APP about recovered capacity⌋[feeder] 

t₁ 

Contact with Supervisor APP about reduced capacity 

on stand-by for reduced capacity update 

reduced capacity update received 

Figure 113 – ⌊Contact with Supervisor APP about reduced capacity⌋[feeder] 

t₁ 
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𝑘 
𝑎𝑖  [0, 𝐾 

𝑎𝑖] - Current waypoint number of 𝑆 
𝑎𝑖  

𝑙𝑣𝖠𝖳,𝐷
 

𝑎𝑖  ℝ+ kt Minimum indicated airspeed at 𝑤𝖳𝖧𝖱 

𝑙𝑣𝖥𝖠,𝐷
 

𝑎𝑖  ℝ+ kt Minimum final approach speed 

𝑆 
𝑎𝑖  𝕊 - STAR procedure that is/has been operated 

𝑢𝑣𝖠𝖳,𝐷
 

𝑎𝑖  ℝ+ kt Maximum indicated airspeed at 𝑤𝖳𝖧𝖱 

𝑢𝑣𝖥𝖠,𝐷
 

𝑎𝑖  ℝ+ kt Maximum final approach speed 

𝑣̇ 
𝑎𝑖  ℝ kt⋅s−1 Acceleration/deceleration 

𝑣̇𝖢,𝐷

𝑎𝑖  ℝ+ kt⋅s−1 Acceleration during climb 

𝑣̇𝖣,𝐷

𝑎𝑖  ℝ− kt⋅s−1 Deceleration during descent 

𝑣̇𝖫,𝐷

𝑎𝑖  ℝ− kt⋅s−1 Deceleration in level flight 

𝑣𝖠𝖳

𝑎𝑖 ℝ+ kt Indicated airspeed at 𝑤𝖳𝖧𝖱 

𝑣𝖥𝖠

𝑎𝑖 ℝ+ kt Final approach speed 

𝑣𝖦𝖲

𝑎𝑖 ℝ+ kt Ground speed 

𝑣𝖨𝖠𝖲

𝑎𝑖  ℝ+ kt Indicated (calibrated) airspeed 

𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  ℝ+ kt Indicated (calibrated) airspeed as set by the flight crew 𝑎𝑖 agent 

𝑣𝖳𝖠𝖲

𝑎𝑖  ℝ+ kt True airspeed 

𝑊 
𝑎𝑖 𝕎 - WTC 

𝑥 
𝑎𝑖 ℝ NM 𝑥-position 

𝑥𝖲

𝑎𝑖 ℝ NM 𝑥-position of the point to which the aircraft is set to turn 

𝑥𝑤𝑆,𝑘

𝑎𝑖  ℝ NM 𝑥-position of 𝑤𝑆,𝑘 

𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖  ℝ NM 𝑥-position of 𝑤𝑆,𝐻,𝖨  

𝑥𝑤𝑆,𝐻,𝖮

𝑎𝑖  ℝ NM 𝑥-position of 𝑤𝑆,𝐻,𝖮 

𝑦 
𝑎𝑖 ℝ NM 𝑦-position 

𝑦𝖲

𝑎𝑖 ℝ NM 𝑦-position of the point to which the aircraft is set to turn 

𝑦𝑤𝑆,𝑘

𝑎𝑖  ℝ NM 𝑦-position of 𝑤𝑆,𝑘 

𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖  ℝ NM 𝑦-position of 𝑤𝑆,𝐻,𝖨  

𝑦𝑤𝑆,𝐻,𝖮

𝑎𝑖  ℝ NM 𝑦-position of 𝑤𝑆,𝐻,𝖮 

𝑧̇ 
𝑎𝑖 ℝ ft·min-1 Vertical speed 

𝑧 
𝑎𝑖 ℝ+ ft Altitude 

𝑧𝖲

𝑎𝑖 ℝ+ ft Altitude as set by the flight crew 𝑎𝑖 agent 

𝛾 
𝑎𝑖  [-90, 90] deg Flight path angle 

𝛾𝖠𝖯𝖯

𝑎𝑖  [0, 90] deg Approach angle 

𝜃𝑤𝑆,𝑘+1

𝑎𝑖  [-180, 180] deg Angle between 𝜓 
𝑎𝑖  and 𝜓𝑤𝑆,𝑘+1

𝑎𝑖  

𝜃𝑤𝖨𝖥

𝑎𝑖  [-180, 180] deg Angle between 𝜓 
𝑎𝑖  and 𝜓𝑤𝖳𝖧𝖱

  

𝜓 
𝑎𝑖  〈0, 360] deg Heading direction with respect to magnetic north 

𝜓𝑤𝑆,𝑘

𝑎𝑖  〈0, 360] deg Magnetic track of 𝑤𝑆,𝑘, i.e. bearing of 𝑤𝑆,𝑘 seen from 𝑤𝑆,𝑘−1 

𝜓𝑤𝑆,𝑘+1

𝑎𝑖  〈0, 360] deg Magnetic track of 𝑤𝑆,𝑘+1, i.e. bearing of 𝑤𝑆,𝑘+1 seen from 𝑤𝑆,𝑘 

𝜓𝑤𝑆,𝐻,𝖨

𝑎𝑖  〈0, 360] deg Magnetic track of the inbound leg towards 𝑤𝑆,𝐻,𝖨 

𝜓𝑤𝑆,𝐻,𝖮

𝑎𝑖  〈0, 360] deg Magnetic track of the outbound leg towards 𝑤𝑆,𝐻,𝖮 

𝜓𝘈,𝘚

𝑎𝑖  〈0, 360] deg Heading direction (tangent) as set by the flight crew 𝑎𝑖 agent 

𝜓𝘋,𝘚

𝑎𝑖  〈0, 360] deg Heading direction (direct) as set by the flight crew 𝑎𝑖 agent 

𝜓
𝘈,𝑤𝑆,𝑘

𝑎𝑖  〈0, 360] deg Bearing (tangent) of 𝑤𝑆,𝑘 seen from 𝑎𝑖 

𝜓
𝘋,𝑤𝑆,𝑘

𝑎𝑖  〈0, 360] deg Bearing (direct) of 𝑤𝑆,𝑘 seen from 𝑎𝑖 

𝜓
𝘋,𝑤𝑆,𝐻,𝘐

𝑎𝑖  〈0, 360] deg Bearing (direct) of 𝑤𝑆,𝐻,𝖨 seen from 𝑎𝑖 

𝜓
𝘋,𝑤𝑆,𝐻,𝘖

𝑎𝑖  〈0, 360] deg Bearing (direct) of 𝑤𝑆,𝐻,𝖮 seen from 𝑎𝑖 

𝜓𝘈,𝑤𝘐𝘍

𝑎𝑖  〈0, 360] deg Bearing (tangent) of 𝑤𝖨𝖥 seen from 𝑎𝑖 

𝜓𝘋,𝑤𝘐𝘍

𝑎𝑖  〈0, 360] deg Bearing (direct) of 𝑤𝖨𝖥 seen from 𝑎𝑖 

𝜓𝑤𝘛𝘏𝘙

𝑎𝑖  〈0, 360] deg Bearing (direct) of 𝑤𝖳𝖧𝖱 seen from 𝑎𝑖 

𝜓̇ 
𝑎𝑖  ℝ deg⋅s−1 Current and real rate of turn 

𝜓̇Δ𝑡
𝑎𝑖  ℝ deg⋅s−1 Achievable rate of turn per Δ𝑡 
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Table 44 – List of variables that belong to the MCP 𝑎𝑖  agent 

 

Parameter Value Unit Description 

𝑓𝖭𝖬
𝖬  5.40 ⋅ 10−4 - [m] to [NM] conversion factor 

𝑙𝑣𝖠𝖳,𝐷𝟣

  140 kt Minimum indicated airspeed of 𝐷𝟣 at 𝑤𝖳𝖧𝖱 

𝑙𝑣𝖠𝖳,𝐷𝟤

  155 kt Minimum indicated airspeed of 𝐷𝟤 at 𝑤𝖳𝖧𝖱 

𝑙𝑣𝖥𝖠,𝐷𝟣

  160 kt Minimum final approach speed of 𝐷𝟣 

𝑙𝑣𝖥𝖠,𝐷𝟤

  180 kt Minimum final approach speed of 𝐷𝟤 

𝑟𝖳
  1.75 NM Turn radius 

𝑟𝖧𝖲𝖳
  275 m Radius of turnoff curve of both 𝑤𝖧𝖲𝖳𝟣 and 𝑤𝖧𝖲𝖳𝟤 

𝑢𝑣𝖠𝖳,𝐷𝟣

  150 kt Maximum indicated airspeed of 𝐷𝟣 at 𝑤𝖳𝖧𝖱 

𝑢𝑣𝖠𝖳,𝐷𝟤

  165 kt Maximum indicated airspeed of 𝐷𝟤 at 𝑤𝖳𝖧𝖱 

𝑢𝑣𝖥𝖠,𝐷𝟣

  180 kt Maximum final approach speed of 𝐷𝟣 

𝑢𝑣𝖥𝖠,𝐷𝟤

  200 kt Maximum final approach speed of 𝐷𝟤 

𝑣𝖧𝖲𝖳
  40 kt Taxi speed 

𝑣̇𝖢,𝐷𝟣

  0.5 kt⋅s-1 Acceleration of 𝐷𝟣 during climb   

𝑣̇𝖢,𝐷𝟤

  0.5 kt⋅s-1 Acceleration of 𝐷𝟤 during climb   

𝑣̇𝖣,𝐷𝟣

  -0.35 kt⋅s-1 Deceleration of 𝐷𝟣 during descent   

𝑣̇𝖣,𝐷𝟤

  -0.30 kt⋅s-1 Deceleration of 𝐷𝟤 during descent   

𝑣̇𝖫,𝐷𝟣

  -1.0 kt⋅s-1 Deceleration of 𝐷𝟣 in level flight  

𝑣̇𝖫,𝐷𝟤

  -0.9 kt⋅s-1 Deceleration of 𝐷𝟤 in level flight  

𝑣̇𝖱,𝑚𝟢

  -5 kt⋅s-1 Deceleration on runway in normal weather conditions 

𝑣̇𝖱,𝑚𝟣

  -3 kt⋅s-1 Deceleration on runway in bad weather conditions 

𝑧̇𝖢
  1500 ft⋅min-1 Vertical speed during climb 

𝛾𝖦𝖲
  3 deg Glide slope 

Table 45 – List of parameters that belong to the MCP 𝑎𝑖  agent 

C.6.2 Initial actions and values 

1:  𝑣𝖠𝖳

𝑎𝑖  = 𝒰(𝑙𝑣𝖠𝖳,𝐷
 

𝑎𝑖 , 𝑢𝑣𝖠𝖳,𝐷
 

𝑎𝑖 ) 

2:  𝑣𝖥𝖠

𝑎𝑖  = 𝒰(𝑙𝑣𝖥𝖠,𝐷
 

𝑎𝑖 , 𝑢𝑣𝖥𝖠,𝐷
 

𝑎𝑖 ) 

3:  𝐷 
𝑎𝑖  * 

4:  𝑆 
𝑎𝑖  * 

5:  𝑊 
𝑎𝑖 * 

6:  𝑘 
𝑎𝑖  = 1 

7:  𝑥 
𝑎𝑖 = 𝑥𝟢

𝑎𝑖 * 

8:  𝑦 
𝑎𝑖 = 𝑦𝟢

𝑎𝑖 * 

9:  𝑧 
𝑎𝑖 = 𝑧𝟢

𝑎𝑖 * 

10:  𝑣𝖨𝖠𝖲

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝟢

𝑎𝑖  * 

11:  𝜓 
𝑎𝑖  = 𝜓𝟢

𝑎𝑖  * 

12:  𝑣̇ 
𝑎𝑖  = 0 

13:  𝜓̇ 
𝑎𝑖  = 0 

14:  𝑧̇ 
𝑎𝑖 = 0 

15:  𝛾 
𝑎𝑖  = 0 

16:  𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖨𝖠𝖲

𝑎𝑖  

17:  𝑧𝖲

𝑎𝑖 = 𝑧 
𝑎𝑖 

* defined by feeder agent in event ℰ𝖠𝖦,𝑆
  (appendix C.5.5.2) 

Action 9 – Initial actions and values of MCP 𝑎𝑖  
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C.6.3 Functions 

C.6.3.1 Return vertical speed for a given altitude layer and aircraft type 

 

  𝑧̇𝐷𝟣

𝑧  𝑧̇𝐷𝟤

𝑧    𝑧̇𝐷𝟣

𝑧  𝑧̇𝐷𝟤

𝑧   

 FL000 754 803  FL140 1987 2048  

 FL005 769 822  FL160 2040 2093  

 FL010 813 880  FL180 2091 2137  

 FL015 782 1006  FL200 2143 2180  

 FL020 943 1029  FL220 2193 2223  

 FL030 1001 1177  FL240 2243 2264  

 FL040 1020 1206  FL260 2291 2305  

 FL060 1327 1318  FL280 2338 2344  

 FL080 1371 1359  FL290 2360 2363  

 FL100 1882 1958  FL310 3359 2399  

 FL120 1935 2003      

       Table 46 – Vertical speed profiles (BADA) for 𝐷𝟣 and 𝐷𝟤 in [ft∙min-1] during descent 

 

Function ℱ𝑧̇(𝐷̆, 𝑧̆) 

Argument State space Unit Description 

𝐷̆ 𝔻 - Type of aircraft to return the BADA vertical speed value for 

𝑧̆ ℝ+ ft Specific altitude layer to return the BADA vertical speed data for 

Variable State space Unit Description 

𝑧̆̇ ℝ+ ft·min-1 Assigned BADA vertical speed value 

Parameter State space Unit Description 

𝑧̇𝐷
𝑧  ℝ>0 ft·min-1 

BADA vertical speed value parameters corresponding to the given 𝐷̆ and 𝑧̆, 

see table 46. 

1:  if (𝐷̆ == 𝐷𝟣) then 

2:   if (0 ≤ 𝑧̆ < 500) then 

3:   ̆  𝑧̆̇ = 𝑧̇𝐷𝟣

𝖥𝖫𝟢𝟢𝟢 + (𝑧̆ – 0) · (𝑧̇𝐷𝟣

𝖥𝖫𝟢𝟢𝟧 – 𝑧̇𝐷𝟣

𝖥𝖫𝟢𝟢𝟢) / (500 – 0) 

4:   else if (500 ≤ 𝑧̆ < 1000) then 

5:   𝑧̆̇ = 𝑧̇𝐷𝟣

𝖥𝖫𝟢𝟢𝟧 + (𝑧̆ – 500) · (𝑧̇𝐷𝟣

𝖥𝖫𝟢𝟣𝟢 – 𝑧̇𝐷𝟣

𝖥𝖫𝟢𝟢𝟧) / (1000 – 500) 

6:   continue likewise 

7:   else if (31000 ≤ 𝑧̆) then 

8:   𝑧̆̇ = 𝑧̇𝐷𝟣

𝖥𝖫𝟥𝟣𝟢 

9:   end if 

10:  else if (𝐷̆ == 𝐷𝟤) then 

11:   if (0 ≤ 𝑧̆ < 500) then 

12:   𝑧̆̇ = 𝑧̇𝐷𝟤

𝖥𝖫𝟢𝟢𝟢 + (𝑧̆ – 0) · (𝑧̇𝐷𝟤

𝖥𝖫𝟢𝟢𝟧 – 𝑧̇𝐷𝟤

𝖥𝖫𝟢𝟢𝟢) / (500 – 0) 

13:   else if (500 ≤ 𝑧̆ < 1000) then 

14:   𝑧̆̇ = 𝑧̇𝐷𝟤

𝖥𝖫𝟢𝟢𝟧 + (𝑧̆ – 500) · (𝑧̇𝐷𝟤

𝖥𝖫𝟢𝟣𝟢 – 𝑧̇𝐷𝟤

𝖥𝖫𝟢𝟢𝟧) / (1000 – 500) 

15:   continue likewise 

16:   else if (31000 ≤ 𝑧̆) then 

17:   𝑧̆̇ = 𝑧̇𝐷𝟤

𝖥𝖫𝟥𝟣𝟢 

18:   end if 

19:  end if 

20:  return: 𝑧̆̇ 

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 𝒂𝒊 relative to the multiple significant points 

Function 25 models the ‘continuous’ updating process of the situation awareness of the MCP 𝑎𝑖 agent about the 

position and orientation of 𝑎𝑖 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).  

 

Function ℱ𝑤𝖯
() 

1:  Obtain the required data of 𝑤𝑆,𝑘 that corresponds to 𝑎𝑖 

2:  Update the position and orientation of 𝑎𝑖 relative to: 𝑤𝑆,𝑘, 𝑤𝑆,𝐻,𝖨, 𝑤𝑆,𝐻,𝖮, 𝑤𝖨𝖥, 𝑤𝖳𝖧𝖱, 𝑤𝖧𝖲𝖳𝟣 and 𝑤𝖧𝖲𝖳𝟤 

3:  Update the approach angle of 𝑎𝑖 relative to 𝑤𝖳𝖧𝖱  

Function 25 – Updating process of the situation awareness of the MCP 𝑎𝑖  agent about the position and orientation of 𝑎𝑖  relative to the multiple 
significant points 

 

Obtain the required data of 𝑤𝑆,𝑘 that corresponds to 𝑎𝑖 

1:  𝑥𝑤𝑆,𝑘

𝑎𝑖  = *   

2:  𝑦𝑤𝑆,𝑘

𝑎𝑖  = *   

3:  𝜓𝑤𝑆,𝑘

𝑎𝑖  = *   

4:  𝜓𝑤𝑆,𝑘+1

𝑎𝑖  = *   

*obtain data in appendix C.3.2 

 

Update the position and orientation of 𝑎𝑖 relative to 𝑤𝑆,𝑘 

1:  𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝑆,𝑘

𝑎𝑖  – 𝑦 
𝑎𝑖, 𝑥𝑤𝑆,𝑘

𝑎𝑖  – 𝑥 
𝑎𝑖)) 

2:  𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖  = ℱ𝜓
𝖠
(𝜓 

𝑎𝑖, 𝑥 
𝑎𝑖, 𝑦 

𝑎𝑖, 𝑥𝑤𝑆,𝑘

𝑎𝑖 , 𝑦𝑤𝑆,𝑘

𝑎𝑖 , 𝑟𝖳) 

3:  𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖  = ℱ𝑑(𝜓 
𝑎𝑖 , 𝑥 

𝑎𝑖, 𝑦 
𝑎𝑖, 𝑥𝑤𝑆,𝑘

𝑎𝑖 , 𝑦𝑤𝑆,𝑘

𝑎𝑖 , 𝑟𝖳) 

4:  𝜃𝑤𝑆,𝑘+1

𝑎𝑖  = ℱ𝜃(𝜓 
𝑎𝑖, 𝜓𝑤𝑆,𝑘+1

𝑎𝑖 ) 

5:  𝑑𝑤𝖳𝖯,𝑤𝑆,𝑘

𝑎𝑖  = 𝑟𝖳 ⋅ tan(½|𝜃𝑤𝑆,𝑘+1

𝑎𝑖 |) 

 

𝑑𝑤𝖳𝖯,𝑤𝑆,𝑘

𝑎𝑖  

𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖  

𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖  

𝜃𝑤𝑆,𝑘+1

𝑎𝑖  𝜓 
𝑎𝑖  

𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖  (𝑥 
𝑎𝑖, 𝑦 

𝑎𝑖) 

(𝑥𝑤𝑆,𝑘

𝑎𝑖 , 𝑦𝑤𝑆,𝑘

𝑎𝑖 ) 

𝑎𝑖 

𝑟𝖳 

𝑤𝑆,𝑘−1 

𝑤𝑆,𝑘+1 

𝑤𝑆,𝑘 
𝜓𝑤𝑆,𝑘

𝑎𝑖  

𝜓𝑤𝑆,𝑘+1

𝑎𝑖  

Figure 115 – Visualization of the variables that are used to define the position and orientation of 𝑎𝑖  relative to 𝑤𝑆,𝑘 

(𝑥 
𝑎𝑖 , 𝑦 

𝑎𝑖) 

(𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖 , 𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖 ) 

(𝑥𝑤𝑆,𝐻,𝖮

𝑎𝑖 , 𝑦𝑤𝑆,𝐻,𝖮

𝑎𝑖 ) 

𝑑𝖣,𝑤𝑆,𝐻,𝖮

𝑎𝑖  

𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  

𝜓𝖣,𝑤𝑆,𝐻,𝖮

𝑎𝑖  

𝜓𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  𝜓𝑤𝑆,𝐻,𝖨

𝑎𝑖  

𝜓𝑤𝑆,𝐻,𝖮

𝑎𝑖  

Figure 116 – Visualization of the variables that are used to define the position of 𝑎𝑖  relative to 𝑤𝑆,𝐻,𝘐 and 𝑤𝑆,𝐻,𝘖 
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Update the position of 𝑎𝑖 relative to 𝑤𝑆,𝐻,𝖨 and 𝑤𝑆,𝐻,𝖮  

1:  𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  = √((𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖  – 𝑥 
𝑎𝑖)² + (𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖  – 𝑦 
𝑎𝑖)²) 

2:  𝜓𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖  – 𝑦 
𝑎𝑖, 𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖  – 𝑥 
𝑎𝑖)) 

3:  𝑑𝖣,𝑤𝑆,𝐻,𝖮

𝑎𝑖  = √((𝑥𝑤𝑆,𝐻,𝖮

𝑎𝑖  – 𝑥 
𝑎𝑖)² + (𝑦𝑤𝑆,𝐻,𝖮

𝑎𝑖  – 𝑦 
𝑎𝑖)²) 

4:  𝜓𝖣,𝑤𝑆,𝐻,𝖮

𝑎𝑖  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝑆,𝐻,𝖮

𝑎𝑖  – 𝑦 
𝑎𝑖, 𝑥𝑤𝑆,𝐻,𝖮

𝑎𝑖  – 𝑥 
𝑎𝑖)) 

 

Update the position and orientation of 𝑎𝑖 relative to 𝑤𝖨𝖥 

1:  𝜓𝖣,𝑤𝖨𝖥

𝑎𝑖  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝖨𝖥

  – 𝑦 
𝑎𝑖, 𝑥𝑤𝖨𝖥

  – 𝑥 
𝑎𝑖)) 

2:  𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖  = ℱ𝜓
𝖠
(𝜓 

𝑎𝑖 , 𝑥 
𝑎𝑖, 𝑦 

𝑎𝑖, 𝑥𝑤𝖨𝖥

 , 𝑦𝑤𝖨𝖥

 , 𝑟𝖳) 

3:  𝑑𝖠,𝑤𝖨𝖥

𝑎𝑖  = ℱ𝑑(𝜓 
𝑎𝑖 , 𝑥 

𝑎𝑖, 𝑦 
𝑎𝑖, 𝑥𝑤𝖨𝖥

 , 𝑦𝑤𝖨𝖥

 , 𝑟𝖳) 

4:  𝜃𝑤𝖨𝖥

𝑎𝑖  = ℱ𝜃(𝜓 
𝑎𝑖 , 𝜓𝑤𝖳𝖧𝖱

 ) 

5:  𝑑𝑤𝖳𝖯,𝑤𝖨𝖥

𝑎𝑖 = 𝑟𝖳 ⋅ tan(½|𝜃𝑤𝖨𝖥

𝑎𝑖 |) 

 

Update the position and orientation of 𝑎𝑖 relative to 𝑤𝖳𝖧𝖱, 𝑤𝖧𝖲𝖳𝟣 and 𝑤𝖧𝖲𝖳𝟤 

1:  𝜓𝖣,𝑤𝖳𝖧𝖱

𝑎𝑖  = 𝒞𝖣𝖤𝖦
𝖱𝖠𝖣(atan2(𝑦𝑤𝖳𝖧𝖱

  – 𝑦 
𝑎𝑖, 𝑥𝑤𝖳𝖧𝖱

  – 𝑥 
𝑎𝑖)) 

2:  𝑑𝖣,𝑤𝖳𝖧𝖱

𝑎𝑖  = √((𝑥𝑤𝖳𝖧𝖱

  – 𝑥 
𝑎𝑖)² + (𝑦𝑤𝖳𝖧𝖱

  – 𝑦 
𝑎𝑖)²) 

3:  𝑑𝖣,𝑤𝖧𝖲𝖳𝟣

𝑎𝑖  = √((𝑥𝑤𝖧𝖲𝖳𝟣

  – 𝑥 
𝑎𝑖)² + (𝑦𝑤𝖧𝖲𝖳𝟣

  – 𝑦 
𝑎𝑖)²) 

4:  𝑑𝖣,𝑤𝖧𝖲𝖳𝟤

𝑎𝑖  = √((𝑥𝑤𝖧𝖲𝖳𝟤

  – 𝑥 
𝑎𝑖)² + (𝑦𝑤𝖧𝖲𝖳𝟤

  – 𝑦 
𝑎𝑖)²) 

 

Update the approach angle of 𝑎𝑖 relative to 𝑤𝖳𝖧𝖱 

Parameter Value Unit Description 

𝑓𝖥𝖳
𝖭𝖬 6076.11545 - [NM] to [ft] conversion factor 

1:  𝛾𝖠𝖯𝖯

𝑎𝑖  = tan(𝑧 
𝑎𝑖 / (𝑑𝖣,𝑤𝖳𝖧𝖱

𝑎𝑖  ⋅ 𝑓𝖥𝖳
𝖭𝖬)) ⋅ 180 / 𝜋 

 

 

 

 

 

 

 
𝛾𝖠𝖯𝖯

𝑎𝑖  

𝛾𝖦𝖲
  

𝛾 
𝑎𝑖  

 

𝑤𝖳𝖧𝖱 

𝑑𝖣,𝑤𝖳𝖧𝖱

𝑎𝑖  

𝑧 
𝑎𝑖 

𝑎𝑖 

 

Figure 119 – Visualization of the variables that are used to define the vertical orientation of 𝑎𝑖  relative to 𝑤𝘛𝘏𝘙 

𝜓 
𝑎𝑖 

𝜓𝖣,𝑤𝖨𝖥

𝑎𝑖  

𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖  

𝑑𝑤𝖳𝖯,𝑤𝖨𝖥

𝑎𝑖  

𝜃𝑤𝖨𝖥

𝑎𝑖  (𝑥 
𝑎𝑖, 𝑦 

𝑎𝑖) 
(𝑥𝑤𝖨𝖥

 , 𝑦𝑤𝖨𝖥

 ) 

𝑤𝖳𝖧𝖱 

𝑤𝖨𝖥 𝜓𝑤𝖳𝖧𝖱

  

𝑎𝑖 

Figure 117 – Visualization of the variables that are used to define the position and orientation of 𝑎𝑖  relative to 𝑤𝘐𝘍 

𝑑𝖠,𝑤𝖨𝖥

𝑎𝑖  

𝜓𝖣,𝑤𝖳𝖧𝖱

𝑎𝑖  

𝑤𝖳𝖧𝖱 
𝑤𝖧𝖲𝖳𝟣 

𝑤𝖧𝖲𝖳𝟤 

𝜓𝑤𝖳𝖧𝖱

  

(𝑥 
𝑎𝑖, 𝑦 

𝑎𝑖) 

(𝑥𝑤𝖳𝖧𝖱

 , 𝑦𝑤𝖳𝖧𝖱

 ) 
(𝑥𝑤𝖧𝖲𝖳𝟣

 , 𝑦𝑤𝖧𝖲𝖳𝟣

 ) 
(𝑥𝑤𝖧𝖲𝖳𝟤

 , 𝑦𝑤𝖧𝖲𝖳𝟤

 ) 

𝑑𝖣,𝑤𝖳𝖧𝖱

𝑎𝑖  𝑑𝖣,𝑤𝖧𝖲𝖳𝟣

𝑎𝑖  𝑑𝖣,𝑤𝖧𝖲𝖳𝟤

𝑎𝑖  

𝑎𝑖 

 

Figure 118 – Visualization of the variables that are used to define the position and orientation of 𝑎𝑖  relative to 𝑤𝘛𝘏𝘙, 𝑤𝘏𝘚𝘛𝟣 and 𝑤𝘏𝘚𝘛𝟤 
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C.6.3.3 Updating the waypoint number 𝒌𝒂𝒊 

Multiple modelling elements within the MCP 𝑎𝑖 agent (i.e. transitions, states, functions) require the agent to update 

its current waypoint number 𝑘 
𝑎𝑖 . This is generally the case when the aircraft has passed the turn point 𝑤𝖳𝖯 of waypoint 

𝑤𝑆,𝑘. Function 26 models this simple updating process.  

 

Function ℱ𝑘() 

1:  if (𝑘 
𝑎𝑖  ≠ 𝐾 

𝑎𝑖 – 1) then //i.e. if 𝑎𝑖  is not yet approaching 𝑤𝑆,𝖨𝖠𝖥 

2:   𝑘 
𝑎𝑖++ 

3:   𝑘 
𝑎𝑖 ,𝑐++ 

4:  end if 

Function 26 – Update the waypoint number of the aircraft 

C.6.4 Statecharts 

The functionalities of the MCP 𝑎𝑖 agent are modelled with the following five statecharts: 

• ⌊Speed control⌋[MCP 𝑎𝑖] (appendix C.6.4.1) 

• ⌊Altitude control⌋[MCP 𝑎𝑖] (appendix C.6.4.2) 

• ⌊Heading control⌋[MCP 𝑎𝑖] (appendix C.6.4.3) 

• ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] (appendix C.6.4.4) 

• ⌊Glide slope interception⌋[MCP 𝑎𝑖] (appendix C.6.4.5) 

All five statecharts monitor a certain condition or (operational) state of 𝑎𝑖. The resulting actions of these five 

statecharts will eventually shape the three-dimensional trajectory of 𝑎𝑖 in the simulation environment.  

C.6.4.1 Speed control 

The ⌊Speed control⌋[MCP 𝑎𝑖] statechart (figure 120) models the automated speed control functionality of the aircraft’s 

autopilot system, as controlled by the MCP 𝑎𝑖 agent.  
 

〈constant speed⟩ 

Indicates that 𝑎𝑖 is flying with a constant indicated airspeed. 
 

〈decelerating⟩ 

Indicates that 𝑎𝑖 is decelerating. 
 

〈accelerating⟩ 

Indicates that 𝑎𝑖 is accelerating. 
 

Transition t₁ - t₄ 

All condition triggered: 

Transition Condition   

t₁ 𝑣𝖨𝖠𝖲

𝑎𝑖  ≥ 𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  + 𝑣𝖨𝖠𝖲,𝜀
    

t₂ 𝑣𝖨𝖠𝖲

𝑎𝑖  ≤ 𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖    

t₃ 𝑣𝖨𝖠𝖲

𝑎𝑖  ≤ 𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  – 𝑣𝖨𝖠𝖲,𝜀
    

t₄ 𝑣𝖨𝖠𝖲

𝑎𝑖  ≥ 𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖    

 

C.6.4.2 Altitude control 

The ⌊Altitude control⌋[MCP 𝑎𝑖] statechart (figure 121) models the automated altitude control functionality of the 

aircraft’s autopilot system, as controlled by the MCP 𝑎𝑖 agent.  
 

〈level flight⟩ 

Indicates that 𝑎𝑖 is flying at a constant altitude. 
 

Speed control 

t₁ t₂ t₃ t₄ 

constant speed 

decelerating accelerating 

Figure 120 – ⌊Speed control⌋[MCP 𝑎𝑖] 
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〈descending⟩ 

Indicates that 𝑎𝑖 is descending. 
 

〈climbing⟩ 

Indicates that 𝑎𝑖 is climbing. 
 

Transition t₁ - t₄ 

All condition triggered: 

Transition Condition   

t₁ 𝑧 
𝑎𝑖 ≥ 𝑧𝖲

𝑎𝑖 + 𝑧𝜀
    

t₂ 𝑧 
𝑎𝑖 ≤ 𝑧𝖲

𝑎𝑖   

t₃ 𝑧 
𝑎𝑖 ≤ 𝑧𝖲

𝑎𝑖 – 𝑧𝜀
    

t₄ 𝑧 
𝑎𝑖 ≥ 𝑧𝖲

𝑎𝑖   

 

C.6.4.3 Heading control 

The ⌊Heading control⌋[MCP 𝑎𝑖] statechart (figure 122) models the automated heading control functionality of the 

aircraft’s autopilot system, as controlled by the MCP 𝑎𝑖 agent.  
 

〈straight flight⟩  

Indicates that 𝑎𝑖 is flying a straight trajectory. 
 

〈turning flight⟩ 

Indicates that 𝑎𝑖 is no longer flying a straight trajectory.  
 

〈turning right⟩ 

Indicates that 𝑎𝑖 is performing a turning movement towards the right. 
 

〈turning left⟩ 

Indicates that 𝑎𝑖 is performing a turning movement towards the left. 
 

Transition t₁ 

Triggered in t₁, t₃, t₆ and t₇ of ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖], 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 
𝑎𝑖⌋[flight crew 𝑎𝑖], and in 〈vacate 

runway⟩⌊SA operation⌋[𝑎𝑖, 𝑐] 
 

Transition t₂ 

This transition is applicable in situations where the MCP 𝑎𝑖 agent receives a command to turn to a point or heading 

while 𝑎𝑖 is already turning towards a specific point or heading. Transition t₂ therefore leaves the composite state and 

re-enters it in order to re-evaluate the conditions of t₃ and t₄, 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 
𝑎𝑖⌋[flight crew 𝑎𝑖] 

 

 

 

 

 

 

 

 

 

Figure 122 – ⌊Heading control⌋[MCP 𝑎𝑖] 

turning right 

Heading control 

turning left 

straight flight 

t₂ t₁ 

t₃ 

t₄ 

t₅ 

t₆ 

t₇ 

 

t₈ 

b₂ 

 

b₁ 

 

turning flight 

Altitude control 

level flight 

climbing descending 

t₁ t₂ t₃ t₄ 

Figure 121 – ⌊Altitude control⌋[MCP 𝑎𝑖] 

Figure 123 – Two different types of turns with the same logic about what direction to turn to and when to stop turning 

             (a) Turning movement towards a point                         (b) Turning movement towards a radial 

𝜓
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𝘈,𝘚
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Transition t₃ - t₆ 

All condition triggered: 

Transition Condition   

t₃ ℱ𝜃(𝜓 
𝑎𝑖, 𝜓𝖣,𝖲

𝑎𝑖 ) ≥ 0   

t₄ ℱ𝜃(𝜓 
𝑎𝑖, 𝜓𝖣,𝖲

𝑎𝑖 ) < 0   

t₅ ℱ𝜃(𝜓 
𝑎𝑖 ,𝜓𝖠,𝖲

𝑎𝑖 ) ≤ 0   

t₆ ℱ𝜃(𝜓 
𝑎𝑖, 𝜓𝖠,𝖲

𝑎𝑖 ) ≥ 0   
 

Transition t₇ 

Related to turns that should end at a specific radial. 

• Condition: 〈vector outbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector outbound trombone⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 

〈vector outbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector outbound merge⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vacate runway⟩⌊SA 

operation⌋[𝑎𝑖, 𝑐]   

• Action: 

1:  𝜓 
𝑎𝑖  = 𝜓𝖠,𝖲

𝑎𝑖  

 

Transition t₈ 

Related to turns that should end at a specific point in space 

• Condition: 〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound merge⟩⌊SA 

operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound trombone⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨  

〈holding⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈intermediate approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐] 

• Action: 

1:  𝜓 
𝑎𝑖  = 𝒞𝖣𝖤𝖦

𝖱𝖠𝖣(atan2(𝑦𝖲

𝑎𝑖 – 𝑦 
𝑎𝑖, 𝑥𝖲

𝑎𝑖 – 𝑥 
𝑎𝑖)) 

C.6.4.4 Interception of fly-by waypoints 

The ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] statechart (figure 124) models the interception of fly-by waypoints by 

the MCP 𝑎𝑖 agent using its turn anticipation capacities.  
 

〈check for waypoint interception⟩ 

Represents the state of the MCP 𝑎𝑖 agent in which it is 

continuously monitoring the position of 𝑎𝑖 relative to 𝑤𝑆,𝑘 and 𝑤𝖨𝖥 

to define when it should intercept the respective fly-by waypoint.  

 
The ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] statechart contains seven condition triggered transitions, where each 

transition is related to a specific operational state and position of 𝑎𝑖. The fly-by waypoint will be intercepted by the 

MCP 𝑎𝑖 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 𝑎𝑖 agent will initiate a turning movement to intercept the fly-by waypoint once 𝑑̆𝖠,𝑤
𝑎𝑖  < 

𝑑̆𝑤𝖳𝖯,𝑤
𝑎𝑖  

 

 

 

 

Variable State space Unit Description 

𝑑̆𝖠,𝑤
𝑎𝑖  ℝ+ NM Distance (“tangent”) between 𝑎𝑖 and 𝑤 

𝑑̆𝑤𝖳𝖯,𝑤
𝑎𝑖  ℝ+ NM Distance from 𝑤 to start intercepting 𝑤 

𝜃̆𝑤𝖳𝖯

𝑎𝑖  [-𝜋, 𝜋] rad Angle between 𝜓̆ 
𝑎𝑖  and 𝜓̆𝖦 

𝜓̆ 
𝑎𝑖  〈0, 360] deg Heading direction with respect to magnetic north 

𝜓̆𝖦 〈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 

Interception of fly-by waypoints 

check for waypoint interception 

t₁ t₂ t₃ t₄ t₅ t₆ t₇ 

Figure 124 – ⌊Interception of fly-by waypoints⌋[MCP 𝑎𝑖] 
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Transition t₁ 

Represents the situation where 𝑎𝑖 is approaching 𝑤𝑆,𝑘, where |𝜃𝑤𝑆,𝑘+1

𝑎𝑖 |> 0 

• Condition: 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖] ꓥ (〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound 

trombone⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound merge⟩⌊SA 

operation⌋[𝑎𝑖, 𝑐]) ꓥ (𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖  ≤ 𝑑𝑤𝖳𝖯,𝑤𝑆,𝑘

𝑎𝑖 ) ꓥ (𝑘 
𝑎𝑖  ≠ 𝐾 

𝑎𝑖 – 1) 

• Action:  

1:  ℱ𝑘() 

2:  ℱ𝑤𝖯
() 

3:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝑤𝑆,𝑘

𝑎𝑖  

4:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖  

5:  𝑥𝖲

𝑎𝑖 = 𝑥𝑤𝑆,𝑘

𝑎𝑖  

6:  𝑦𝖲

𝑎𝑖 = 𝑦𝑤𝑆,𝑘

𝑎𝑖  

7:  Trigger t₁ of ⌊Heading control⌋[MCP 𝑎𝑖] and t₇, t₈ and t₂₅ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 

 

Transition t₂ 

Represents the situation where 𝑎𝑖 is approaching 𝑤𝑆,𝑘, where |𝜃𝑤𝑆,𝑘+1

𝑎𝑖 |≈ 0 

• Condition: 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖] ꓥ (〈STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound 

trombone⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ∨ 〈vector inbound merge⟩⌊SA 

operation⌋[𝑎𝑖, 𝑐]) ꓥ (|𝜃𝑤𝑆,𝑘+1

𝑎𝑖 | < 𝜓̇Δ𝑡
𝑎𝑖) ꓥ (𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖  ≤ 𝑑Δ𝑡
𝑎𝑖 ) ꓥ (𝑘 

𝑎𝑖  ≠ 𝐾 
𝑎𝑖 – 1) 

• Action:  

1:  ℱ𝑘() 

2:  ℱ𝑤𝖯
() 

3:  Trigger t₇, t₈ and t₂₅ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 

4:  𝜓 
𝑎𝑖  = 𝒞𝖣𝖤𝖦

𝖱𝖠𝖣(atan2(𝑦𝑤𝑆,𝑘

𝑎𝑖  – 𝑦 
𝑎𝑖, 𝑥𝑤𝑆,𝑘

𝑎𝑖  – 𝑥 
𝑎𝑖)) 

 

Transition t₃ 

Represents the situation where 𝑎𝑖 is approaching 𝑤𝖨𝖥, where |𝜃𝑤𝖨𝖥

𝑎𝑖 |> 0 

• Condition: 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖] ꓥ 〈vector inbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ (𝑑𝖠,𝑤𝖨𝖥

𝑎𝑖  ≤ 𝑑𝑤𝖳𝖯,𝑤𝖨𝖥

𝑎𝑖 ) 

• Action: 

1:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝑤𝖳𝖧𝖱

  

2:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝑤𝖳𝖧𝖱

𝑎𝑖  

3:  𝑥𝖲

𝑎𝑖 = 𝑥𝑤𝖳𝖧𝖱

  

4:  𝑦𝖲

𝑎𝑖 = 𝑦𝑤𝖳𝖧𝖱

  

5:  Trigger t₁ of ⌊Heading control⌋[MCP 𝑎𝑖] and t₂₁ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 
 

Transition t₄ 

𝜃̆𝑤𝖳𝖯

𝑎𝑖  

𝜃̆𝑤𝖳𝖯

𝑎𝑖  
½𝜃̆𝑤𝖳𝖯

𝑎𝑖  

 

𝑤𝖳𝖯 

𝑑̆𝑤𝖳𝖯,𝑤
𝑎𝑖 = 𝑟𝖳

 ⋅ tan(½|𝜃̆𝑤𝖳𝖯

𝑎𝑖 |) 

 

𝑑̆𝖠,𝑤
𝑎𝑖  

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 
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Represents the situation where 𝑎𝑖 is approaching 𝑤𝖨𝖥, where |𝜃𝑤𝖨𝖥

𝑎𝑖 |≈ 0 

• Condition: 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖] ꓥ 〈vector inbound IF⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ (|𝜃𝑤𝖨𝖥

𝑎𝑖 | < 𝜓̇Δ𝑡
𝑎𝑖) ꓥ 

(𝑑𝖠,𝑤𝖨𝖥

𝑎𝑖 ≤ 𝑑Δ𝑡
𝑎𝑖 ) 

• Action: 

1:  Trigger t₂₁ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 

2:  𝜓 
𝑎𝑖  = 𝒞𝖣𝖤𝖦

𝖱𝖠𝖣(atan2(𝑦𝑤𝖨𝖥

  – 𝑦 
𝑎𝑖, 𝑥𝑤𝖨𝖥

  – 𝑥 
𝑎𝑖)) 

 

Transition t₅ 

Represents the situation where 𝑎𝑖 is approaching 𝑤𝑆,𝖨𝖠𝖥 

• Condition: 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖] ꓥ 〈vector inbound STAR⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ (𝑑𝖠,𝑤𝑆,𝑘

𝑎𝑖  ≤ 

𝑑𝑤𝖳𝖯,𝑤𝑆,𝑘

𝑎𝑖 ) ꓥ (𝑘 
𝑎𝑖  == 𝐾 

𝑎𝑖 – 1) 

• Action: 

1:  Trigger t₈ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 

 
Transition t₆ 

Represents the situation where 𝑎𝑖 is approaching 𝑤𝑆,𝐻,𝖨 

• Condition: 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖] ꓥ 〈holding inbound⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ (𝑑𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  ≤ 𝑑Δ𝑡
𝑎𝑖 ) 

• Action: 

1:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝑤𝑆,𝐻,𝖮

𝑎𝑖  

2:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝐻,𝖮

𝑎𝑖  

3:  𝑥𝖲

𝑎𝑖 = 𝑥𝑤𝑆,𝐻,𝖮

𝑎𝑖  

4:  𝑦𝖲

𝑎𝑖 = 𝑦𝑤𝑆,𝐻,𝖮

𝑎𝑖  

5:  Trigger t₁ of ⌊Heading control⌋[MCP 𝑎𝑖] and t₃ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 

 

Transition t₇ 

Represents the situation where 𝑎𝑖 is approaching 𝑤𝑆,𝐻,𝖮 

• Condition: 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖] ꓥ 〈holding outbound⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ (𝑑𝖣,𝑤𝑆,𝐻,𝖮

𝑎𝑖 ≤ 𝑑Δ𝑡
𝑎𝑖 ) 

• Action: 

1:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝑤𝑆,𝐻,𝖨

𝑎𝑖  

2:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  

3:  𝑥𝖲

𝑎𝑖 = 𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖  

4:  𝑦𝖲

𝑎𝑖 = 𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖  

5:  Trigger t₁ of ⌊Heading control⌋[MCP 𝑎𝑖] and t₄ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 

 

C.6.4.5 Glide slope interception 

The ⌊Glide slope interception⌋[MCP 𝑎𝑖] statechart (figure 126) models the situation awareness of the MCP 𝑎𝑖 agent 

about 𝑎𝑖 having intercepted the glideslope of runway 16L at Rome Fiumicino. This situation awareness is therefore 

also used to mark the transition of 𝑎𝑖 from the intermediate approach to the final approach. The MCP 𝑎𝑖 agent will 

initiate a descent when it detects that 𝑎𝑖 is intercepting the glideslope.  
 

〈glide slide not intercepted⟩ 

Initial state that has only a functional meaning when 𝑎𝑖 is flying the 

intermediate approach, generally in a level flight condition. The state 

indicates that 𝑎𝑖 is approaching the FAP, after which it will start 

descending.  
 

〈glide slide intercepted⟩ 

Indicates that 𝑎𝑖 is currently intercepting, or has already intercepted the 

glide slope. This means that 𝑎𝑖 has passed the FAP and that it is currently 

glide slope not intercepted 

glide slope intercepted 

Glide slope interception 

t₁ 

Figure 126 – ⌊Glide slope interception⌋[MCP 𝑎𝑖] 
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on final approach in a descending state. 

• State entry actions: 

1:  𝑣𝖨𝖠𝖲,𝖲
  = 𝑣𝖠𝖳

   

2:  𝑧𝖲
  = 0  

 

Transition t₁ 

• Condition: 〈intermediate approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 〈straight flight⟩⌊Heading control⌋[MCP 𝑎𝑖] ꓥ 𝛾𝖠𝖯𝖯

𝑎𝑖  ≥ 𝛾𝖦𝖲
   

• Action:  

1:  Trigger t₂₈ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 

C.6.5 Events 

C.6.5.1 Aircraft movement and update of flight performance data 

Event ℰ𝖥𝖯

𝑎𝑖 models the movement of aircraft 𝑎𝑖 in the simulation environment by ‘continuously’ updating the flight 

performance variables of aircraft 𝑎𝑖 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 (Δ𝑡 = 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• First occurrence time: starts immediately upon generation of 𝑎𝑖 

• Recurrence time period: Δ𝑡 

 

Event ℰ𝖥𝖯

𝑎𝑖  

Parameter Value Unit Description 

Δ𝑡 0.1 s Recurrence time period of ℰ𝖥𝖯

𝑎𝑖 

𝑓𝖭𝖬𝖲
𝖥𝖯𝖬 2.74298 ⋅ 10-6 - [ft⋅min-1] to [NM⋅s-1] conversion factor 

𝑓𝖥𝖯𝖬
𝖪𝖳𝖲 101.268592 - [kt⋅s-1] to [ft⋅min-1] conversion factor 

𝑓𝖭𝖬𝖲
𝖪𝖳𝖲 2.77778 ⋅ 10-4 - [kt⋅s-1] to [NM⋅s-1] conversion factor 

1:  𝑣̇ 
𝑎𝑖  = 0 

2:  if (〈decelerating⟩⌊Speed control⌋[MCP 𝑎𝑖] ꓥ ⟨level flight⟩⌊Altitude control⌋[MCP 𝑎𝑖]) then 

3:   𝑣̇ 
𝑎𝑖  = 𝑣̇𝖫,𝐷

𝑎𝑖  

4:  
else if (〈decelerating⟩⌊Speed control⌋[MCP 𝑎𝑖] ꓥ ⟨descending⟩⌊Altitude control⌋[MCP 𝑎𝑖] ꓥ ¬⟨final approach⟩⌊SA 

operation⌋[𝑎𝑖, 𝑐]) then 

5:   𝑣̇ 
𝑎𝑖  = 𝑣̇𝖣,𝐷

𝑎𝑖  

6:  else if (〈accelerating⟩⌊Speed control⌋[MCP 𝑎𝑖] ꓥ ⟨climbing⟩⌊Altitude control⌋[MCP 𝑎𝑖]) then 

7:   𝑣̇ 
𝑎𝑖  = 𝑣̇𝖢,𝐷

𝑎𝑖  

8:  
else if (〈decelerating⟩⌊Speed control⌋[MCP 𝑎𝑖] ꓥ ⟨descending⟩⌊Altitude control⌋[MCP 𝑎𝑖] ꓥ ⟨final approach⟩⌊SA 

operation⌋[𝑎𝑖, 𝑐]) then 

𝛾𝑎𝑖  

𝑣𝖦𝖲

𝑎𝑖  

𝑥 

𝑧 

𝑦 

𝑦̇ 
𝑎𝑖  

𝑥̇ 
𝑎𝑖  

𝑧̇ 
𝑎𝑖  

(𝑥𝑎𝑖 , 𝑦𝑎𝑖, 𝑧𝑎𝑖) 
 

Figure 127 – Specification of the position and the direction of movement of 𝑎𝑖  in the simulation environment 

𝜓 
𝑎𝑖  
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9:   𝑣̇ 
𝑎𝑖  = ((𝑣𝖨𝖠𝖲

𝑎𝑖  – 𝑣𝖠𝖳

𝑎𝑖) / (𝑧 
𝑎𝑖 – 1000) ⋅ 𝑧̇ 

𝑎𝑖 / 60) ⋅ 1.1 

10:  end if 

11:  if (⟨deceleration⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ꓥ 〈normal weather condition⟩⌊Weather condition⌋[Meteo Office]) then  

12:   𝑣̇ 
𝑎𝑖  = 𝑣̇𝖱,𝑚𝟢

  

13:  else if (⟨deceleration⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) ꓥ 〈bad weather condition⟩⌊Weather condition⌋[Meteo Office]) then 

14:   𝑣̇ 
𝑎𝑖  = 𝑣̇𝖱,𝑚𝟣

  

15:  end if 

16:  𝑣𝖳𝖠𝖲

𝑎𝑖  = 𝒞𝖳𝖠𝖲
𝖨𝖠𝖲(𝑣𝖨𝖠𝖲

𝑎𝑖 , 𝑧 
𝑎𝑖) 

17:  𝑣𝖳𝖠𝖲

𝑎𝑖  += 𝑣̇ 
𝑎𝑖  ⋅ Δ𝑡 

18:  𝑣𝖨𝖠𝖲

𝑎𝑖  = 𝒞𝖨𝖠𝖲
𝖳𝖠𝖲(𝑣𝖳𝖠𝖲

𝑎𝑖 , 𝑧 
𝑎𝑖) 

19:  𝑣𝖦𝖲

𝑎𝑖  = ℱ𝑣𝖦𝖲
(𝑧 

𝑎𝑖, 𝑣𝖨𝖠𝖲

𝑎𝑖 , 𝜓 
𝑎𝑖)  

20:  𝑧̇ 
𝑎𝑖 = 0 

21:  if (⟨descending⟩⌊Altitude control⌋[MCP 𝑎𝑖]) then 

22:   𝑧̇ 
𝑎𝑖 = -ℱ𝑧̇(𝐷 

𝑎𝑖, 𝑧 
𝑎𝑖) 

23:  else if (⟨climbing⟩⌊Altitude control⌋[MCP 𝑎𝑖]) then 

24:   𝑧̇ 
𝑎𝑖 = 𝑧̇𝖢

  

25:  end if 

26:  𝛾 
𝑎𝑖  = atan((𝑧̇ 

𝑎𝑖 ⋅ 𝑓𝖭𝖬𝖲
𝖥𝖯𝖬) / (𝑣𝖦𝖲

𝑎𝑖  ⋅ 𝑓𝖭𝖬𝖲
𝖪𝖳𝖲)) ⋅ 180 / 𝜋 

27:  if (⟨final approach⟩⌊SA operation⌋[𝑎𝑖, 𝑐]) then 

28:   𝛾 
𝑎𝑖  = -𝛾𝖠𝖯𝖯

𝑎𝑖  

29:   𝑧̇ 
𝑎𝑖 = 𝑣𝖦𝖲

𝑎𝑖  ⋅ tan(𝛾 
𝑎𝑖  ⋅ 𝜋 / 180) ⋅ 𝑓𝖥𝖯𝖬

𝖪𝖳𝖲  

30:  end if 

31:  𝜓̇ 
𝑎𝑖  = 0 

32:  if (⟨turning flight⟩⌊Heading control⌋[MCP 𝑎𝑖]) then 

33:   𝜓̇ 
𝑎𝑖  = (𝑣𝖦𝖲

𝑎𝑖  / 𝑟𝖳
 ) ⋅ (180 / 𝜋) / 3600  

34:   if (⟨turning right⟩⌊Heading control⌋[MCP 𝑎𝑖]) then 

35:    𝜓 
𝑎𝑖  += 𝜓̇ 

𝑎𝑖  ⋅ Δ𝑡 

36:   else if (⟨turning left⟩⌊Heading control⌋[MCP 𝑎𝑖]) then 

37:    𝜓 
𝑎𝑖  -= 𝜓̇ 

𝑎𝑖  ⋅ Δ𝑡 

38:   end if 

39:   if (𝜓 
𝑎𝑖  > 360) then 

40:    𝜓 
𝑎𝑖  -= 360 

41:   else if (𝜓 
𝑎𝑖 ≤ 0) then 

42:    𝜓 
𝑎𝑖  += 360 

43:   end if 

44:  end if 

45:  𝜓̇Δ𝑡
𝑎𝑖  = |(𝑣𝖦𝖲

𝑎𝑖  / 𝑟𝖳
 ) ⋅ (180 / 𝜋) / 3600 ⋅ Δ𝑡| 

46:  𝑑Δ𝑡
𝑎𝑖  = 𝑣𝖦𝖲

𝑎𝑖  ⋅ Δ𝑡 / 3600  

47:  𝑥 
𝑎𝑖 += 𝑣𝖦𝖲

𝑎𝑖  ⋅ 𝑓𝖭𝖬𝖲
𝖪𝖳𝖲 ⋅ Δ𝑡 ⋅ cos(𝒞𝖱𝖠𝖣

𝖣𝖤𝖦(𝜓 
𝑎𝑖)) 

48:  𝑦 
𝑎𝑖 += 𝑣𝖦𝖲

𝑎𝑖 ⋅ 𝑓𝖭𝖬𝖲
𝖪𝖳𝖲 ⋅ Δ𝑡 ⋅ sin(𝒞𝖱𝖠𝖣

𝖣𝖤𝖦(𝜓 
𝑎𝑖)) 

49:  𝑧 
𝑎𝑖 += 𝑧̇ 

𝑎𝑖 ⋅ Δ𝑡 / 60 

50:  ℱ𝑤𝖯
() 

Action 10 – Updating the performance variables of 𝑎𝑖  that are used to model the three-dimensional movement of 𝑎𝑖  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 
𝑎𝑖 ℂ - Active executive controller agent that is responsible for 𝑎𝑖 

𝐼 
𝑎𝑖 𝕀  - Instruction that is currently instructed by 𝑐 

𝑎𝑖 

𝑡𝖤𝖷𝖤

𝑎𝑖  ℝ+ s Time period required to execute instruction and send read-back to 𝑐 
𝑎𝑖 

𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  ℝ+ kt Instructed indicated airspeed 

𝑥𝗅

𝑎𝑖 ℝ NM 𝑥-position of the point to which the aircraft is instructed to turn  

𝑦𝗅

𝑎𝑖 ℝ NM 𝑦-position of the point to which the aircraft is instructed to turn 

𝑧𝗅

𝑎𝑖 ℝ+ ft Instructed altitude 

𝜓𝖠,𝖨

𝑎𝑖  〈0, 360] deg Instructed heading direction (“tangent”) 

𝜓𝖣,𝖨

𝑎𝑖  〈0, 360] deg Instructed heading direction (“direct”)  

Table 48 – List of variables that belong to the flight crew 𝑎𝑖  agent  

 

Parameter Value Unit Description 

𝑙𝑡𝖤𝖷𝖤
   3.6 s Minimum value of 𝑡𝖤𝖷𝖤

𝑎𝑖  

𝜇𝑡𝖤𝖷𝖤
   1.5 s Mean value of 𝑡𝖤𝖷𝖤

𝑎𝑖  

𝜎𝑡𝖤𝖷𝖤
 
  0.3 s Standard deviation of 𝑡𝖤𝖷𝖤

𝑎𝑖  

Table 49 – List of parameters that belong to the flight crew 𝑎𝑖  agent 

 

C.7.2 Initial actions and values 

1:  𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝟢

𝑎𝑖  * 

2:  𝑧𝗅

𝑎𝑖 = 𝑧𝟢

𝑎𝑖 * 

3:  𝑐 
𝑎𝑖 = 𝑐𝟢

𝑎𝑖 * 

4:  {𝑎𝑖} ∪ 𝔸 

5:  {𝑎𝑖} ∪ 𝔸 
𝑐, where 𝑐 = 𝑐 

𝑎𝑖 

6:  {𝑎𝑖} ∪ 𝔸𝑆, where 𝑆 = 𝑆 
𝑎𝑖  

* defined in appendix C.5.5.2 

Action 11 – Initial actions and values of flight crew 𝑎𝑖  agent 

C.7.3 Statecharts 

C.7.3.1 SA HST 

The ⌊SA HST⌋[flight crew 𝑎𝑖] statechart (figure 128) models the situation awareness of the flight crew 𝑎𝑖 agent about 

the position of 𝑎𝑖 on the runway relative to 𝑤𝖧𝖲𝖳𝟣 and 𝑤𝖧𝖲𝖳𝟤.  
 

〈not passed 𝒘𝗛𝗦𝗧𝟭 and 𝒘𝗛𝗦𝗧𝟮⟩ 

Initial state that has only a useful function after 𝑎𝑖 has landed. At touchdown 𝑎𝑖 is located somewhere near 𝑤𝖳𝖧𝖱. From 

this point 𝑎𝑖 starts decelerating in a direction towards 𝑤𝖧𝖲𝖳𝟣 and 𝑤𝖧𝖲𝖳𝟤. 
 

〈passed 𝒘𝗛𝗦𝗧𝟭⟩ 

Indicates that 𝑎𝑖 has already passed, or is currently passing 𝑤𝖧𝖲𝖳𝟣 but not yet 𝑤𝖧𝖲𝖳𝟤.  

• State entry actions: 

1:  𝜓 
𝑎𝑖  = 𝒞𝖣𝖤𝖦

𝖱𝖠𝖣(atan2(𝑦𝑤𝖧𝖲𝖳𝟤

  – 𝑦 
𝑎𝑖, 𝑥𝑤𝖧𝖲𝖳𝟤

 – 𝑥 
𝑎𝑖)) 

2:  Trigger t₃₃ of ⌊SA operation⌋[𝑎𝑖, 𝑐] 
 

〈passed 𝒘𝗛𝗦𝗧𝟮⟩ 

Indicates that 𝑎𝑖 has already passed, or is currently passing 𝑤𝖧𝖲𝖳𝟤.  

• State entry actions: 

1:  Trigger t₃₃ of ⌊SA operation⌋[𝑎𝑖, 𝑐]   
 

not passed 𝑤𝖧𝖲𝖳𝟣 and 𝑤𝖧𝖲𝖳𝟤 

passed 𝑤𝖧𝖲𝖳𝟣 

passed 𝑤𝖧𝖲𝖳𝟤 

Figure 128 – ⌊SA HST⌋[flight crew 𝑎𝑖]  

SA HST 

t₁ 

t₂ 
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Transition t₁ 

• Condition: 〈touchdown⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 𝑑𝖣,𝑤𝖧𝖲𝖳𝟣

𝑎𝑖  < 𝑑Δ𝑡
𝑎𝑖  / 3600 

 

Transition t₂ 

• Condition: 〈touchdown⟩⌊SA operation⌋[𝑎𝑖, 𝑐] ꓥ 𝑑𝖣,𝑤𝖧𝖲𝖳𝟤

  < 𝑑Δ𝑡
𝑎𝑖  / 3600 

C.7.3.2 Contact with 𝒄 
𝒂𝒊 

The ⌊Contact with 𝑐 
𝑎𝑖⌋[flight crew 𝑎𝑖] statechart (figure 129) models the communication between the flight crew 𝑎𝑖 

agent and 𝑐 
𝑎𝑖 from the pilots’ perspective.  

 

〈no contact⟩ 

Indicates that there is currently no active communication between the flight crew 𝑎𝑖 and 𝑐 
𝑎𝑖. 

 

〈in contact⟩ 

Indicates that 𝑐 
𝑎𝑖 has successfully made contact with the flight crew 𝑎𝑖. The pilots are within the 〈in contact⟩ state 

either receiving 𝐼 
𝑎𝑖 or executing and reading back 𝐼 

𝑎𝑖. 
 

〈receiving instruction⟩ 

Represents the time period in which the flight crew 𝑎𝑖 is receiving the incoming 𝐼 
𝑎𝑖 from 𝑐 

𝑎𝑖. 
 

〈execution and read-back⟩ 

Represents the time period in which the flight crew 𝑎𝑖 executes and reads-back the received 𝐼 
𝑎𝑖 from 𝑐 

𝑎𝑖. 

 

All the remaining descriptions of the ⌊Contact with 𝑐 
𝑎𝑖⌋[flight crew 𝑎𝑖] states formalise the specific actions of the flight 

crew 𝑎𝑖 agent upon reception of instruction 𝐼 
𝑎𝑖 from 𝑐 

𝑎𝑖. Most of these actions are related to setting one of the 

functionalities of the MCP 𝑎𝑖 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 t₃ of ⌊Contact with flight crew 𝑎𝑖⌋[𝑐 
𝑎𝑖] 

 

〈STAR speed and/or altitude instruction⟩ 

• State entry actions:  

1:  𝑧𝖲

𝑎𝑖 = 𝑧𝗅

𝑎𝑖 

2:  𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  
 

〈vector outbound STAR instruction⟩ 

• State entry actions: 

1:  𝑧𝖲

𝑎𝑖 = 𝑧𝗅

𝑎𝑖 

2:  𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  

3:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝖨

𝑎𝑖  

4:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝖠,𝖨

𝑎𝑖  

5:  Trigger t₁ and t₂ of ⌊Heading control⌋[MCP 𝑎𝑖] 
 

〈vector inbound STAR instruction⟩ 

• State entry actions: 

1:  𝑧𝖲

𝑎𝑖 = 𝑧𝗅

𝑎𝑖 

2:  𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  

3:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝑘

𝑎𝑖  (≈𝜓𝖣,𝖨

𝑎𝑖) 

4:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝖠,𝑤𝑆,𝑘

𝑎𝑖  (≈𝜓𝖠,𝖨

𝑎𝑖) 

5:  𝑥𝖲

𝑎𝑖 = 𝑥𝑤𝑆,𝑘

𝑎𝑖  (=𝑥𝖨

𝑎𝑖)  

6:  𝑦𝖲

𝑎𝑖 = 𝑥𝑤𝑆,𝑘

𝑎𝑖  (=𝑦𝖨

𝑎𝑖) 

7:  Trigger t₁ and t₂ of ⌊Heading control⌋[MCP 𝑎𝑖] 
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〈vector outbound merge instruction⟩ 

Same contents as 〈vector outbound STAR instruction⟩ 
 

〈vector inbound merge instruction⟩ 

Same contents as 〈vector inbound STAR instruction⟩ 
 

〈vector outbound IF instruction⟩ 

• State entry actions: 

1:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝖨

𝑎𝑖  

2:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝖠,𝖨

𝑎𝑖  

3:  Trigger t₁ and t₂ of ⌊Heading control⌋[MCP 𝑎𝑖] 
 

〈vector inbound IF instruction⟩ 

• State entry actions: 

1:  𝑧𝖲

𝑎𝑖 = 𝑧𝗅

𝑎𝑖 

2:  𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  

3:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝑤𝖨𝖥

𝑎𝑖  (≈𝜓𝖣,𝖨

𝑎𝑖) 

4:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝖠,𝑤𝖨𝖥

𝑎𝑖  (≈𝜓𝖠,𝖨

𝑎𝑖) 

5:  𝑥𝖲

𝑎𝑖 = 𝑥𝖨

𝑎𝑖 

6:  𝑦𝖲

𝑎𝑖 = 𝑦𝖨

𝑎𝑖 

7:  Trigger t₁ and t₂ of ⌊Heading control⌋[MCP 𝑎𝑖] 
 

〈vector outbound trombone instruction⟩ 

Same contents as 〈vector outbound STAR instruction⟩ 
 

〈vector inbound trombone instruction⟩ 

Same contents as 〈vector inbound STAR instruction⟩ 
 

〈handover to ARR controller instruction⟩ 

• State exit actions: 

1:  Trigger t₃ of ⌊Contact with flight crew 𝑎𝑖⌋[𝑐 
𝑎𝑖] 

2:  𝑐 
𝑎𝑖 = 𝑐𝟥 

3:  {𝑎𝑖} ∪ 𝔸 
𝑐, where 𝑐 == 𝑐 

𝑎𝑖 
 

〈handover to TWR controller instruction⟩ 

• State exit actions: 

1:  Trigger t₃ of ⌊Contact with flight crew 𝑎𝑖⌋[𝑐 
𝑎𝑖] 

2:  𝑐 
𝑎𝑖 = 𝑐𝟦 

3:  {𝑎𝑖} ∪ 𝔸 
𝑐, where 𝑐 == 𝑐 

𝑎𝑖 
 

〈handover to GND controller instruction⟩ 

• State exit actions: 

1:  Trigger t₃ of ⌊Contact with flight crew 𝑎𝑖⌋[𝑐 
𝑎𝑖] 

2:  𝑐 
𝑎𝑖 = 𝑐𝟧 

 

〈landing clearance instruction⟩ 

No specific actions 
 

〈go-around instruction⟩ 

• State entry actions: 

1:  𝑧𝖲

𝑎𝑖 = 𝑧𝗅

𝑎𝑖 

2:  𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  
 

〈holding entry instruction⟩ 

• State entry actions: 

Contact with 𝑐 
𝑎𝑖 

no contact 

in contact 

receiving instruction 

execution and read-back 

STAR speed and/or altitude instruction 

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 

handover to ARR controller instruction 

handover to TWR controller instruction 

handover to GND controller instruction 

landing clearance instruction 

go-around instruction 

holding entry instruction 

holding exit instruction 

holding altitude instruction 

t₁ 

t₂ 

t₃ 

t₄ 

t₅ 

t₆ 

t₇ 

t₈ 

t₉ 

t₁₀ 

t₁₁ 

t₁₂ 

t₁₃ 

t₁₄ 

t₁₅ 

t₁₆ 

t₁₇ 

t₁₈ 

t₁₉ 

t₂₀ 

Figure 129 – ⌊Contact with 𝑐𝑎𝑖⌋[flight crew 𝑎𝑖] 
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1:  𝑧𝖲

𝑎𝑖 = 𝑧𝗅

𝑎𝑖 

2:  𝑣𝖨𝖠𝖲,𝖲

𝑎𝑖  = 𝑣𝖨𝖠𝖲,𝖨

𝑎𝑖  
 

〈holding exit instruction⟩ 

• State entry actions: 

1:  𝜓𝖣,𝖲

𝑎𝑖  = 𝜓𝖣,𝑤𝑆,𝐻,𝖨

𝑎𝑖  (=𝜓𝖣,𝖨

𝑎𝑖) 

2:  𝜓𝖠,𝖲

𝑎𝑖  = 𝜓𝑤𝑆,𝐻,𝖨

𝑎𝑖  (=𝜓𝖠,𝖨

𝑎𝑖) 

3:  𝑥𝖲

𝑎𝑖 = 𝑥𝑤𝑆,𝐻,𝖨

𝑎𝑖  (=𝑥𝖨

𝑎𝑖)  

4:  𝑦𝖲

𝑎𝑖 = 𝑦𝑤𝑆,𝐻,𝖨

𝑎𝑖  (=𝑦𝖨

𝑎𝑖) 

5:  Trigger t₁ and t₂ of ⌊Heading control⌋[MCP 𝑎𝑖] 
 

〈holding altitude instruction⟩ 

• State entry actions: 

1:  𝑧𝖲

𝑎𝑖 = 𝑧𝗅

𝑎𝑖 
 

Transition t₁ 

Triggered in each simple state in 〈sending instruction⟩⌊Contact with flight crew 𝑎𝑖⌋[𝑐], i.e. once 𝑐 
𝑎𝑖 has made contact 

with 𝑎𝑖 
 

Transition t₂ 

Triggered in t₂ of ⌊Contact with flight crew 𝑎𝑖⌋[𝑐], i.e. once 𝑐 
𝑎𝑖 has finished sending the instruction to 𝑎𝑖 

 

Transition t₃ 

• Timeout: 𝑡𝖤𝖷𝖤

𝑎𝑖  

• Action: 

1:  𝑡𝖤𝖷𝖤

𝑎𝑖  = ℒ(𝜇𝑡𝖤𝖷𝖤
  , 𝜎𝑡𝖤𝖷𝖤

  , 𝑙𝑡𝖤𝖷𝖤
  ) 

 

Transitions t₄ - t₂₀ 

All condition triggered: 

Transition Condition Transition Condition Transition Condition Transition Condition 

t₄ 𝐼 
𝑎𝑖 == 𝐼𝟣 t₉ 𝐼 

𝑎𝑖 == 𝐼𝟨,𝟣 ∨ 𝐼 
𝑎𝑖 == 𝐼𝟨,𝟤 t₁₄ 𝐼 

𝑎𝑖 == 𝐼𝟣𝟣 t₁₉ 𝐼 
𝑎𝑖 == 𝐼𝟣𝟨 

t₅ 𝐼 
𝑎𝑖 == 𝐼𝟤,𝟣 ∨ 𝐼 

𝑎𝑖 == 𝐼𝟤,𝟤 t₁₀ 𝐼 
𝑎𝑖 == 𝐼𝟩 t₁₅ 𝐼 

𝑎𝑖 == 𝐼𝟣𝟤 t₂₀ 𝐼 
𝑎𝑖 == 𝐼𝟣𝟩 

t₆ 𝐼 
𝑎𝑖 == 𝐼𝟥 t₁₁ 𝐼 

𝑎𝑖 == 𝐼𝟪 t₁₆ 𝐼 
𝑎𝑖 == 𝐼𝟣𝟥   

t₇ 𝐼 
𝑎𝑖 == 𝐼𝟦 t₁₂ 𝐼 

𝑎𝑖 == 𝐼𝟫 t₁₇ 𝐼 
𝑎𝑖 == 𝐼𝟣𝟦   

t₈ 𝐼 
𝑎𝑖 == 𝐼𝟧 t₁₃ 𝐼 

𝑎𝑖 == 𝐼𝟣𝟢 t₁₈ 𝐼 
𝑎𝑖 == 𝐼𝟣𝟧   

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 

𝑏𝑚𝟣

  Boolean - 
Boolean that indicates if the bad weather disturbance has already occurred, 

where the initial value equals ‘false’ 
 

〈normal weather condition⟩ 

• State entry actions: N/A 
 

〈bad weather condition⟩ 

• State entry actions:  

Weather condition 

normal weather condition 

bad weather condition 

t₂ t₁ 

Figure 130 – ⌊Weather condition⌋[Meteo Office] 
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1:  𝑏𝑚𝟣

  = true 
 

Transition t₁ 

Parameter Value Unit Description 

𝑡𝑚𝟣

  3600 s 
Time point at which the weather conditions will quickly deteriorate, 

measured relative to 𝑡𝖲𝖬
   

• Timeout: 𝑡𝖲𝖬
  + 𝑡𝑚𝟣

  

• Guard: 𝑏𝑚𝟣

  == false 
 

Transition t₂  

Parameter Value Unit Description 

𝑡𝑚𝟢

  7200 s 
Duration of the bad weather disturbance, i.e. the time period after which the 

weather conditions will return to its initial normal state again 

• Timeout: 𝑡𝑚𝟢

  

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.  
 

 

 

 

 

 

 

 

 

 

 

Transition t₁ 

• Condition: 〈bad weather condition⟩⌊Weather condition⌋[Meteo Office] 
 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 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 bad weather condition 

no contact with Supervisor TWR 

contact required with Supervisor TWR 

Supervisor TWR has been informed 

t₁ 

t₂ 

Figure 131 – ⌊Contact with Supervisor TWR about bad weather condition⌋[Meteo Office] 

Contact with Supervisor TWR about normal weather condition 

no contact with Supervisor TWR 

contact required with Supervisor TWR 

Supervisor TWR has been informed 

t₁ 

t₂ 

Figure 132 – ⌊Contact with Supervisor TWR about normal  weather condition⌋[Meteo Office] 
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Transition t₁ 

• Condition: 〈normal weather condition⟩⌊Weather condition⌋[Meteo Office] ꓥ  

〈Supervisor TWR has been informed⟩⌊Contact with Supervisor TWR about bad weather condition⌋[Meteo Office] 
 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 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.  

 

 

 

 

 

 

 

 

 

Transition t₁ 

• 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.  

 

 

 

 

 

 

 

 

Transition t₁ 

• Condition: 〈Supervisor TWR has been informed⟩⌊Contact with Supervisor TWR about normal weather condition⌋ 

[Meteo Office] 

 

 

 

 

 

Contact with Meteo Office about bad weather condition 

on stand-by for bad weather report 

bad weather report received 

t₁ 

Figure 133 – ⌊Contact with Meteo Office about bad weather condition⌋[Supervisor TWR] 

on stand-by for normal weather report 

normal weather report received 

Contact with Meteo Office about normal weather condition 

t₁ 

Figure 134 – ⌊Contact with Meteo Office about normal weather condition⌋[Supervisor TWR] 
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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 t₁ 

• Condition: 〈bad weather report received⟩⌊Contact with Meteo Office about bad weather condition⌋[Supervisor 

TWR] 

 

 

 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 𝑙𝑡𝖨𝖭𝖥

  ) 

 

 

 

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 t₁ 

• Condition: 〈normal weather report received⟩⌊Contact with Meteo Office about normal weather condition⌋ 

[Supervisor TWR] 

 

 

 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 𝑙𝑡𝖨𝖭𝖥

  ) 

 

 

 

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 t₁ 

• Condition: 〈TWR controller has been informed⟩⌊Contact with TWR controller about reduced capacity⌋  

[Supervisor TWR] 

 

 

 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

no contact with TWR controller 

contact required with TWR controller 

TWR controller has been informed 

Contact with TWR controller about recovered capacity 

Figure 136 – ⌊Contact with TWR controller about recovered capacity⌋[Supervisor TWR] 

t₁ 

t₂ 

no contact with TWR controller 

contact required with TWR controller 

TWR controller has been informed 

Contact with TWR controller about reduced capacity 

Figure 135 – ⌊Contact with TWR controller about reduced capacity⌋[Supervisor TWR] 

t₁ 

t₂ 

no contact with Supervisor APP 

contact required with Supervisor APP 

Supervisor APP has been informed 

Contact with Supervisor APP about reduced capacity 

t₁ 

t₂ 

Figure 137 – ⌊Contact with Supervisor APP about reduced capacity⌋[Supervisor TWR] 
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1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 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 t₁ 

• Condition: 〈TWR controller has been informed⟩⌊Contact with TWR controller about recovered capacity⌋  

[Supervisor TWR] 

 

 

 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 𝑙𝑡𝖨𝖭𝖥

  ) 

 

 
 

C.10 Supervisor APP 

C.10.1 Variables and sets 

Variable State space Unit Description 

𝑄𝑐,𝐶𝖣
 ℕ𝟢 - 

Number of controllers that have been informed about the reduced capacity, 

initially zero 

𝑄𝑐,𝐶𝖨
 ℕ𝟢 - 

Number of controllers that have been informed about the recovered capacity, 

initially zero  

Table 50 – List of variables that belong to the Supervisor APP 

 

Set Description 

ℂ𝐶𝖣
 

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 (ℂ𝐶𝖣
[0]) is informed first 

ℂ𝐶𝖨
 

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 (ℂ𝐶𝖨
[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⟩ 

• State entry actions: N/A 

no contact with Supervisor APP 

contact required with Supervisor APP 

Supervisor APP has been informed 

Contact with Supervisor APP about recovered capacity 

t₁ 

t₂ 

Figure 138 – ⌊Contact with Supervisor APP about recovered capacity⌋[Supervisor TWR] 
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〈reduced capacity update received⟩ 

• State entry actions:  

1:  {𝑐𝟥} ∪ ℂ𝐶𝖣
 

2:  if (|𝔸 
𝑐𝟣| > |𝔸 

𝑐𝟤|) then 

3:   {𝑐𝟣} ∪ ℂ𝐶𝖣
 

4:   {𝑐𝟤} ∪ ℂ𝐶𝖣
 

5:  else 

6:   {𝑐𝟤} ∪ ℂ𝐶𝖣
 

7:   {𝑐𝟣} ∪ ℂ𝐶𝖣
 

8:  end if 

9:  {𝑐𝟢} ∪ ℂ𝐶𝖣
 

 

Transition t₁ 

• 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⟩ 

• State entry actions: N/A 
 

〈recovered capacity update received⟩ 

• State entry actions:  

1:  {𝑐𝟥} ∪ ℂ𝐶𝖨
 

2:  if (|𝔸 
𝑐𝟣| > |𝔸 

𝑐𝟤|) then 

3:   {𝑐𝟣} ∪ ℂ𝐶𝖨
 

4:   {𝑐𝟤} ∪ ℂ𝐶𝖨
 

5:  else 

6:   {𝑐𝟤} ∪ ℂ𝐶𝖨
 

7:   {𝑐𝟣} ∪ ℂ𝐶𝖨
 

8:  end if 

9:  {𝑐𝟢} ∪ ℂ𝐶𝖨
 

 

Transition t₁ 

• 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. 
 

〈no contact with TNW controller⟩ 

• State entry actions: N/A 
 

〈contact required with TNW 

controller⟩ 

• State entry actions: N/A 
 

Contact with Supervisor TWR about recovered capacity 

on stand-by for recovered capacity update 

recovered capacity update received 

Figure 140 – ⌊Contact with Supervisor TWR about recovered capacity⌋⌊Supervisor APP⌋ 

t₁ 

no contact with TNW controller 

contact required with TNW controller 

TNW controller has been informed 

Contact with TNW controller about reduced capacity 

Figure 141 – ⌊Contact with TNW controller about reduced capacity⌋⌊Supervisor APP⌋ 

t₁ 

t₂ 

Contact with Supervisor TWR about reduced capacity 

on stand-by for reduced capacity update 

reduced capacity update received 

Figure 139 – ⌊Contact with Supervisor TWR about reduced capacity⌋⌊Supervisor APP⌋ 

t₁ 
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〈TNW controller has been informed⟩ 

• State entry actions:  

1:  𝑄𝑐,𝐶𝖣
++ 

 

Transition t₁ 

• Condition: 〈reduced capacity update received⟩⌊Contact with Supervisor TWR about reduced capacity⌋  

[Supervisor APP] ꓥ ℂ𝐶𝖣
[𝑄𝑐,𝐶𝖣

] == 𝑐𝟣 
 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 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⟩ 

• State entry actions: N/A 
 

〈contact required with TNW controller⟩ 

• State entry actions: N/A 
 

〈TNW controller has been informed⟩ 

• State entry actions:  

1:  𝑄𝑐,𝐶𝖨
++ 

 

Transition t₁ 

• Condition: 〈recovered capacity update received⟩⌊Contact with Supervisor TWR about recovered capacity⌋  

[Supervisor APP] ꓥ ℂ𝐶𝖨
[𝑄𝑐,𝐶𝖨

] == 𝑐𝟣 
 

Transition t₂ 

• Timeout: 𝑡𝖨𝖭𝖥
  

• Action: 

1:  𝑡𝖨𝖭𝖥
  = ℒ(𝜇𝑡𝖨𝖭𝖥

  , 𝜎𝑡𝖨𝖭𝖥
  , 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 t₁ (i.e. 𝑐𝟣) 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 t₁ (i.e. 𝑐𝟣) 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 t₁ (i.e. 𝑐𝟣) should be changed accordingly.  

 

no contact with TNW controller 

contact required with TNW controller 

TNW controller has been informed 

Contact with TNW controller about recovered capacity 

Figure 142 – ⌊Contact with TNW controller about recovered capacity⌋⌊Supervisor APP⌋ 

t₁ 

t₂ 
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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 t₁ (i.e. 𝑐𝟣) 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 t₁ (i.e. 𝑐𝟣) 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 t₁ (i.e. 𝑐𝟣) should be changed accordingly. 
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