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Summary

Airside operations at major airports are under increasing pressure as traffic demand grows,
environmental constraints tighten, and expectations for safety remain uncompromised.
On the airport surface, increasing congestion, uncertain taxiing behaviour, and rising
operational complexity place additional demands on Air Traffic Control Officers (ATCOs),
intensifying the risk of inefficiencies, elevated workload, and human error. In parallel, the
transition towards more sustainable ground operations, such as the emergence of engine-off
taxiing techniques, require a fundamental rethinking of the existing airport operations.

Against this backdrop, regulators, researchers, and practitioners increasingly view
AI-enabled decision-support and automation as key enablers for future improvements. Yet,
the literature lacks a modelling framework that simultaneously captures the interrelated
operational processes, heterogeneous actors, and fidelity requirements necessary to
evaluate next-generation concepts for airport surface movement operations (ASM Ops)
in a realistic and systematic manner. Many existing models remain limited to isolated
subsystems, single concepts, or strong simplifying assumptions, which restrict their
ability to compare alternative future approaches at a detailed level. To address this
gap, the objective of this thesis is to design models, methods, and tools to investigate
next-generation concepts of operations (ConOps) for automated and sustainable ASM Ops.

The thesis is structured around eight research questions (RQs) and proceeds in three
phases. The development phase (Chapters 2 to 5) first derives modelling requirements from
the operational structure of ASM Ops and from the goal to represent surface movements
at high fidelity while remaining computationally tractable (RQ 1). ASM Ops encompasses
a hierarchy of tasks, ranging from strategic planning (long-term and high-level decisions)
to scheduling (tactical allocation of resources), routing (tactical planning of movements),
guidance (operational planning of movements), and finally movement execution
(controlling aircraft and ground vehicles). This hierarchical decomposition, combined
with the need for coordinated oversight to maintain the strict safety standards in aviation,
motivates a hierarchical–distributed modelling approach.

To provide the required modularity, adaptability, and expressiveness in both fast-time
and real-time simulations, this thesis adopts the multi-agent systems (MAS) paradigm.
A generalised MAS architecture is proposed, comprising environmental objects and four
agent categories aligned with the hierarchy of ASM Ops tasks (RQ 2). The architecture
supports different allocations of responsibilities and different coordination mechanisms,
enabling the instantiation of tailored model instances for specific ConOps while retaining a
reusable simulation environment and component structure.

To support trajectory-based automation studies at airport scale (RQ 3), the thesis then
outlines the Multi-Agent Motion Planning on Airport Surfaces (AS-MAMP) algorithm as
the decision-logic for centralised path planning in a fully-automated operational setting, i.e.
on EASA’s AI Level 3. AS-MAMP is a two-level solver that builds on Priority-Based Search
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iv | Summary

(PBS) and its variants for high-level conflict resolution. Because existing low-level planners
were insufficient to compute realistic 4D ground trajectories under operational constraints,
the thesis introduces the novel Safe Interval Motion Planning (SIMP) algorithm. SIMP plans
continuous-time trajectories in accordance with the operational processes in ASM Ops (e.g.
pushback and engine-start, tug coupling/decoupling, and holding), motions based on finite
acceleration, and conflict avoidance in continuous space and time.

The resulting planning approach is evaluated through structured benchmarking on
a synthetic airport layout, where the high-level coordination component is compared
against PBS variants and SIMP is benchmarked against SIPP and kinodynamic A*. The
evaluation is complemented by experiments on the real-world layout of Amsterdam Airport
Schiphol to assess scalability and operational relevance under realistic airport complexity.
Taken together, these results establish the MAS architecture and AS-MAMP planning
capability as an enabling foundation for subsequent operational analyses, while also
identifying limitations and implementation challenges that arise when moving towards
real-world deployment.

The validation phase (Chapters 6 to 8) applies the developed MAS framework in
operational studies and subsequently strengthens its realism. Two far-term analyses
investigate fully-automated ASM Ops under multi-engine taxiing (RQ 4) and under
engine-off taxiing (RQ 5), examining system-level implications under dense traffic
assumptions. Building on feedback from ATCOs and other operational experts gathered
throughout the thesis, historical aircraft ground tracks are then analysed to improve
the calibration of key movement parameters (RQ 6) so that the model is able to more
accurately reproduce the historical operations. The MAS model is further extended to
represent aircraft towing movements and to assess their impact on regular traffic (RQ 7).
Based on these modifications, multiple operational model variations are compared to
clarify the sensitivity of results to modelling assumptions and to discuss implications for
next-generation surface operations.

Fully-automated operations pose significant implementation challenges in real-world
settings, so human involvement remains required for the foreseeable future. Therefore,
as a final exploration phase, Chapter 9 provides an outlook towards EASA’s AI Level 2
concepts by examining how human–automation interaction mechanisms can be embedded
into the MAS model to enable operator involvement (RQ 8). These demonstrations focus
on technical feasibility – illustrating how interfaces and information exchange could be
embedded into the MAS model – rather than validated evidence from human-in-the-loop
experiments. Chapter 10 concludes by synthesising the findings across all research
questions, reflecting on limitations and implications for future ASM Ops, and outlining
directions for continued development and socio-technical validation.



Samenvatting

Airside-operaties op grote luchthavens staan onder toenemende druk door de groeiende
verkeersvraag, strengere milieueisen en onverminderd hoge veiligheidseisen. Op het
luchthavenoppervlak leiden toenemende congestie, onzeker taxi-gedrag en stijgende
operationele complexiteit tot aanvullende eisen aan luchtverkeersleiders (ATCO’s), waar-
door het risico op inefficiënties, verhoogde werkdruk en menselijke fouten toeneemt.
Tegelijkertijd vereist de transitie naar duurzamere grondoperaties, zoals de opkomst van
taxi-technieken met uitgeschakelde motoren, een fundamentele heroverweging van de
bestaande luchthavenoperaties.

Tegen deze achtergrond beschouwen regelgevende instanties, onderzoekers en prak-
tijkexperts AI-ondersteunde besluitvorming en automatisering in toenemende mate als be-
langrijke enablers voor toekomstige verbeteringen. Desondanks ontbreekt in de literatuur
een modelleringsraamwerk dat gelijktijdig de onderling verweven operationele processen,
heterogene actoren en vereisten aan modelgetrouwheid kan vastleggen die nodig zijn om
toekomstige operationele concepten voor airport surface movement operations (ASM Ops)
op realistische en systematische wijze te evalueren. Veel bestaande modellen blijven beperkt
tot geïsoleerde deelsystemen, afzonderlijke concepten of sterk vereenvoudigde aannames,
waardoor hun vermogen om alternatieve toekomstige benaderingen op gedetailleerd
niveau te vergelijken beperkt is. Om deze leemte te adresseren, heeft dit proefschrift als
doel modellen, methoden en tools te ontwerpen om toekomstige concepts of operations
(ConOps) voor geautomatiseerde en duurzame ASM Ops te onderzoeken.

Het proefschrift is opgebouwd rond acht onderzoeksvragen (RQs) en bestaat uit drie fa-
sen. De ontwikkelingsfase (Hoofdstukken 2 tot en met 5) leidt eerst modelleringsvereisten
af uit de operationele structuur van ASM Ops en uit de noodzaak om grondbewegingen
detailgetrouw, maar computationeel hanteerbaar te representeren (RQ 1). ASM Ops omvat
een hiërarchie van taken: van strategische planning (langetermijnbeslissingen), scheduling
(tactische middelenallocatie), routing (tactische bewegingsplanning) en guidance (opera-
tionele bewegingsplanning), tot de uitvoering van bewegingen zelf (het besturen van
vliegtuigen en grondvoertuigen). Deze hiërarchische decompositie, samen met de noodzaak
van gecoördineerd toezicht om de strikte veiligheidsstandaarden in de luchtvaart te
waarborgen, motiveert een hiërarchisch gedistribueerde modelleringsaanpak.

Om de vereiste modulariteit, aanpasbaarheid en expressiviteit in zowel fast-time
als real-time simulaties te bieden, hanteert dit proefschrift het multi-agent systems
(MAS) paradigma. Er wordt een gegeneraliseerde MAS-architectuur voorgesteld, bestaande
uit omgevingsobjecten en vier agentcategorieën die aansluiten op de hiërarchie van
ASM Ops taken (RQ 2). De architectuur ondersteunt verschillende verdelingen van
verantwoordelijkheden en verschillende coördinatiemechanismen, waardoor op maat
gemaakte modelinstanties voor specifieke ConOps kunnen worden geïnstantieerd, terwijl
een herbruikbare simulatieomgeving en componentstructuur behouden blijven.
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Ter ondersteuning van trajectgebaseerde automatiseringsstudies op luchthavenschaal
(RQ 3) beschrijft het proefschrift vervolgens het Multi-Agent Motion Planning on Airport
Surfaces (AS-MAMP) algoritme als beslislogica voor gecentraliseerde padplanning in een
volledig geautomatiseerde operationele setting, dus op EASA’s AI Level 3. AS-MAMP
is een tweelaags oplossingsalgoritme dat voortbouwt op Priority-Based Search (PBS)
en varianten daarvan voor de high-level conflictoplossing. Omdat bestaande low-level
planners ontoereikend waren om realistische 4D-grondtrajecten onder operationele rand-
voorwaarden te berekenen, introduceert het proefschrift het nieuwe Safe Interval Motion
Planning (SIMP) algoritme. SIMP plant continue-tijdstrajecten in overeenstemming met de
operationele processen binnen ASM Ops (zoals pushback en engine-start, het aankoppelen
en loskoppelen van sleepvoertuigen, en holding), bewegingen op basis van eindige
versnelling, en conflictvermijding in continue ruimte en tijd.

De resulterende planningsaanpak wordt geëvalueerd aan de hand van gestructureerde
benchmarktests op een synthetische luchthavenlayout, waarbij de high-level coördinatie-
component wordt vergeleken met PBS-varianten, en SIMP wordt gebenchmarkt tegen SIPP
en kinodynamic A*. De evaluatie wordt aangevuld met experimenten op de werkelijke
layout van Amsterdam Airport Schiphol om schaalbaarheid en operationele relevantie
onder realistische luchthavencomplexiteit te beoordelen. Gezamenlijk positioneren deze
resultaten de MAS-architectuur en AS-MAMP planningscapaciteit als een faciliteren-
de basis voor daaropvolgende operationele analyses, terwijl zij ook beperkingen en
implementatie-uitdagingen blootleggen die ontstaan bij de stap richting toepassing in de
operationele praktijk.

De validatiefase (Hoofdstukken 6 tot en met 8) past het ontwikkelde MAS-raamwerk
toe in operationele studies en vergroot vervolgens de realiteitswaarde ervan. Twee langeter-
mijnanalyses onderzoeken volledig geautomatiseerde ASM Ops onder multi-engine taxiing
(RQ 4) en engine-off taxiing (RQ 5), waarbij systeemimplicaties bij hoge verkeersdichtheid
worden bestudeerd. Op basis van feedback van ATCO’s en andere operationele experts
worden vervolgens historische grondtrajecten van vliegtuigen geanalyseerd om belangrijke
bewegingsparameters te kalibreren (RQ 6), zodat het model historische operaties nauwkeu-
riger kan reproduceren. Daarnaast wordt het MAS-model uitgebreid om sleepbewegingen
van vliegtuigen te representeren en hun impact op regulier verkeer te beoordelen
(RQ 7). Op basis hiervan worden meerdere operationele modelvarianten vergeleken om de
gevoeligheid van resultaten voor modelleringsaannames te verduidelijken en implicaties
voor toekomstige grondbewegingen op luchthavens te bespreken.

Volledig geautomatiseerde operaties brengen aanzienlijke implementatie-uitdagingen
met zich mee in werkelijke omgevingen, waardoor menselijke betrokkenheid in de
voorzienbare toekomst noodzakelijk blijft. Daarom biedt Hoofdstuk 9, als afsluitende
exploratiefase, een vooruitblik op EASA’s AI Level 2 concepten door te onderzoeken
hoe mechanismen voor mens-automatiseringsinteractie in het MAS-model kunnen worden
ingebed om betrokkenheid van de operator mogelijk te maken (RQ 8). Deze demon-
straties richten zich op technische haalbaarheid – door te illustreren hoe interfaces en
informatie-uitwisseling in het MAS-model kunnen worden geïntegreerd – en niet op
gevalideerd bewijs uit human-in-the-loop-experimenten. Hoofdstuk 10 sluit af met een
synthese van de bevindingen over alle onderzoeksvragen heen, reflecteert op beperkingen
en implicaties voor toekomstige ASM Ops, en schetst richtingen voor verdere ontwikkeling
en socio-technische validatie.
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1
Introduction

In this chapter, the thesis topic of airport surface movement operations is introduced,
and the focus on developing models, methods, and tools to study next-generation
concepts of operations is motivated. Subsequently, the research objective and questions
are presented, as well as the scope and the main underlying assumptions. The chapter
concludes with an overview of the remaining chapters and suggested reading paths
through the thesis.

1
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T he air transport sector faces three connected challenges. First, the demand is predicted
to increase to around 10 billion annual passengers by 2050 [1], more than doubling

the amount of 2019. Second, the sector strives to achieve net-zero emissions by the same
time [1] to meet the Paris Agreement [2], whose goals were once more reaffirmed at the
2025 UN Climate Change Conference (COP 30) [3]. As third challenge, the level of safety
must be sustained or further increased. Zooming in on airports as the key nodes in the air
transport network, with large hub airports connecting both passengers and cargo between
regions, operational disruptions often cause network-wide disturbances. As such, recent
incidents during taxiing and at runways [4], [5] underscore the importance of safety of
the operations.

The safe and efficient planning and control of all ground movements at an airport is
referred to as Airport Surface Movement Operations (ASM Ops), which take place on the
airside of airports as illustrated in Figure 1.1. Especially at large airports, ASM Ops are
challenging, involving complex interactions among diverse stakeholders and operational
systems [6]. Air Traffic Control Officers (ATCOs) provide clearances and guidance for
aircraft and vehicles across the taxiway and runway network. Their decision-making is
informed by other stakeholders such as airport operators, airlines, and ground handlers.
While pilots and vehicle drivers are responsible for the safe operation of their vehicles
and determine their taxi speed accordingly, they rely on the overall coordination by and
communication through ATCOs.

Airside

Landside
ATC Tower

Arriving flight Departing flightRunway

Bay area

Taxiway
       system

Stand
Parked
aircraft

Cargo
terminal

Passenger
terminal

Figure 1.1: Overview of the airport environment; based on [7]

For ASM Ops, the three challenges of meeting the predicted demand, reducing
emissions, and maintaining safety are highly interrelated. To meet the predicted demand,
either larger or more aircraft are needed, and airports must facilitate this growth with
additional capacity. However, it is expected that infrastructural expansions of airports are
insufficient to achieve higher airport capacity [8]. Thus, the congestion on the airport
surface will increase. As a result, ATCO workload is expected to rise [9] which, in
turn, increases the risk of human error and may induce further delays and congestion.
Furthermore, the taxiing times of aircraft, i.e. the duration of moving over the airport
surface, become harder to predict. In addition to having a direct influence on the
respective flights, this may trigger knock-on effects on the entire network, resulting in even
higher inefficiencies [10].
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external tug

electric towing system
electric motor in

nose landing gear
electric motor in

main landing gear

additional
taxi jet-engine

Figure 1.2: Overview of different engine-off taxiing concepts; based on [11]
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taxiing

pushback

engine-off
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engine
start-up

aircraft tug aircraft coupled to tug

Figure 1.3: Schematic overview of how the TaxiBot concept serves as engine-off technique during inbound and
outbound taxiing; based on [12]
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Regarding emissions, the taxi times can reach a significant share of the total flight time
especially for short-haul flights, with combined taxi-in and taxi-out times reaching up to
30min for European flights [13]. Furthermore, an analysis using a fuel-burn model showed
that between 2% (long-haul flight, 9 630 km) and 17 % (short-haul flight, 350 km) of total
fuel is burnt during taxiing [14]. The corresponding emissions can be effectively reduced
when the aircraft do not have to use their engines for taxiing. In recent years, various new
engine-off techniques have been developed, potentially offering significant decreases in
carbon and noxious emissions [15], [16]. As shown in Figure 1.2, both internal systems such
as electric motors mounted to the landing gears and external systems such as electrically
powered tugs have been conceived. Among these concepts, the TaxiBot system [12] has so
far reached the highest operational maturity. As illustrated in Figure 1.3, these tugs can
tow aircraft to runways and back, capable of speeds up to 23 kts. Nonetheless, the use of
external tugs adds additional vehicles to the traffic, again amplifying the issues of airport
capacity, ATCOworkload, and increased probability for human errors. Likewise, alternative
propulsion technologies in development such as hydrogen or battery-powered aircraft
require new concepts of operations (ConOps) that need to be thoroughly evaluated [17].

Besides introducing new technology for taxiing, another possible direction to address
the current challenges is to increase the level of automation. In its AI Roadmap [18], EASA
classifies AI applications into three levels, each further divided into two sub-categories. As
shown in Figure 1.4, these range from human assistance (Level 1), to human–autonomy
teaming (HAT, Level 2), and finally to advanced automation (Level 3).

• Level 1a: human augmentation

• Level 1b: human cognitive 
assistance in decision-making & 
action selection

Level 1 AI:
assistance to human

• Level 2a: human and AI-based 
system cooperation

• Level 2b: human and AI-based 
system collaboration

Level 2 AI:
human–AI teaming

• Level 3a: AI-based system 
performs human-overridable 
decisions & actions

• Level 3b: AI-based system 
performs non-overridable 
decisions & actions 
(e.g. to support safety upon
loss of human oversight)

Level 3 AI:
advanced automation

Figure 1.4: EASA’s classification of AI applications; based on [18]

In this thesis, the use of the term AI system follows the intelligent agent perspective
of Russell and Norvig [20], which is also adopted by the Organisation for Economic
Co-operation and Development (OECD) [19]. As shown in Figure 1.5, an AI system
comprises sensors, operational logic, and actuators that perceive and influence
an environment. In general, an AI system can be realised through models grounded
in expert knowledge and/or historical data, i.e. using model-driven and/or data-driven
approaches. Its reasoning may rely on symbolic techniques (rule- or logic-based), statistical
techniques, or a combination thereof to support inference and decision-making. Notably,
many established AI techniques such as symbolic search, planning, and logic-based
reasoning are deterministic, yet are firmly within the AI field [20]. Conversely, a wide
range of automation in operational systems is implemented using fixed, deterministic
control logic (e.g. procedural sequencing, interlocks, and feedback control) without
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Figure 1.5: Schematic overview of an AI system and its elements, as defined by the AI Group of Experts at the
OECD (AIGO); adapted from [19], Figure 1.4, p. 23

employing AI-based problem-solving or learning. Accordingly, throughout the thesis,
automation is used as an operational umbrella term, while AI system and AI-based are used
when referring to agent-based decision components and their underlying techniques.

Circling back to EASA’s AI levels, an AI system applied in Levels 2–3 must be capable
of selecting actions autonomously, rather than merely providing advisory outputs as
assumed in Level 1. This shift also introduces well-known ‘ironies’ of higher automation:
as systems take over routine control, humans may be placed in supervisory roles in
which their situation awareness and manual or cognitive skills can degrade, yet they
are still expected to intervene effectively when automation fails [21]. For AI-enabled
automation, these concerns are compounded since opaque, adaptive AI create difficulties in
calibrating trust and understanding system behaviour, particularly in off-nominal situations
[22]. Importantly, Level 2 centres on teaming: humans work interdependently with an AI
system towards a shared objective and exhibit teamwork behaviours such as coordination,
communication, and adaptive allocation of functions and authority [23], [24]. HAT can be
viewed as a specific class of human–automation interaction, which broadly covers how
humans and automated systems exchange information and authority during operation
[25], [26]. By comparison, HAT places stronger requirements on the quality of these
interactions, including shared situation awareness, mutual predictability, and transparency
of decision-making.

In ASM Ops, AI systems could provide extensive decision-support for ATCOs, pilots,
and vehicle drivers, and could even take over certain repetitive tasks. In previous research,
both NASA and DLR developed future ConOps for airports in the US and Europe based
on surface trajectory-based operations (STBO), providing four-dimensional trajectories
to coordinate taxi routes [27]–[29]. Other research assessed the achievable positioning
tolerances of pilots and auto-pilot systems when following the 4D trajectories, and revealed
that trajectory errors below 22m are feasible to achieve, with mean errors even below
7m for (partially) automated aircraft taxiing [30]. However, high levels of automation are
deemed to be reachable only in the far-term [27]. Indeed, the envisioned human–autonomy
teaming does not yet exist in real-world applications since today’s technology is not
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sophisticated enough [31]. To gain the trust of ATCOs, the automation must be proven to
be capable of handling tasks autonomously in a safe and efficient way.

On the other hand, instead of the mostly centralised control exerted in present-day
operations, future ConOps may rely on alternative control strategies. For instance, previous
work studied concepts for air traffic management with decentralised control [32], [33].
Nonetheless, these may substantially change the work of ATCOs, and must thus be
evaluated in detail with all involved stakeholders. In turn, any evaluation of future
ConOps necessitates a control system model that represents the underlying operations
with sufficient fidelity. For instance, the interrelated processes of ASM Ops as well as the
new engine-off taxiing techniques must be incorporated to demonstrate the efficacy to
safely coordinate also congested traffic situations. To compute realistic 4D trajectories, not
only the various operational processes, but also the heterogeneous fleet of differently sized
aircraft and ground vehicles with different kinematics must be represented in detail.

By contrast, most existing models of ASM Ops are geared towards studying either
an isolated part of the system or one specific operational concept, mainly based on
current operations. Furthermore, the previous studies often relied on multiple simplifying
assumptions to handle the inherent complexity, e.g. pre-defining taxiing routes and
focusing on a single bay area [29]. In turn, such models are inept to study the potentially
wide range of ConOps to address new technological solutions, future operational
approaches, as well as environmental requirements, let alone to compare the efficacy of
different approaches with each other on a detailed level.

1.1 Related European Research Projects
Two recent European research projects, funded by SESAR 3 JU, explored concepts of
operations and tools for automated and sustainable airport surface movement operations:
the ‘AEON – Advanced Engine Off Navigation’ project [34] running from November 2020
till December 2022, as well as the ‘ASTAIR – Auto Steer Taxi at AIRport’ project [35], which
was launched in September 2023 and was scheduled till February 2026.

The main objective of AEON was to define a coherent concept of operations for a mix of
different engine-off taxiing techniques. As such, both onboard and external systems as well
as single-engine taxiing as last resort were investigated. As part of the AEON ConOps [36],
multiple algorithms were developed to schedule the fleet of towing tugs (as external system)
[37] and to carry out path planning for all concurrent ground movements on the airside
of airports [38]. Furthermore, human–machine interfaces (HMIs) for human–automation
interactions were prototyped [39]. Throughout the project, various stakeholders such
as airport personnel, ground controllers, pilots, and operational experts were consulted.
Moreover, real-time simulations of operational scenarios at Paris Charles de Gaulle Airport
were conducted to validate AEON’s concept of operations as well as the developed tools
and interfaces [40]. The validation activities were summarised in three reports, in terms of
human performance and liability [41], safety [42], and cost–benefit [43].

Building on the outcomes of AEON, the ASTAIR project set out to design
decision-support tools that enhance the safety, efficiency, and sustainability of airport
airside operations through advanced automation, while reducing the workload of human
operators [44]. For this purpose, AEON’s support tools were developed further to take over
repetitive control tasks and aid the decision-making of human operators. Furthermore,
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prototypes of advanced HMIs for effective and flexible supervision and interaction with the
support tools were designed. These tools were validated in human-in-the-loop experiments
conducted at the end of the project [45].

For both projects, high-fidelity models were required to create an immersive experience
for human operators to conduct meaningful validation studies of such novel concepts of
operations. The models needed to be scalable to the varying taxiway networks of different
airports, especially large hub airports. Moreover, they had to cope with uncertainty such
as operational delays, changes to the runways in use, as well as technical and automation
failures. To fulfil the goals of the projects, the conflict-free yet efficient and environmentally
optimised routing of both aircraft and tugs was paramount. The underlying algorithms were
required to be adaptable to handle, for example, dynamic changes, constraints and priorities,
and interactions with human operators. The research presented in this thesis pertains to the
two projects by addressing the above mentioned points, as outlined below.

1.2 Research Focus and Research Questions
To address the identified research gap, the objective of this thesis is to:

Research Objective

Design models, methods, and tools to investigate next-generation concepts of
operations for automated and sustainable airport surface movement operations.

The contributions of this thesis intend to establish a framework for the systematic
evaluation of concepts addressing the interrelated challenges of safety, capacity, and
emissions in ASM Ops. Analysis examples include studying higher levels of automation up
to fully-automated operations, comparing differing coordination schemes, and quantifying
the impact of sustainability measures such as engine-off taxiing.

In the long term, operational systems corresponding to EASA Levels 2–3 should be
co-designed through joint efforts across academia, industry, operational experts, and the
human operators who will ultimately interact with, supervise, and manage such systems.
At the same time, current staffing shortages in ATC make ground controllers already a
scarce resource, increasing the need for efficient development and validation pathways. In
this context, the models, methods, and tools developed in this thesis are positioned as a
prerequisite for exploring the large design space of novel concepts of operations. Fast-time
simulations provide the means to identify promising concepts, collect quantitative evidence,
and inform discussions with operational experts. Subsequently, real-time simulations
and human-in-the-loop experiments enable the assessment of operational feasibility and
evaluation of human factors.

To address the research objective, the thesis proceeds in a stepwise manner guided by
the research questions introduced below. The first step is to derive the requirements for
designing detailed models of ASM Ops based on the real-world operations, leading to the
first research question (RQ):



1

1.2 Research Focus and Research Questions | 9

RQ1 Modelling Requirements

Which modelling requirements must be met when investigating next-generation
concepts of operations using a high-fidelity simulation of real-world airport surface
movement operations?

Chapter 2 addresses this research question, along with providing an overview of the
operational background of ASMOps. To this end, the description focuses on the operational
planning phase, since it is the most demanding one given its inherently short time horizons
for decision-making. With the list of modelling requirements defined in Section 2.2,
previous work is reviewed, forming the scientific foundation for the methodological choices
as well as the remaining research questions, which are introduced in the following.

The design process for a next-generation control system presumably requires multiple
iterations before being implemented in practice. To allow design freedom, the model
shall accommodate studying concepts for next-generation ASM Ops across, for example,
varying degrees of technological maturity, automation, and control centralisation. The
computational model underlying the fast-time and real-time simulations must thus have
a modular structure, allowing to be adapted and expanded throughout the design process
when necessary.

This motivates choosing the modelling paradigm of multi-agent systems [20] to
address the main research objective of this thesis of designing models to study future
ConOps. Agent-based models offer inherent modularity, flexibility in modelling agent
properties, interactions and control structures [46]. They are thus well suited to represent
real-world systems, as various studies have shown. For example, multi-agent systems
were used to model the coordination and planning of trajectories [47] as well as various
other applications in robotics [48], [49], supply chains [50], passenger transport [51] and
logistics [52] in cities, smart grids [53], social networks online [54] and in education [55],
cloud computing [56], and network security [57]. An elaborate overview of applications
of multi-agent systems, as well as the typically application-specific challenges of this
modelling paradigm, are provided in [58], [59].

In the context of ASM Ops, multi-agent system modelling thus allows to organise the
complex and intertwined operational tasks into multiple smaller tasks and assign these to
various agents with different roles. This leads to the second research question:

RQ2 Multi-Agent System (MAS) Model

Using the multi-agent system paradigm, how can the modelling requirements
be addressed to design realistic simulation models for studying next-generation
concepts of operations?

To facilitate the design of custom models for studying diverse concepts of
next-generation ASM Ops, Chapter 3 introduces a generalised multi-agent architecture
with a hierarchical-distributed structure. Based on the generalised architecture, specific
model instances can be defined to study new concepts of operations characterised
across various dimensions such as procedural aspects (e.g. selected taxiing techniques,
effect of and compliance with existing/new procedures), degree of centralisation (from
centralised control to distributed control with enacted system-wide constraints), and level
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of automation per task (allocated to a human vs. an automated system), requiring different
coordination schemas. The generalised architecture offers design freedom to develop more
elaborate and tailored models, while enabling to iteratively refine the operational concepts
in fast-time simulations and human-in-the-loop experiments with stakeholders. It further
decouples the model structure from the embedded algorithms, enabling flexible selection
of AI techniques in accordance with the investigated ConOps.

The proposed generalised architecture is illustrated by focusing on one model instance
tailored to centralised planning for fully-automated control: despite posing significant
challenges for its implementation in real-world settings, it is expected to offer the highest
operational efficiency, and can thus be used as baseline for future comparisons with other
model instances. In line with current ground control at airports, the movements of aircraft
and ground vehicles over the airport surface are planned centrally in the MAS model.
Following from the modelling requirements of ASM Ops, the planned agent trajectories
must be conflict-free, operationally efficient, and calculated within a low computational
runtime. As representation of the decision logic for coordinating the movements, the class
of multi-agent motion planning algorithms offers in general promising techniques: such
algorithms combine searching for a conflict-free path and for a suitable speed profile along
that path. However, these have not yet been applied in detailed models of ASM Ops
which address the modelling requirements from RQ1. Thus, the third research question
is as follows:

RQ3 Multi-Agent Motion Planning

Which algorithmic developments are necessary for multi-agent motion planning
algorithms to generate safe, efficient, and computationally scalable trajectories in
realistic airport environments?

Multiple algorithmic enhancements were required, collectively forming the novel
Multi-Agent Motion Planning on Airport Surfaces (AS-MAMP) algorithm, which is
presented in Chapter 4. As its backbone, 4D trajectories are computed that satisfy both
the operational processes as well as constraints necessary to coordinate with movements
higher in priority, formalised as novel single-agent algorithm called Safe Interval Motion
Planning (SIMP). It is inspired by the Safe Interval Path Planning (SIPP) algorithm [60] and
its variants. SIMP further extends the capabilities of SIPP-based low-level planners to deal
with all important characteristics of ASM Ops such as the agent kinodynamics and sizes,
safety zones around agents, and the different operations like pushback, engine-start, tug
coupling, and decoupling. In the AS-MAMP algorithm, multi-agent coordination is based
on the Priority-Based Search (PBS) algorithm [61] and its greedy variant GPBS [62].

To benchmark the AS-MAMP algorithm, the performance of multiple PBS-variants as
well as sequential planning based on the first-come-first-served (FCFS) principle often used
in literature is assessed in Chapter 5. Moreover, to showcase the algorithmic properties of
SIMP, it is benchmarked against SIPP and A*, requiring additional assumptions to calculate
trajectories in the AS-MAMP algorithm. Furthermore, a stress-test of the AS-MAMP
algorithm is used to establish the potentially achievable runway throughput for both
regular, Multi-Engine Taxiing (MET), as well as engine-off taxiing using tugs such as the
TaxiBot, referred to as Tug-Enabled Taxiing (TET).
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Notwithstanding, to fulfil the modelling requirement of representing ASM Ops
realistically, the MAS model must cope with the complexities of real-world airport layouts
and busy flight schedules. However, the aspects influencing the real-world operations vary
largely between airports [63] with different operational roles and control functions of
human operators. Furthermore, human factors play an important role in the safety and
efficiency of the operations.

To limit the scope of this thesis, the verification and validation of the MAS model is
carried out based on one large hub airport, namely Amsterdam Airport Schiphol. This is
one of the largest airports in Europe and comprises a complex taxiway network, connecting
many bay areas to its six runways. These are necessary to sustain operations also in
the adverse weather conditions with strong winds from changing directions that occur
frequently in the Netherlands. For further scoping, theMASmodel for ASMOps is primarily
studied using fast-time simulations of fully-automated operations.

First, multi-engine taxiing is studied as it represents the taxiing technique currently
used at large airports. By simulating historical flight schedules, the performance metrics
such as taxi time and taxi distance can be compared to those of the real-world operations.
This leads to the next research question:

RQ4 Multi-Engine Taxiing (MET)

Using the MAS model, how do fully-automated multi-engine taxiing operations
compare to the present-day, real-world operations in dense flight traffic at
Amsterdam Airport Schiphol?

Chapter 6 presents results of fast-time simulations, based on historical flight schedules
of two of the busiest days at Schiphol to date. Besides the dense traffic, the two operational
days were chosen as the two most common RunwayModes of Operation (RMO) at Schiphol,
referred to as ‘RMO North’ and ‘RMO South’, were each active on one of the two days.

Subsequently, the conducted MET simulations can be used as baseline to investigate
the effects of shifting to engine-off taxiing. Since the concept of TaxiBots [12] is furthest
developed and thus the most promising one at this point, the scope of this thesis is limited
to exploring tug-enabled taxiing. This leads to the next research question:

RQ5 Tug-Enabled Taxiing (TET) of Outbound Flights

Using the MAS model, which operational consequences may result from requiring
all outbound flights to use tug-enabled taxiing, under the assumption of fully-
automated operations in dense flight traffic at Amsterdam Airport Schiphol?

Chapter 7 presents the conducted fast-time simulations using the historical flight
schedules from Chapter 6. The tug fleet is assumed to be large enough to cater to every
outbound flight. As such, task assignment for the tugs is neglected.

During the course of the research presented in this thesis, elaborate discussions were
carried out with ATCOs and operational experts from Amsterdam Airport Schiphol. While
they highlighted the overall realism of the simulations, they also provided valuable points
to further improve the model fidelity. Their feedback gives rise to the two following
research questions:
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RQ6 Calibration of MAS Model

How can historical aircraft ground tracks be used to calibrate the MAS model so that
it closely reproduces real-world taxi traffic, and what do they reveal about suitable
taxi speed limits for highly-automated operations?

RQ7 Aircraft Towing Movements

Using the calibrated MAS model, which impact do aircraft towing movements have
on the taxi performance of regular traffic?

To answer RQ 6, Chapter 8 presents an elaborate evaluation of historical track data
projected onto the taxiway graph to calibrate the model parameters. Accordingly, the
alignment between historical and simulated operations is assessed across different taxiway
areas. For RQ 7, the MAS model is extended with aircraft towing movements, which is
also part of Chapter 8. Based on multiple simulations with differing counts of towing
movements, their impact on the regular taxi traffic is subsequently evaluated.

The studies presented in Chapters 4 and 6 to 8 did not involve any interactions
with human operators, as they assumed fully-automated operations consistent with EASA
Level 3. However, to explore operational concepts grounded in human–autonomy teaming
(EASA Level 2), the MAS model must also accommodate input from human operators,
validated and refined through human-in-the-loop experiments. As this is a very broad topic,
it is only touched upon at the end of this thesis. The insights gained from the previous RQs
allow to explore how the developed MAS model, its underlying methods, as well as the
simulation platform as decision-support and design-support tool can be extended to embed
interactions with human operators. This leads to the final research question:

RQ8 Human–Automation Interactions

How can human–automation interactions be embedded into the MAS model,
methods, and tools for next-generation airport surface movement operations?

Chapter 9 presents the explorations that were carried out on the basis of use cases
from interviews and workshops conducted with operational experts as part of the ASTAIR
project [63]. The MAS model is integrated into a schematic agent-based framework of
human–automation interactions for airport surface movement operations. Following a
fictitious ATCO through her shift at Amsterdam Airport Schiphol, different exemplary
interaction scenarios are presented, focusing on the technical implementation within the
MAS model.

1.3 Research Scope and Assumptions
In this section, the research scope and the core assumptions adopted throughout the
thesis are summarised. First, the operational context is framed, followed by an overview
of assumptions related to engine-off taxiing, the modelled decision-making, case-study
coverage, and aspects regarding human factors.
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Operational Context

• The thesis targets next-generation concepts and a functional, role-based
representation of airport surface operations.

• Its scope is centred around developing the algorithmic functionality for trajectory
planning in the tactical and operational phases of airside surface movement
operations.

• The considered future airport infrastructure is assumed to provide reliable
communication, as well as prediction and surveillance capabilities to minimise
operational uncertainties within the considered time horizons.

This thesis focuses on automated and sustainable airport surface movement operations
from the perspective of trajectory planning and coordination on the airside. The modelled
multi-actor system is not intended to replicate present-day organisational as well as
operational roles but instead focus on the functional roles that the actors shall fulfil.
To keep the research objective tractable and attributable, upstream processes such as
gate planning, runway allocation, and passenger connection management are treated
as boundary conditions. Moreover, where available, the historical flight schedule data
and the corresponding Airport Collaborative Decision Making (A-CDM) milestones, as
standardised sequence of significant operational events across the inbound, turnaround,
and outbound phases of a flight, are used as is. This aligns with the research focus on
developing and evaluating planning functionality rather than forecasting the operational
context. Consequently, network-level effects that drive A-CDM milestone uncertainty
are considered out of scope. Instead, short-horizon predictions are assumed reliable,
consistent with extensive work on data-driven prediction approaches [64], [65] and
operational efforts such as Schiphol’s deep turnaround concept [66]. The infrastructure
required for digital information exchange (e.g. through AeroMACS [67]) and surface
surveillance (e.g. following the A-SMGCS specifications [68]) is assumed to be operationally
available. Besides, any issues and risks in the domain of cyber security that would impair
communication and disrupt the operations are disregarded.

Assumptions for Modelling of Engine-off Taxiing Operations

• Engine-off taxiing is modelled using external tugs based on the TaxiBot [12] as
reference system, referred to as Tug-Enabled Taxiing (TET).

• In the studied scenarios, TET is applied to all outbound flights.

• The tug fleet is assumed large enough to tend to every tow task without causing
delays.

• Task assignment of tugs and fleet management policies are not modelled.

From the range of engine-off taxiing techniques, the TaxiBot concept [12] has reached
the highest operational maturity, with a few tugs deployed at selected airports. The
underlying operational concept is referred to as tug-enabled taxiing (TET) in this thesis.
As industry stakeholders generally regard inbound TET as economically unattractive and
operationally impractical, TET is only considered for outbound flights in the considered
scenarios. While the TaxiBot concept is currently only certified for a few narrow-body
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aircraft, TET operations are assumed for all outbound flights, to study the system-wide
operational effects and their impact on algorithmic performance. The tug fleet is assumed
to be sufficiently large to serve each towing task without inducing delays, as aircraft
would plausibly be assigned conventional taxiing in case of tug unavailability in real-world
operations. Consistent with the thesis-wide scoping towards surface trajectory planning,
tug task assignment and fleet management policies (e.g. dispatching, prioritisation,
charging/maintenance logistics) are treated as out of scope.

Assumptions for Modelled Decision-making

• The planning problem is treated as deterministic to support the verification and
validation of the developed algorithms and their underlying functionalities.

• Except otherwise noted, delays are assumed to occur prior to the start of taxiing
and outside the planning horizon.

• Aircraft and tugs are assumed to execute their assigned trajectories within tight
tolerances.

The considered problem of generating conflict-free trajectories for all concurrent
surface movements is treated as deterministic, to keep the problem tractable and support
the necessary verification and validation efforts. Based on the drawn assumption of
advanced prediction and surveillance capabilities, any operational delays are assumed by
default to be realised prior to taxi start. This limits the necessary replanning frequency
and isolates the necessary algorithmic efforts to coordinate the concurrent movements. In
analogy, execution is assumed to be highly conformant: prior work on future concepts of
flight-deck automation motivates that pilots (and tug operators) could follow the provided
ground trajectories with high precision [30].

Covered Case Studies

• Two types of airport environments are used: a synthetic bottleneck-based layout,
and layout variants of Amsterdam Airport Schiphol.

• Aircraft are grouped into six categories in accordance with the ICAO aerodrome
reference codes [69].

• Pushback and engine-start manoeuvres are represented; standard pushback
procedures are used where available.

• The studied scenarios are evaluated using fast-time simulations, assuming nominal
conditions except otherwise noted.

In this thesis, two types of airport environments are used in the case studies. A synthetic
bottleneck-based layout is used to develop and stress-test algorithmic functionality under
controlled conditions. To assess the realism and scalability in a complex, high-capacity
environment, variants of the layout of Amsterdam Airport Schiphol are used, given its
demanding, organically evolved taxiway network and multi-runway operating context.
These layout choices support stronger verification and validation of the developed routing
and coordination logic, while maintaining the research focus on functional and algorithmic
contributions rather than airport-specific procedures.
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Aircraft are grouped into six categories based on the ICAO aerodrome reference codes
[69]. Pushback and engine-start manoeuvres are explicitly modelled, and where available,
standard pushback paths (including push-pull manoeuvres) are applied as procedural
constraints based on aircraft category. Fast-time simulations are used to obtain the results
reported in this thesis, with nominal operations assumed except otherwise noted. Where
available, historical flight schedules and corresponding runway configurations are used
as simulation inputs to enable a direct comparison between simulated and historical
performance indicators at different aggregation levels.

Human Factors

• Given the primary focus on fully automated concepts of operations, human
decision-making is not modelled, and impacts on human factors are not assessed.

• Although human–autonomy teaming is acknowledged as a motivation and
long-term goal, it constitutes a research area in its own right and therefore lies
beyond the scope of this thesis.

• As an outlook, a limited set of interactions is explored to demonstrate technical
feasibility, but not to provide validated human-in-the-loop evidence.

The thesis primarily evaluates automation concepts under the simplifying assumption
of fully-automated operations, and therefore does not model human operator behaviour
or quantify impacts on controllers, pilots, or ground personnel. Therefore, any assessment
of human factors lies beyond the scope of this thesis. Although human–autonomy
teaming is acknowledged as a key motivation and long-term goal, rigorous assessment
requires dedicated socio-technical evaluation frameworks and iterative human-in-the-loop
experiments, which also fall outside the thesis scope.

As a first step towards future research on teaming in ASM Ops, a limited set of
interactions is explored towards the end of the thesis. These cases aim to illustrate
how technical interfaces and information exchange between human operators and the
automated system could be implemented. Accordingly, the automated side is modelled
with rule-based adaptations rather than sophisticated, adaptive decision-making. As such,
the explored interactions are intended to demonstrate feasibility rather than to provide
validated evidence from human-in-the-loop studies.

The assumptions underlying the models, methods, and case studies presented in this
thesis are further discussed in the respective chapters.

1.4 Thesis Overview
While this thesis is structured to be read front to back, most chapters can be read
independently as they are written as scientific papers. As guidance, Figure 1.6 provides an
overview of the chapters, as well as suggested reading paths through the thesis.

Chapter 2 outlines the relevant operational background of ASM Ops, and defines a list
of modelling requirements deemed indispensable to model ASM Ops realistically (RQ 1).
Subsequently, previous research related to modelling such operations and multi-agent path
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planning algorithms is summarised. This chapter concludes by describing the modelling
approach to address the requirements using the paradigm of multi-agent systems with
built-in multi-agent motion planning.

In Chapter 3, the generalised architecture for instantiating multi-agent system
models with hierarchical-distributed agent relations is presented (RQ 2). To illustrate
the framework, a MAS model instance for fully-automated operations with centralised
planning is specified. Chapter 4 then elaborates on the AS-MAMP algorithm that
represents the agent decision logic for planning conflict-free trajectories by constructing
a priority order between all concurrent movements of aircraft and ground vehicles (RQ 3).
Subsequently, Chapter 5 evaluates the MAS model by assessing the performance of the
AS-MAMP algorithm as its most important planning component. The effects of important
algorithmic as well as operational parameters on the AS-MAMP algorithm are discussed
by running fast-time simulations on both a synthetic as well as a real-world airport layout.
The chapter ends with a discussion on the chosen modelling approach, its limitations and
implementation challenges, and directions for future work.

Shifting to operational studies, Chapter 6 presents the investigation of fully-automated
ASM Ops in which aircraft deploy multi-engine taxiing (RQ 4). The agent kinodynamics
are calibrated using historical trajectory data corresponding to the flight schedule used in
the fast-time simulations. The influence of the planning window and replanning period
are evaluated by analysing the trade-off between the operational efficiency, predictability,
and computational runtime. Furthermore, various operational consequences such as delay
hotspots, taxi time efficiency, inbound and outbound holding, compliance with departure
slots issued by Eurocontrol (i.e. CTOT-slots), and runway capacity are compared to their
historical counterparts.

Chapter 7 investigates the potential operational impact posed by tug-enabled taxiing
(RQ 5). As such, the core drivers for the expectable influence on the key performance
indicators such as the taxi times are analysed. The chapter is complemented by evaluating
the impact on delay hotspots, emission hotspots, among others, and providing a rough
estimate of the achievable fuel and emission savings through tug-enabled taxiing.

In Chapter 8, tracks of historical aircraft ground trajectories are evaluated to address
the points of improvement gathered in discussions with ATCOs and operational experts
throughout the course of this thesis. Based on the conducted investigation, the calibration
of the model parameters is improved (RQ 6). Furthermore, the MAS model is extended to
assess the impact of aircraft towing movements on regular traffic (RQ 7). Subsequently,
multiple operational model variations are compared and discussed.

In Chapter 9, the MAS model is embedded into an agent-based schema for
human–automation interactions, allowing human operators to share information and
authority with the MAS model (RQ 8). Different exploratory interactions are presented
stemming from workshops and interviews that were carried out with operational experts
as part of the ASTAIR project [63]. The context of each interaction is introduced, followed
by a description of how the interaction was modelled and implemented in the MAS model,
as well as placing it in broader perspective within ASM Ops.

The answers to the research questions defined above are summarised in Chapter 10.
Moreover, the main conclusions and contributions of this thesis are outlined. The thesis
concludes by providing directions for future research based on the identified limitations
and assumptions of the presented work.





2
ProblemDescription and RelatedWork

This chapter first introduces the problem of airport surface movement operations
(ASM Ops), and defines a list of requirements that are deemed indispensable to model
the operations realistically (Section 2.1). Based on these, previous research related to
modelling ASM Ops and multi-agent path planning algorithms is discussed in Section 2.3.
This chapter concludes by providing a summary of the generalised multi-agent system
model architecture as approach to address the identified research gaps (Section 2.4).

19



2

20 | 2 Problem Description and Related Work

This chapter is based on the following publication:

M. von der Burg, J. Kamphof, J. Soomers and A. Sharpanskykh, ‘Towards next-generation airport
surface movement operations using hierarchical-distributed multi-agent planning’, Transportation
Research Part C: Emerging Technologies, vol. 186, p. 105 583, 2026, issn: 0968-090X. doi: 10 . 1016 / j .
trc.2026.105583.

https://doi.org/10.1016/j.trc.2026.105583
https://doi.org/10.1016/j.trc.2026.105583


2

2.1 Operational Background | 21

T his chapter first describes the operational background of current and potential future
airport surface movement operations. Then, modelling requirements are formulated

for creating high-fidelity models to study next-generation operational concepts. Moreover,
the modelling requirements will guide the assessment of previous work carried out
in Section 2.3 as well as for proposing a generalised system modelling architecture
in Section 2.4.

2.1 Operational Background
In its current form, ASM Ops are controlled and coordinated by Air Traffic Control Officers
(ATCOs) who control the movements on the airport surface from the centrally located
control tower. To ensure safe and efficient operations, the ATCOs provide clearances
and guidance for all aircraft and ground vehicles moving along the taxiway network.
ATCOs rely on other stakeholders to aid their decision-making, such as airport operators,
ground handlers, and airlines that manage e.g. the flight schedules, stand allocation, and
turn-around processes. As pilots and drivers are responsible for the safety of their individual
vehicle, they determine the taxiing speed themselves. However, as they are unaware of the
entire traffic situation and pertaining information, they rely on the overall coordination by
and communication through the ATCOs, and are obliged to follow the ATCOs’ instructions.
As consequence, ASM Ops are an inherently cooperative system.

Currently, aircraft mainly use their own engines to move over the airport surface,
referred to as multi-engine taxiing (MET) in this thesis. After landing, inbound flights
taxi to the stand, during which their engines cool down. Then, the turn-around processes
commence, some of which are to unload the baggage, refuel, clean, and let new passengers
board the aircraft. Once ready for pushback with a pushback tractor (PBT) coupled to
the aircraft, the existing taxi procedures can be split into three parts: 1) the pushback
and (possibly) push-pull manoeuvre, 2) PBT decoupling and engine-start, and 3) taxiing
to the runway. Before step 3) can be performed, the aircraft engines must be running. The
engine-start procedure usually begins once the pushback commences. Only in the case of
a push-pull manoeuvre, engine-start must be performed entirely after finishing the pull
manoeuvre as it is carried out to avoid engine blast.

In next-generation ASM Ops, new means of taxiing as well as novel aircraft propulsion
systems are envisioned. As such, different engine-off taxiing techniques have matured
beyond the research stage, with the TaxiBot system [12] being closest to operational
deployment. We thus pick the latter as example of a future ConOps, referred to as
tug-enabled taxiing (TET) in this work. Based on the TaxiBot specification and interviews
with operational experts, outbound TET operations can be divided into four stages: 1)
pushback and direction switch, 2) tug-enabled taxiing to a decoupling location close to the
runway, 3) decoupling and all-clear signal between tug and aircraft, and 4) taxiing onto
the runway. Depending on airport regulations, engine-start can potentially be performed
during stage 2). Nonetheless, holding at the decoupling location may be necessary when the
duration of pushback, taxiing, and decoupling is shorter than the time needed to start the
engines. For arriving aircraft, TET comprises three relevant stages: 1) exiting the runway
and taxiing to a coupling location close to the runway, 2) coupling to the waiting tug, and
3) tug-enabled taxiing to the ramp.
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For both flight directions, the tugs have to drive to the coupling location, and once
decoupled travel to the next assignment or the tug-base. Airports may provide extra
service-roads, or require them to use the taxiway network managed by ground control.
Eventually, the tugs are expected to be equipped with electric engines [16]. In turn, this
requires recharging over the day of operations, either at dedicated charging stations or at
the stand, affecting the task assignment and route planning of tugs after decoupling.

2.2 Modelling Requirements
To study new concepts for ASM Ops in detail, the real-world operations must be modelled,
simulated, and thoroughly evaluated, requiring a high-fidelity model. In turn, it must
address the requirements derived from the operational background. Using Figure 2.1, the
modelling requirements are discussed below.
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Req. 1:
multiple actors

• individual tasks vs. general goals
• coordination between actors in 

cooperative system
• heterogeneous vehicle fleet: 

kinodynamics + dimensions

Req. 2: 
interrelated tasks

• multiple routing tasks
• task dependencies
• task interactions
• time constraints

Req. 6: 
uncertainties

• changes in schedules
• changing routes
• positioning tolerances
• delays + disruptive 

events

Req. 3: 
safety aspects

• conflict-free operations
• safety clearances
• wake-turbulence 

separation
• predictability

Req. 5: 
operational goals

• high efficiency
• capacity meeting

demand
• low environmental 

impact

Req. 7: 
algorithmic properties

• high solution quality
• low comp. runtime
• scalability
• robustness to 

operational changes

Req. 4: 
environment

• airport layout
• infrastructure 

constraints
• types of 

schedules

Figure 2.1: Overview of modelling requirements to study new concepts of operations for airport surface
movements in detail

Requirement 1: system model shall represent multiple interacting actors
Various stakeholders partake in ASM Ops, sharing the general objectives of safe, efficient,
and predictable operations besides their individual tasks, which may be conflicting
between actors. Aircraft and additional vehicles such as tugs share limited resources,
i.e. runways, taxiways, and bay areas. Differences in dimensions across aircraft types
and between aircraft and tugs lead to a heterogeneous vehicle fleet. Moreover, their
kinodynamics or non-holonomic properties must be accounted for, i.e. finite acceleration
and deceleration, minimum speed to avoid stop-and-go, and speed restrictions on both
straight as well as curved taxiway segments. Due to the strict safety standards, all actors
are part of a cooperative system, making coordination between actors and control of their
actions essential.
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Requirement 2: system model shall accommodate the interrelated tasks
In general, ASM Ops comprise different operational tasks such as regular taxiing, pushback
manoeuvres, engine-start, holding, and tug operations. In parts, these tasks depend on
and form interactions between each other, e.g. between aircraft in queues, landing aircraft
vacating the runway, or in the bay areas. Moreover, some tasks have associated time
constraints that must either be surpassed or reached in time (i.e. deadlines). Examples
include an arriving flight whose assigned stand is still occupied, a departing flight that
must take off within a departure slot due to airspace restrictions (i.e. CTOT-slots assigned
by Eurocontrol), or aircraft in need of a tug or towing vehicle.

Requirement 3: system model shall comply with safety-related aspects
The operations must meet the strict safety standards at all times. As such, all vehicles
must keep sufficient safety clearances to each other while moving over the airport surface.
Furthermore, any engine-blast risk must be minimised and sufficient wake-turbulence
separation during takeoff and landing must be kept. Moreover, the system model should
exhibit predictable and consistent behaviour under both nominal and non-nominal
operational conditions, which is essential for the identification and mitigation of
potential hazards.

Requirement 4: system model shall represent airport environments in detail
To represent diverse ASM Ops across different airport sizes and use cases, the system
model must be capable of accommodating variations in airport topology and complexity.
Especially for large airports, such as Amsterdam Airport Schiphol (AAS), the taxiway
system is rather complex and contains not only straight and curved segments, but also
compounded intersections, runway crossings and go-arounds, long single-lane taxiways,
and designated holding areas. Other infrastructural constraints include the inability
of aircraft to turn around on a taxiway segment, temporarily unavailable taxiways,
limited stand space, and pushback procedures. Additionally, the model should incorporate
operational aspects such as arrival and departure schedules, and the runway mode of
operation (RMO).

Requirement 5: system model shall fulfil operational goals
The system model shall optimise the operations to meet key operational objectives such as
high operational efficiency through the reduction of taxi times and delays, and maintaining
throughput levels that align with current and projected traffic demand. Furthermore, the
model should account for additional performance metrics such as the environmental
impact, e.g. fuel consumption and emissions. This allows to assess the trade-offs between
different operational goals as well as compare alternative operational strategies under
varying scenarios.

Requirement 6: system model shall accommodate operational uncertainties
In actual operations, changes to planned actions or anticipated effects arise that must be
handled accordingly, also during the routing of vehicles [70]. Examples include changes
to flight schedules, task assignments of tugs, or changing runway configurations. Such
changes often have short lead times (e.g. RMO changes may be known less than 30min
in advance). During taxiing, vehicle routes may change due to either operational reasons or
errors in following the instructions provided by ATC. Furthermore, positioning tolerances



2

24 | 2 Problem Description and Related Work

must be accounted for, due to sensor noise or technological limits in precisely executing the
assigned vehicle trajectories. Delays in procedures and actions, communication, and various
other forms [6], up to (confined) disruptive events such as sudden vehicle breakdowns, may
occur throughout the operations.

Requirement 7: decision-support algorithms shall be effective and efficient

The decision-support algorithms deployed in the system model shall deliver high-quality
solutions, generating conflict-free and efficient trajectories that are operationally feasible
and that realistically reflect operational constraints. To enable fast-time simulation and
iterative optimisation, the algorithms shall achieve low computational runtimes and scale
with airport layout complexity and traffic density. Moreover, they shall remain robust
to dynamic operational changes mentioned in Requirement 6, thereby ensuring reliable
performance across a range of scenarios.

2.3 Related Work
In line with its current form of control, most previous work modelled ASM Ops as
a centralised system, and studied related sub-problems. Other research has focused on
developing new concepts of operations of ASMOps as a centralised, but also as a distributed
system. We will describe these in the next subsection, and thereafter outline the suitability
of multi-agent path planning algorithms for planning conflict-free trajectories in ASM Ops.

2.3.1 Modelling of Airport Surface Movement Operations
In previous research, ASM Ops were divided into specific optimisation problems: the
Ground Routing Problem (GRP) seeks conflict-free taxi schedules, typically framed as MILP
or GA formulations [71], while the Runway Scheduling Problem (RSP) maximised runway
throughput via MIP, DP, branch-and-bound, or heuristics [72], [73]. Guépet, Briant, Gayon
et al. [74] reviewed studies that fully or partially couple GRP and RSP, and argued that their
better integration significantly reduces the taxi times. Additional sub-problems tackled
runway-induced taxi congestion through gate-holding [75]–[77], or pushback control and
derated takeoffs to lower emissions [78].

Other research focused on approaches for predicting taxi times and anticipating delays
under uncertainty [79], [80]. To this end, different approaches were used, e.g. using a
stochastic model [70], chance-constraint programming [81], or a fuzzy rule-based approach
[82]. Other studies used data-driven approaches to predict the landing times of aircraft [83],
[84], to visually show the runway exit prediction [85], or to provide recommended gate-hold
times of outbound aircraft (using historical trajectories to fix their paths) [86].

Collectively, these studies have shown tangible gains in operational efficiency and
predictability by optimising the taxi times as well as narrowing the forecast errors.
However, they still treat ground, runway, and turnaround processes as weakly-coupled
subsystems. As a consequence, system-wide objectives influenced by dependencies
across process boundaries are not optimised. This motivates integrated, concept-driven
frameworks for assessing new concepts of operations (ConOps), as discussed in the
next subsection.
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2.3.2 Studying New Concepts of Operations
As approach towards fully-automated tower operations, Morris, Pasareanu, Luckow et al.
[6] proposed a centralised automation system using discretised time and a grid-based layout
with obstacles to represent taxiway networks. Their prototype of a surface management
system focuses on data analysis for behaviour modelling, as well as continuous route
planning, scheduling, and monitoring.

NASA’s ConOps for far-term Surface Trajectory-Based Operations (STBO) envisions
that pilots actively participate in precisely meeting time-based goals [27]. In two phases,
their approach uses time-based 4D taxi clearances first provided as coarse targets at
specific locations, and eventually as high-precision trajectories. However, for the second
phase, the authors highlighted that more research into advanced flight deck equipment is
needed. Focusing on the first phase, various fast-time and human-in-the-loop trials using
their developed decision-support tools showed promising results for more efficient and
predictable operations [87]–[90].

Using a simulation platform of similar scope, DLR tested prototypes of the Airport
Collaborative Decision Making (A-CDM) [91] and the Advanced Surface Movement
Guidance and Control System (A-SMGCS) [92] approaches for European airports. Likewise,
their human-in-the-loop simulations showed similar operational benefits when pilots
adhere to the conflict-free 4D trajectory clearances [93]. In a joint effort, NASA and
DLR also developed a shared concept of operations and evaluated it using fast-time
simulations [29]. However, the taxi routes were pre-defined and were planned on a
first-come-first-served basis. Both aspects likely lead to sub-optimal solutions and may not
be applicable to complex traffic situations.

In general, centralised systems may lack knowledge of local conditions affecting
operations, and communication might be impeded by capacity and bandwidth issues
[33]. Alternatively, ASM Ops can also be modelled with decentralised control, as studied
by Udluft [33] for a basic airport layout. In such a system, the communication and
control mechanisms are shifted to multiple local entities. While these approaches enhance
robustness, resilience, and the quality of local solutions, they do not guarantee a global
optimum and may lead to inefficient use of global resources.

Collectively, simulation platforms that focus on evaluating novel concepts for ASM Ops
commonly generate realistic 4D trajectories but rather use simple optimisation techniques
to coordinate the movements, often following the FCFS principle. As already outlined in the
previous section, paths can also be planned without such stringent order with potentially
better solutions. To this end, the domain of multi-agent path planning (MAPP) provides a
multitude of algorithms to solve both simplified and complex problems, as discussed next.

2.3.3 Multi-Agent Path Planning Algorithms for Conflict-free
Routing

Interestingly, manyMAPP-related papers motivate their work with ASMOps, e.g. [94]–[96],
while such algorithms are often neglected in operations-focused research, e.g. [79],
[97]–[99]. To close this gap, we first provide an overview of important MAPP concepts and
algorithms, from solving classical problems towards using them for real-world applications.
As summarised below, two-level solvers stand out in their wide range of applicability, with
Priority-Based Search (PBS) being especially suitable for ASM Ops. In a separate subsection,
we then outline the Safe Interval Path Planning (SIPP) algorithms as state-of-the-art
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single-agent planner used in two-level solvers. Finally, we provide a summary of the
suitability of different path planning algorithms for ASM Ops.

Overview of Algorithms to Solve MAPP Problems

Much research has concentrated on the classical multi-agent path finding (MAPF) problem
in which several assumptions are utilised to simplify the search: the environment is defined
as static, both time and space are discretised, agents are depicted as points that only occupy
a single location per time step, and move between these within unit time [100]. Moreover, it
is typically assumed that the generated plans are perfectly executed [101]. Comprehensive
overviews of the MAPF problem and its algorithmic landscape are provided in [102] (MAPF
definitions, variants, benchmarks), [103] ( MAPF variants focused on search-based optimal
solvers), and [104] (classical but also beyond-classical MAPF solvers).

For solving classical MAPF problems, two-level solvers have proven to be most suited:
they combine the strengths of different algorithms and yield better solution quality and
lower computational times than other approaches such as reduction-based, rule-based,
or other one-level search-based solvers. Prominent examples of optimal two-level MAPF
solvers are M* [105], the Increasing Cost Tree Search (ICTS) [106], and Conflict-Based
Search (CBS) [107].

The latter has found wide use to generate optimal solutions to classical MAPF
instances. CBS is based on the ideas of building a binary conflict-tree during the search,
which is expanded using a best-first search to sequentially resolve all conflicts between
agents. To improve its computational runtime, several sub-optimal variants were proposed
[108]–[110]. While these algorithmic improvements showed promising results in trading
off solution quality for runtime, any CBS-variant may still be too slow for applications
requiring close to real-time path planning computations, especially when relaxing the
assumptions of classical MAPF, as done by e.g. Li, Surynek, Felner et al. [111] and Walker,
Sturtevant and Felner [112].

As alternative two-level solver, Ma, Harabor, Stuckey et al. [61] introduced the
Priority-Based Search (PBS) algorithm. PBS generates a priority-tree to explore the state
space by applying different priority orderings for the agents, requiring a lower prioritised
agent to avoid all paths of those higher in priority. The priority-tree is expanded using a
depth-first search, resulting in fast execution times. While PBS is unbounded suboptimal
and incomplete, the authors claim that it provides near-optimal solutions, also on an
airport-like map (DAO-map brc202d). Recently, Chan, Stern, Felner et al. [62] introduced
Greedy PBS (GPBS) and multiple algorithmic extensions for PBS to lower the computational
runtime especially for MAPF instances with both many agents and obstacles. Overall, the
PBS-family is regarded as one of the leading MAPF algorithms, and was thus used in
several recent studies [113], [114]. Its algorithmic properties and the concept of reasoning
with priorities make it particularly well suited for generating conflict-free trajectories
in ASM Ops.

As general approach to decrease execution times of MAPF algorithms, Silver [115]
introduced the idea of windowing the search, which is also referred to as bounded-horizon
planning in other articles [116]. Using a windowed approach, conflict resolution is done
up to a pre-defined time horizon w, while conflicts beyond that limit are ignored. This
decreases the search space and thus the required runtime of the path planning algorithm.
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In previous research, some of the assumptions of classical MAPF mentioned above
were relaxed. As examples, studies explored the online MAPF variant requiring frequent
replanning [117], the MAPFR problem for continuous, non-uniform edge weights [118],
MAPF instances with delay probabilities [101], or robustness in planning [119]. Li, Surynek,
Felner et al. [111] explored MAPF instances with Large Agents (LA-MAPF), in which
agents occupy not one but a set of points in a graph at any time step. New conflict
types are necessary to coordinate their movements, increasing the number of possible
collisions. Since MAPF plans can usually not be directly executed by real-world robots [120],
Hoenig, Kumar, Cohen et al. [121] proposed MAPF-POST which uses a temporal network
to post-process MAPF solutions so that non-holonomic robots can execute the plans with
guaranteed safety distances between them.

Nonetheless, the strong assumptions to solve such MAPF instances do often not apply
to real-world problems [94]. Dependent on the application, continuous time and space
dimensions as well as non-holonomic, heterogeneous agent properties may need to be
planned for. The combination of these is often referred to as multi-agent or multi-robot
motion planning (MAMP or MRMP). The latter usually addresses open spaces requiring
roadmaps to be generated through e.g. sampling-based techniques [122]. However, the
taxiway layouts of airports do not resemble open spaces, but rather consist of sparsely
located intersections connected by roads in a continuous, two-dimensional Euclidean
environment. Sampling-based techniques are thus not applicable to coordinate the agents in
ASM Ops. Instead, the taxiway network can be transformed into a graph using the physical
coordinates of intersections as nodes and the length of the interconnecting taxiways as
edge weights, leading to a representation in continuous space. Alternatively, one study
transformed the taxiway network using a grid-based layout with obstacles [6]. For both
layout transformations, the above mentioned two-level search-based solvers can be applied
when coupled with a low-level algorithm that can deal with the continuous dimensions and
non-holonomic agent properties.

Safe Interval Path Planning (SIPP) Algorithms

As key advancement for single-agent path planning, Phillips and Likhachev [60] introduced
the Safe Interval Path Planning (SIPP) algorithm to deal with dynamic obstacles. SIPP
is based on the idea of aggregating time steps into time intervals: the duration that a
moving obstacle occupies a graph location is defined as unsafe interval (USI), while the
time between two USIs is denoted as safe interval (SI). This representation of the time
dimension reduces the amount of potential states at every graph location and therefore
the search space. Besides decreasing the runtime significantly, this also enables planning
with continuous time and space, arbitrary motion durations, and different agent speeds.

For this reason, SIPP was subsequently used and further extended as single-agent
planner [123]–[125], and as low-level solver for solving multi-agent instances [120], [126],
[127]. To generalise SIPP to continuous time with large agents moving on 4-neighbour grids,
Ma, Hönig, Kumar et al. [128] used SIPP with a reservation table (SIPPwRT), in which
the shape of agents is expressed by a safety radius. Together with the velocities of two
agents, but without accounting for acceleration and deceleration rates, they then compute
time offsets to set safe intervals for lower prioritised agents. Li, Chen, Harabor et al. [129]
generalised SIPP to handle soft obstacles, called SIPP with Soft Constraints (SIPPS). Soft
obstacles mark the pending conflicts with the plans of other agents that are not yet set as
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hard constraints. These are tracked in SIPPS to minimise the number of unresolved conflicts
when creating a new plan. The authors used SIPPS in their proposed algorithmMAPF-LNS2,
which starts with an invalid MAPF solution still containing unresolved conflicts. The
remaining count of collisions is then gradually minimised by repeatedly replanning for a
subset of agents. MAPF-LNS2 thus lowers the remaining collisions within a defined runtime
limit, or improves the initial solution to be conflict-free.

Nonetheless, Ali and Yakovlev [130] argued that all previous work on SIPP does not
account for the kinodynamic constraints of agents prohibiting them to stop instantaneously.
They show that these agent properties make vanilla SIPP and its variants incomplete.
To address this issue, they proposed SIPP with (wait) interval projection (SIPP-IP) and
proved that it is both complete and optimal. In SIPP-IP, each state S has an associated
non-overlapping, projected safe interval representing the time interval that can be safely
reached from the safe interval at a previous wait-location in the path to S. However, their
idea only holds for states that originated from a wait-location, limiting its applicability to
real-world problems.

Summarising the Applicability of Existing Path Planning Algorithms for ASM Ops

Table 2.1 summarises the properties of the algorithms reviewed above, in line with the
requirements defined in Section 2.2. While MILP and CBS solvers provide optimal solutions,
they are intractable to plan for many agents in a complex operational environment
within a reasonable time. Machine-learning/reinforcement-learning (ML/RL) approaches
are deemed not yet capable to handle the intrinsic complexities of realistic representations
of ASM Ops. MAPF-LNS2 aims to iteratively improve invalid solutions with remaining
conflicts, is typically applied to problem instances involving thousands of agents, and was
so far only tested on uniform grid environments. All these properties of MAPF-LNS2 make
it less suitable for the operations considered in this thesis. In contrast, prioritised planning
algorithms such as PBS and FCFS are well aligned with conflict resolution strategies in
ASMOps, in which priorities are commonly assigned. While FCFS likely provides inefficient
solutions, PBS-based algorithms are regarded to deliver near-optimal solutions, and to scale
well also in complex environments. We thus deem PBS-like algorithms to be most suitable
to carry out multi-agent coordination in ASM Ops models.

In addition to prioritised planning, the efficient generation of conflict-free, 4D agent
trajectories is essential for obtaining high-quality solutions within reasonable runtimes. To
this end, the SIPP-family offers a strong basis for single-agent planning. However, SIPP
must be tailored to the operational context of ASM Ops and extended to support motions
with finite acceleration and non-zero initial speeds.

2.4 Addressing the Research Gaps
The reviewed literature showed that most existing models of ASM Ops are geared towards
studying either an isolated part of the system or one specific operational concept, mainly
based on current operations. Such models are thus inept to study the potentially wide range
of ConOps that results from new technological solutions as well as future operational and
environmental requirements, let alone to compare the efficacy of different approaches with
each other on a detailed level.
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To address the research gap, a generalised multi-agent system architecture is
proposed for studying next-generation concepts of airport surface movement operations.
The architecture has a flexible, hierarchical-distributed structure, taking the defined
requirements from Section 2.2 as well as the outlined advantages and limitations of both
centralised and distributed systems into account. Although highly distributed systems
are conceivable, the stringent safety standards (Requirement 3) necessitate a form of
operational oversight, thereby motivating the adoption of an underlying hierarchy in the
generalised architecture to coordinate the operations.

We use the paradigm of multi-agent systems due to their demonstrated suitability
to represent real-world systems, as shown across various applications [59], and their
inherent modularity, flexibility, and expressiveness. Both heterogeneous agent properties
and behaviour as well as randomness can be integrated into an agent-based model [46],
facilitating the design of detailed models to address the identified modelling requirements.
In the context of ASM Ops, multi-agent system modelling thus allows to organise the
complex and intertwined operational tasks into multiple smaller tasks and assign these to
various agents with different roles.

Based on the generalised architecture, specific model instances can be defined to study
new concepts of operations characterised across various dimensions such as procedural
aspects (e.g. selected taxiing techniques, effect of and compliance with existing/new
procedures), degree of centralisation (from centralised control to distributed control with
enacted system-wide constraints), and level of automation per task (allocated to a human
vs. an automated system), requiring different coordination schemas. As a consequence,
the generalised architecture offers design freedom to develop more elaborate and tailored
models, while allowing to reuse the overall simulation environment as well as model
components. Moreover, it enables comparing system-level performance (see Requirement 5)
across varying ConOps, and to iteratively refine the operational concepts in fast-time
simulations and human-in-the-loop experiments with stakeholders.

This chapter summarised the operational background of ASM Ops and established
the modelling requirements underlying the models, methods, and tools developed
in this thesis (addressing RQ 1). In the next chapter, the proposed generalised
architecture for multi-agent system models to study future ConOps of ASM Ops
(RQ 2) is outlined, constituted by four agent categories as well as environmental
objects. Moreover, one model instance designed for fully-automated ASM Ops with
centralised path planning is introduced, which forms the basis for the MAS models
used in the case studies reported in Chapters 5 to 9.
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Multi-Agent SystemModels to
StudyNext-Generation Airport
SurfaceMovement Operations

As outlined in Chapter 2, coordinating the movements of aircraft along the surface
of busy airports is a complex task, requiring coordination among various stakeholders
to ensure safe and efficient operations. In response to the interrelated challenges of
ever-increasing demand, emission reduction, and sustaining safety levels, technological
advances are emerging which, in turn, necessitate novel concepts of operations (ConOps).
To this end, diverse operational concepts with varying technological aspects, level
of automation, and degree of control centralisation could potentially offer a solution.
However, before such innovative ConOps are matured to be deployable at real-world
airports, extensive evaluation based on computational modelling is necessary.

To enable such detailed modelling and analysis of the large variety of concepts for
next-generation airport surface movement operations, this chapter proposes a generalised
architecture based on the hierarchical-distributed multi-agent system modelling paradigm
(Section 3.1). We illustrate the generalised architecture by providing a specific model
instance for a ConOps based on centralised planning and distributed, fully-automated
control, outlined in Section 3.2.

31
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A SM Ops tasks can be divided in several categories: planning (strategic and long-term
decisions), scheduling (tactical decisions), routing (tactical path planning), providing

guidance (operational path planning), and steering an aircraft or ground vehicle
(operational plan execution). The progression from strategic planning to operational
control reflects a hierarchical structure among the tasks. At the same time, the strict
safety standards of ASM Ops (Requirement 3) necessitate coordinated oversight across all
operational levels. Together, these aspects motivate the choice of a hierarchical-distributed
system architecture to manage the complexity and to ensure safety as well as efficiency.

3.1 Generalised Hierarchical-Distributed Control
Architecture

To enable studying diverse concepts of next-generation ASM Ops, we thus propose a
generalised multi-agent system architecture with a hierarchical-distributed structure. It
comprises multiple levels of control through distinctive agent categories with potentially
limited system knowledge, scope of control, and access to information. We define the agent
categories in analogy to the hierarchy of ASM Ops tasks mentioned above. Illustrated by
Figure 3.1, we outline the different agent categories and environmental objects constituting
the generalised architecture in the following.

MULTI - AGENT SYSTEM

SCHEDULING AGENTS

agent 1 agent N…

ROUTING AGENTS

agent 1 agent N…

GUIDANCE AGENTS

agent 1 agent N…

MOVING AGENTS

agent 1 agent N…

E
N
V
I
R
O
N
M
E
N
T

External Data
& Events

Airport 
Infrastructure

Surface 
Movement 

Radar

Datastrips

legend

interaction links

control & data
exchange links

coordination links

Figure 3.1: Generalised hierarchical-distributed multi-agent system modelling architecture to study diverse
concepts for next-generation airport surface movement operations

In the generalised architecture, agents are associated with ASM Ops tasks to exert
control and exchange data in line with the hierarchical placement of the agent categories.
Within each category, multiple agents may operate and engage in centralised and/or
distributed control mechanisms, informed by communication within their level as well
as across hierarchical layers. Furthermore, all agents can potentially interact with
environmental objects as part of their perception and decision-making processes.
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The agent category for strategic planning tasks such as defining the flight plans is
deliberately disregarded, since such tasks are carried out long before the actual ASM Ops
take place. They are placed in the environmental object of External Data & Events along
with other information from stakeholders outside the scope of ASM Ops. These include
dynamic system inputs such as weather forecasts and weather events, as well as CTOT-slots
assigned by the network manager, among others. The environmental object called Airport
Infrastructure constitutes the taxiway network as well as other infrastructure such as
remote parking locations, recharging stations, or ground vehicle depots to enact the specific
ConOps. It is represented by a directed graph G = (V, E), E ⊆ V × V , where edges ϵ ∈ E
represent taxiway centrelines and nodes ν ∈ V correspond to merging points between
taxiways as well as special points such as stands or tug coupling/decoupling locations. The
edges are constructed using Bézier curves with non-uniform lengths lϵ, enabling a realistic
and flexible representation of airport layouts. To reflect operational constraints, additional
edge attributes such as speed limits vlim,ϵ based on the radii of curvature can be assigned
to the edges. Moreover, the environment provides the Surface Movement Radar as means
of surface surveillance to provide information on e.g. cooperative ground movements (i.e.
those that allow to be detected). In analogy to present-day flight strips, the Datastrips
store any information pertaining to ground movements such as schedule or route data.
Dependent on the modelled ConOps, different agents can access, supplement, or store data
in the environmental objects.

The Scheduling Agents ai ∈ ASKL are responsible to manage all airport schedules
such as flight schedules, runway configurations, or task allocations of ground vehicles.
Furthermore, they issue constraints pertaining to the Airport Infrastructure, e.g. due to the
runways in use or temporarily unavailable taxiway segments. Both schedules and layout
constraints are shared with the Routing Agents ai ∈ ARTN. Their task is to conduct
path planning for individual ground movements, and may include coordinating plans of
multiple movements, dependent on the underlying ConOps. Based on the available route
information, the Guidance Agents ai ∈ AGDS can further refine the routing plans, and
exert their control by providing e.g. clearances or route instructions to the Moving Agents
ai ∈ AMOV who are responsible to execute the operational plans by safely steering the
aircraft or ground vehicles.

Besides regular taxiing, other operational processes such as inbound/outbound holding,
pushback/push-pull manoeuvres, or coupling/decoupling of tugs (see Section 2.1) must be
executed, accounting for dependencies between tasks and time constraints (Requirement 2).
To this end, we represent the tasks as basic activities and their interdependencies as activity
sequences per Moving Agent, defined as:

Definition 1 Activities and Activity Sequence of Moving Agents

Each activity is represented as a tuple α = (τ, θ), with the activity type τ ∈ T =
{GoTo , Follow , Wait} and set of parameters θ:
• for GoTo activities, θ is defined by a set of potential goal locations G ⊂ V ;

• for Follow activities, θ is defined by a predefined path P = ⟨ϵ1 , ϵ2 , . . . , ϵm⟩
to be followed;

• for Wait activities, θ is defined by a wait duration ∆t ∈ R>0.
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Each Moving Agent ai ∈ AMOV is assigned an activity sequence:

Si = ⟨α1 , α2 , . . . , αn ⟩i , αk,i = (τ, θ)k,i (3.1)

which must be executed in the given order. Each agent’s first activity α1,i must begin
at a designated start location νs,i ∈ V , specified by the agent’s initial position within
the airport layout.

As example, the activity sequence of an outbound aircraft requiring a push-pull
manoeuvre can be expressed as sequence of activity types

⟨Follow , Wait , Follow , Wait , GoTo ⟩

with the corresponding parameters to follow a standard pushback-and-pull path with
an intermittent stop to switch movement direction towards the location at which the
pushback tractor is decoupled, and taxiing towards one of the runway entry points.
Moreover, the definition of activities allows to express activity sequences for any
technological concept: both multi-engine taxiing as well as tug-enabled taxiing including
inbound/outbound holding as well as adherence to CTOT-slots can be modelled [131], [132].
Likewise, movements of aircraft with novel, more sustainable propulsion systems such
as hydrogen-powered or battery-powered aircraft can be represented as a combination of
GoTo, Follow, and Wait activities.

Based on the generalised architecture, a large variety of models can be instantiated that
are tailored to a specific ConOps, while retaining the overall system structure. To this end,
the operational tasks can be re-allocated to different agents, and their decision-making
abilities can be customised with different coordination mechanisms. For example, the
degree of control centralisation could differ between model instances: in a centralised
setting, all movements could be coordinated up front by one or multiple Routing Agents,
based on schedules issued by the Scheduling Agents. This would minimise the guidance and
control tasks carried out by Guidance Agents and Moving Agents during plan execution.
In contrast, in a model with distributed path planning, the Moving Agents could reason
themselves about each required action in their activity sequence. They could then negotiate
with other agents to resolve conflicting situations based on their individual circumstances
and operational needs. In such a setting, the Routing Agents and Guidance Agents could
act as intermediaries, set traffic rules, or issue special priorities, in accordance with the
schedules provided by the Scheduling Agents. Likewise, the generalised architecture allows
to define ConOps with differing levels of automation: each ASM Ops task can either be
allocated to a human, an automated system, or split into a collaborative effort between
humans and automation. In line with these examples, we elaborate one model instance
representing a ConOps for fully-automated ASM Ops with centralised path planning in the
following subsection.

To summarise, the proposed generalised modelling architecture fulfils Requirements 1
and 2 through its hierarchical-distributed architecture as well as the allocation of tasks to
the corresponding agent categories, and Requirement 4 with the environment definitions.
The remaining requirements comprising safety aspects, operational goals, dealing with
uncertainties, and the algorithmic properties of the utilised coordination mechanisms must
be ensured when instantiating a MAS model based on a specific ConOps.
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3.2 Multi-Agent System Model for Fully-Automated
Operations with Centralised Planning

For the remainder of this thesis, we consider an operational concept for fully-automated
operations with centralised planning which was modelled based on the generalised
architecture presented in the previous subsection. Although this ConOps poses significant
implementation challenges in real-world settings, it is expected to offer the highest
operational efficiency. In turn, it can serve as a suitable baseline for future comparisons
with alternative operational concepts. In the following, we first present an overview of
the multi-agent model structure and its important properties, with Figure 3.2 illustrating
the MAS model. The subsequent sections then outline the complete specifications of the
model components.

MULTI -AGENT SYSTEM

CENTRAL AGENTS

Airport Ops Agent

Routing Agent

E
N
V
I
R
O
N
M
E
N
T

Global Clock

Airport Layout

Surface Movement Radar

Datastrips
MOVING AGENTS

GUIDANCE AGENTS

Figure 3.2: Instantiation of multi-agent system model for fully-automated airport surface movement operations
(ASM Ops) with centralised planning and distributed plan execution

As sole Scheduling Agent, the centralised Airport Ops Agent aAPO schedules the flights
and tasks of ground vehicles, and issues layout constraints on the Airport Infrastructure. It
shares both schedules and constraints with the single, centralised Routing Agent aRTN. Its
task is to conduct centralised path planning to provide conflict-free 4D trajectories for all
ground movements, formalised as routing plans:

Definition 2 Routing Plans

Based on an agent’s activity sequence Si, path Pi = ⟨ ν1 , ν2 , · · · , νm ⟩i for agent
ai ∈ AMOV is defined. The path forms the basis for the agent’s routing plan Πi

defined as:

Πi = ⟨πi(ν1) , πi(ν2) , · · · , πi(νm) ⟩ , πi(νk) = (tνk , dνk , vνk , ανk)i (3.2)

where each tuple specifies per node νk the respective time tνk , travelled distance dνk ,
speed vνk , and activity ανk .

The Routing Agent shares the routing plans with the Guidance Agents ai ∈ AGDS

that are positioned at every junction in the taxiway network. Each Guidance Agent
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controls those agents that are travelling towards its location by sending them instructions
based on the received trajectories. To ensure safe operations, the Guidance Agents
monitor the ground movements, and locally adjust the planned trajectories, if necessary
(Requirement 3). To this end, the Guidance Agents use the Surface Movement Radar (SMR)
as one of the environmental services to obtain the position and speed of an agent. Once an
agent ai has passed the Guidance Agent’s location, it hands over the control to the next
Guidance Agent along the agent’s path by transferring the Datastrip Di associated with
that agent. Di stores all data pertaining to the agent’s routing plan, its activity sequence Si,
and the current SMR data of ai. The Moving Agents ai ∈ AMOV represent the aircraft
pilots and tug drivers, and are modelled to be fully cooperative. We thus assume that
they execute the received instructions to the best of their capabilities when taxiing over
the airport surface. To address Requirement 3, all Moving Agents must keep a minimum
safety distance to each other, expressed as a circular safety zone Zi around the agents.
Since pilots and auto-pilots can only follow planned trajectories with limited precision (see
Requirement 6), the safety zones include a positioning tolerance δpos as allowable deviation
from the intended trajectories.

In this MAS instance, while any perturbations can in general be communicated
upstream, the Moving Agents as well as the Guidance Agents rely strongly on the
centralised routing carried out by the Routing Agent. Therefore, to meet the operational
goals outlined in Requirement 5, the Routing Agent shall determine conflict-free 4D
trajectories that minimise the total taxi time of all Moving Agents. As connected
objectives, the resulting trajectories shall also reduce the total taxi distance and mitigate
any stop-and-go movements. Moreover, to keep the centralised planning tractable
(Requirement 7) and to account for operational uncertainties (Requirement 6), we base the
decision-logic of the Routing Agent on the concept of windowed prioritised planning:

Definition 3 Windowed Prioritised Planning

Centralised path planning is done in planning rounds. Each planning round k starts
at time tp,k ≥ 0. In each round, the Routing Agent computes or updates the routing
plans Πi of those agents ai ∈ AMOV that are taxiing within the planning window
[tp,k, tp,k + wp] where wp > 0 denotes the fixed span of the planning window. In
turn, the Routing Agent plans periodically within the maximum replanning period
hp > 0, such that tp,k+1 ≤ tp,k + hp.
To deconflict concurrent agent trajectories, the Routing Agent assigns priorities
between Moving Agents ai, aj ∈ AMOV, with ai ≺ aj indicating that agent ai
has higher priority than agent aj . To ensure that aj gives way to ai, the routing
plan Πj of agent aj must not violate the safety zone Z(Πi) around the routing
plan Πi of agent ai within the planning window. Conflicts outside the current
planning window can be safely disregarded as these are accounted for in subsequent
planning rounds.

3.2.1 Specification of Environment
The Environment comprises a Global Clock to synchronise the time between all agents,
the Airport Layout representing the taxiway network, the Surface Movement Radar to
track Moving Agents on the airport surface, and the Datastrips associated with every
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Moving Agent. The latter is used to pass control between Guidance Agents and to store
the necessary operational as well as analysis data.

The taxiway network is represented by a graph G = (V, E) with nodes ν ∈ V
and directional edges ϵ ∈ E . An exemplary Airport Layout is shown in Figure 3.3. Tug
decoupling locations (orange nodes) are specific to each runway (grey edges) and are used
for tugs to couple to or decouple from aircraft that taxi with tug-enabled taxiing. Each
bidirectional road segment between two nodes is constructed from two unidirectional edges
that connect the nodes. Taxiway edges (black) as well as service road edges (blue) can be
obtained from the actual locations of these taxiways at an airport, such as Amsterdam
Airport Schiphol. Ramp nodes (green) represent the aircraft parking positions. The airport
layout graph is fully accessible to the Routing Agent and remains static throughout the
simulation. However, edges can be constrained to prohibit vehicles to be routed over these.
Such layout constraints are set by the Airport Ops Agent, as outlined further below.

Figure 3.3: Representation of taxiway networks as graph: taxiway centrelines as well as pushback paths are shown
as black, runways as grey, and service roads as blue edges; small nodes represent taxiway intersections (black) or
service road intersections (blue); large nodes indicate aircraft ramps (green), stopbars (red), decoupling locations
(orange), or their associated all-clear points (grey)

3.2.2 Specification of Airport Ops Agent
The Airport Ops Agent manages all information that influences the airport surface
movement operations as a whole: it schedules the flights and tasks of ground vehicles,
handles necessary changes of these, and determines the active runways, i.e. the runway
mode of operation (RMO), for the next 15min. Furthermore, it notifies the Routing
Agent of any temporarily unavailable taxiway segments. The Airport Ops Agent has the
following properties:
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P1. Receive Request Property: both Routing Agent and Guidance Agents can send
information that affect the operations to the Airport Ops Agent, which then
acts accordingly. For instance, a Guidance Agent could report a blocked taxiway
segment, or the Routing Agent may request a change in the schedules to allow for
conflict-free routing.

P2. Update Schedule Entry Property: the Airport Ops Agent schedules all flights and
tasks of tugs and updates the entry in the respective schedule accordingly, including
any necessary changes that arise during the operations (see P1). The updated
schedules as well as the time point of the earliest change are shared with the
Routing Agent.

P3. Update RMO Property: at each time point t, the Airport Operations Agent checks
whether the active runways have to change. If so, it adjusts the blockage intervals
from t+15min onwards for all edges affected by the RMO change. It then shares the
new set of layout constraints with the Routing Agent.

P4. Request Replanning Property: if the time point of earliest change in either schedules
or RMO falls within the planning window wp, the Airport Ops Agent sends a request
for immediate re-planning of the routes to the Routing Agent.

3.2.3 Specification of Routing Agent
The role of the Routing Agent is to perform the central route planning. To do so, it
gathers the updated schedule data, layout constraints, along with local information from
the Guidance Agents, and converts this into route parameters per agent. Then, it computes
a plan for all vehicles within the planning window wp using the AS-MAMP algorithm
specified in Chapter 4, and shares the updated routing plans with the Guidance Agents.
The properties of the Routing Agent are as follows:

P1. Receive Request Property: the Routing Agent can receive a re-planning request
from both Airport Ops Agent and Guidance Agents. The former triggers re-planning
if changes to the schedules or the layout constraints become effective within the
planning window, while the Guidance Agents do so when the deviation between
planned and executed route of a Moving Agent exceeds time thresholds. The request
is stored internally and further handled in P2.

P2. Check Replanning Property: at each time point t the Routing Agent checks whether
a re-planning request was made or the internal re-planning timer elapsed. If so, the
timer is reset, and the routes are re-planned by executing P3, P6, and P7.

P3. Update Constraints for Route Planning Property: the layout constraints from the
Airport Ops Agent are gathered and stored internally. These change foremost when
the RMO switches, and allow the Routing Agent to anticipate on upcoming taxiway
closures or re-openings corresponding to the altered RMO.

P4. Handle Time Constraints of Moving Agent Property: to address potential time
constraints of a Moving Agent (pertaining to Requirement 2), the Routing Agent
assesses whether these are achievable and whether remote and/or stand holding
is necessary, which influences the activity sequence of the Moving Agent that it
defines through P5. Furthermore, it sets operational constraints pertaining to the time
constraints, to account for these during path planning done by its P7.
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P5. Define Activity Sequence of Moving Agent Property: to include the various parts of
the route of a Moving Agent such as push-pull manoeuvres, coupling/decoupling of
tugs, or holding in path planning, the Routing Agent converts these into one of the
following three activities, in accordance with Definition 1:

• it assigns a GoTo activity when a Moving Agent shall taxi from one point to
another point at the airport (potentially provided as a set of selected points), e.g.
for regular taxiing;

• it assigns a Follow activity when a Moving Agent shall sequentially follow
a predefined list of path segments, e.g. as part of pushback and push-pull
manoeuvres;

• it assigns a Wait activity to prescribe a waiting location at which the Moving
Agent shall wait for a specified duration, e.g. for coupling to or decoupling from
a tug.

Using a combination of these, the Routing Agent defines an activity sequence
according to the schedule of a Moving Agent, which has to be executed in the
respective order.

P6. Update Route Parameters of Moving Agents Property: per Moving Agent that
is scheduled to taxi within the planning window, the Routing Agent collects
all necessary parameters to plan its route. This encompasses the kinodynamic
representation according to the vehicle type of the Moving Agent, the activity
sequence derived from its schedule (shared by the Airport Ops Agent), and in case
the Moving Agent is already taxiing also the latest execution data (shared by the
controlling Guidance Agent).

P7. Do Route Planning Property: based on the collected information, the Routing
Agent updates the routing plans of all agents. Following Definition 3, it generates
trajectories that are conflict-free within its planning horizon by assigning priorities
between agents. Its underlying decision logic is expressed by the AS-MAMP
algorithm (see Chapter 4). The Routing Agent shares the resulting routing plans with
the Guidance Agents.

3.2.4 Specification of Guidance Agents
Each Guidance Agent controls the Moving Agents that are travelling towards its location
and hands over the control to the next Guidance Agent once a Moving Agent has passed
its location. Based on the generated routing plans, it gives instructions to the Moving
Agents, and monitors their execution. It acquires the necessary position and speed data
from the radar. When the executed route deviates from the plan, a Guidance Agent can
adjust the route locally to minimise the deviations. If the deviation to the planned route
exceeds time thresholds, it can request re-planning of the routes. The Guidance Agents
thus act as link between the centralised planning and the local operations. They have the
following properties:
P1. Receive Updated Routing Plan Property: once a new routing plan is issued by the

Routing Agent, the Guidance Agent updates the planned routes of the Moving Agent
under its control and generates new corresponding instructions by executing P2.

P2. Send Instructions to Moving Agent Property: as one-way means of communication,
the Guidance Agents send instructions for executing the next part of the planned
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routes to the Moving Agents. This property is thus executed whenever a Moving
Agent has to change its speed or heading within the pre-defined execution time
window wexec. Furthermore, coupling/decoupling as well as engine-start instructions
are sent.

P3. Monitor Execution of Planned Routes Property: at each time point t, each Guidance
Agent obtains the positions, headings, and speeds of all Moving Agents under its
control from the radar. The agent then estimates the time and speed at which
each Moving Agent will pass its location, and shares these with the Routing Agent.
The Guidance Agents also use the radar data to monitor that their instructions are
executed according to the planned routes. If deviations arise, they can primarily
re-instruct the Moving Agents to close the gap. As last resort, they can execute P4
to trigger centralised re-planning of the routes.

P4. Request Replanning Property: with this property, the Guidance Agents request
re-planning from the Routing Agent iff the deviation between a planned and executed
route of a Moving Agent exceeds pre-defined thresholds.

P5. Communicate with Moving Agent Property: the Guidance Agents communicate
with the Moving Agents under their control whenever required. Thus, they can pass
on information from or about a Moving Agent to the centralised agents.

P6. Handover Control Property: whenever a Moving Agent has passed the location
of a Guidance Agent, it transfers the respective Datastrip and thus the control
responsibility to the closest next Guidance Agent on the planned route of the Moving
Agent. Once a Moving Agent has reached its goal, the DS is placed in storage, and
can be utilised for post-operation analyses.

3.2.5 Specification of Moving Agents
Moving Agents represent either an aircraft or a tug. They are modelled to have a
circular size with a shape diameter corresponding to their respective type. All aircraft are
categorised according to the six size-types of the ICAO aerodrome reference codes [69],
as listed in Table 3.1. Tugs are modelled with a diameter of 12m based on the reference
TaxiBot system [12].

Table 3.1: Categorisation of aircraft sizes into ICAO-types

ICAO-type shape diameter [m] exemplary aircraft type

ICAO-A 12 Cirrus Vision SF50
ICAO-B 25 Cessna, Learjet
ICAO-C 40 A320, B737, EMB 170/190
ICAO-D 54 A300F, B767
ICAO-E 72 A350, B747, B787
ICAO-F 80 A380, B747-800F

When consecutive aircraft take off from a runway, the Moving Agents have to keep a
time-based separation minima to ensure sufficient wake turbulence separation. The times
are dependent on the type-combination of leading and following aircraft, as listed in
Table 3.2. The values were mapped to the ICAO-types from Table 3.1 on the basis of the
RECAT-EU time-based separation minima [133].
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The role of the Moving Agents is to execute the instructions that they received from the
Guidance Agents. They thus have the following properties:

P1. Execute Instructions Property: the Moving Agents execute the received instructions
to the best of their capabilities to limit the amount of necessary re-instructions.
The trajectories provided to the Moving Agents include an allowable positioning
tolerance around the speed profile in analogy to the Ownship-display used in [90].

P2. Communicate with Guidance Agent Property: in any case, the Moving Agents can
communicate with the controlling Guidance Agent to exchange status updates and
relevant operational information. They thus notify the Guidance Agent whenever
a process such as tug decoupling or engine-start is estimated to finish. As further
example, they could notify the Guidance Agent that their preferred maximum speed
is lower than expected, so that the routing plans can be adapted accordingly.

Table 3.2: Minimum separation times in [s] for departing aircraft to mitigate wake turbulence. The aircraft types
correspond to those defined in Table 3.1

leading
following

ICAO-A ICAO-B ICAO-C ICAO-D ICAO-E ICAO-F

ICAO-A 80 60 60 60 60 60
ICAO-B 100 60 60 60 60 60
ICAO-C 120 60 60 60 60 60
ICAO-D 120 100 80 60 60 60
ICAO-E 140 120 100 60 60 60
ICAO-F 180 160 140 120 100 60

In this chapter, RQ 2 was addressed by presenting a generalised MAS architecture
as well as a reference model instance for studying a concept of operations under
fully automated control with centralised path planning. As the central enabling
component of this concept, the centralised planning function is assigned to the
Routing Agent. To represent the Routing Agent’s decision logic and to address
Requirement 7 from Chapter 2, the next chapter introduces the novel Multi-Agent
Motion Planning on Airport Surfaces (AS-MAMP) algorithm, which computes
conflict-free and efficient 4D trajectories for all ground movements (RQ 3).
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The AS-MAMPAlgorithm:

Multi-AgentMotion Planning
on Airport Surfaces

As essential part of the MAS model instance presented in Section 3.2, this chapter
introduces the newly developed Multi-Agent Motion Planning on Airport Surfaces
(AS-MAMP) algorithm. The AS-MAMP algorithm represents the decision-logic for
coordinating all ground movements, associated with the centralised Routing Agent in
that MAS model. It is a two-level solver that builds on prominent prioritised planners
such as Priority-Based Search (PBS) and its variant Greedy PBS.

As current low-level solvers were insufficient to plan realistic 4D trajectories for ground
movements, we developed the novel Safe Interval Motion Planning (SIMP) algorithm.
By defining activity sequences per agent, SIMP plans trajectories across the operational
processes during taxiing such as pushback, tug coupling/decoupling, and engine-start.
The motions of aircraft and ground vehicles are based on finite acceleration, and avoid
dynamic obstacles in continuous space and time, necessitating to define states with
feasible motion intervals.

After introducing the AS-MAMP algorithm, defining the core concepts, and providing
an in-depth description of the algorithmic components in this chapter, the algorithmic
performance of AS-MAMP is evaluated in Chapter 5.

43
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T he Multi-Agent Motion Planning on Airport Surfaces (AS-MAMP) algorithm is
a two-level solver that uses a high-level search for multi-agent coordination by

iteratively updating the individual agent trajectories in its low-level search. Figure 4.1
illustrates the core structure of the AS-MAMP algorithm: it combines PBS variants (see
Section 2.3.3) as high-level with the newly developed Safe Interval Motion Planning (SIMP)
algorithm as low-level. Based on an initial set of agent trajectories, the loop comprising
conflict detection, selection, and resolution is initiated. The search continues until a
conflict-free solution is found, returning the coordinated agent trajectories as routing plans.
We summarize the core algorithmic concepts of AS-MAMP and define key terms in the
following. An in-depth description of AS-MAMP is provided in Section 4.3.

PBS priority tree

conflicts?

yes
no

PBS: multi-agent coordination SIMP: single-agent trajectories

SIMP algorithm

lowest f-score

is goal?
yes

no

create successors

𝑎𝑗 ≺ 𝑎𝑖𝑎𝑖 ≺ 𝑎𝑗
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AS-MAMP = +
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agent priority-pair conflict selection

updated trajectories child-node with
lowest sum-of-cost

Figure 4.1: Overview of the Multi-Agent Motion Planning on Airport Surfaces (AS-MAMP) algorithm; the
representation of the SIMP algorithm is simplified, see the pseudocode in Algorithms 3 and 4 for details

4.1 High-level Search in AS-MAMP
The PBS algorithm de-conflicts agents whose 4D trajectories intersect by constructing a
priority ordering: it maintains a priority tree with each parent-node having up to two
child-nodes to establish a priority-relation between two conflicting agents. Per child-node, a
new priority-pair is added that constrains one of the two agents to avoid the other agent’s
path. Based on the sum-of-cost of the paths of all agents in each child node, PBS picks
the priority order that results in the lowest overall cost, and expands this node next. In
contrast to the original PBS algorithm, we define the cost of an agent trajectory as a linear
combination of its taxi time and taxi distance:
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Definition 4 Cost Function

The routing plan cost c(Πi) of agents ai ∈ AMOV is defined as sum of taxi time ttaxi,i
and travelled distance dtaxi,i, with a pre-defined constant cd,i [s/m] translating dtaxi

into a cost with unit time:

c(Πi) = (ttaxi,i + cd,i · dtaxi,i) (4.1)

As defined in Definition 3, routing plans are deconflicted by accounting for the safety
zones around agents. During replanning in AS-MAMP, higher-priority agents are treated
as dynamic obstacles, with their respective shapes (see Section 4.3.3) temporarily blocking
parts of the graph G, added to the graph reservations set for an agent:

Definition 5 Graph Reservations

The 4D trajectory of an agent ai ∈ AMOV must satisfy all graph reservations Ri

imposed on that agent. Each graph reservation ϱ ∈ Ri is defined as a tuple:

ϱ = (λ, [ts, te], κ) (4.2)

• where λ ∈ L is a graph location with

L ⊂ V ∪ E ∪ {(ϵ, δ1, δ2) | ϵ ∈ E , 0 ≤ δ1 < δ2 ≤ 1}
denoting either a node, an edge, or a segment of an edge between relative distances
δ1 and δ2;

• [ts, te] ⊂ R≥0 is the time interval during which the location λ must not be
traversed by agent ai;

• κ ∈ K indicates the reservation type, e.g. dynamic obstacle, wake-turbulence
separation, CTOT-slot, etc.

The graph reservations are also used to detect conflicts between agents:

Definition 6 Conflicting Agent Pair and Priority Relation

Let ai, aj ∈ AMOV be two agents with respective sets of graph reservations Ri and
Rj . The pair (ai, aj) is called a conflicting agent pair if there exist reservations ϱk ∈
Ri and ϱl ∈ Rj for which locations and time intervals overlap, i.e.

λk ∩ λl ̸= ∅ ∧ [ts, te]k ∩ [ts, te]l ̸= ∅ (4.3)

Following from Definition 3, the 4D trajectories of ai and aj are deconflicted by creating
a new PBS child-node with an additional priority relation ≺∈ AMOV × AMOV such that
either ai ≺ aj or aj ≺ ai. A new routing plan of the lower-priority agent is calculated
that satisfies the updated set of graph reservations by invoking the low-level solver, which
is further specified in the following subsection. The high-level search continues until a
child-node is expanded without any collisions. The changes to the original PBS algorithm
are outlined in Section 4.3.1, with the corresponding pseudocode provided in Algorithm 1.
In Section 5.1.2, we benchmark the standard depth-first search in PBS against multiple
variants to expand the priority-tree, including the first-come-first-served (FCFS) method.
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4.2 Low-level Search in AS-MAMP
As low-level solver in AS-MAMP for calculating a single-agent 4D trajectory that respects
all graph reservations defined for that agent, the Safe Interval Motion Planning (SIMP)
algorithm was developed. Similar to SIPP (see Section 2.3.3), the SIMP algorithm reasons
with safe time intervals, iteratively explores the search space with states defined on nodes,
and uses motion principles for the mapping between states. However, to deal with the graph
reservations in SIMP, safe intervals are not only defined on nodes but at any graph location
λ ∈ L from Definition 5:

Definition 7 Unsafe and Safe Intervals

For an agent ai ∈ AMOV, the time intervals of the graph reservations set for a
location λ ∈ L are merged and ordered in time to form the unsafe intervals for ai
at λ:

Ui,λ = ⟨ [ts, te]1, [ts, te]2, · · · , [ts, te]n ⟩i,λ (4.4)

Then, the safe intervals denote the complement of Ui,λ as the sequence of time
intervals accessible to ai at λ:

Ii,λ =
(
[0,∞] \

⋃
Ui,λ

)max
= ⟨ [0, t1,s], [te,1, ts,2], · · · , [te,n,∞] ⟩i,λ (4.5)

Moreover, in contrast to the instantaneously accelerated motions assumed in SIPP, the
low-level search shall account for the kinodynamic agent constraints, requiring to define
the following motion principles:

Definition 8 Motion Principles

Motions are approximated with piecewise-constant longitudinal acceleration, i.e. we
apply the equations for rectilinear motions:

final speed vf = vi + a t =
√

v2i + 2 a d (4.6)

traversal time t =
2d

vi + vf
=

vf − vi
a

(4.7)

travelled distance d = vi t+
1

2
a t2 =

vi + vf
2

t (4.8)

with initial speed vi and acceleration/deceleration a. In SIMP, feasible motions
respecting the kinodynamic agent constraints as well as the graph reservations are
calculated on-the-fly during the search, with the cost of a motion defined in analogy
to Equation (4.1).

Per vehicle type, a maximum speed limit is set for both straight and curved edges.
Furthermore, to avoid stop-and-go movements, the agents need to have a minimum speed
with the exception of special locations in the taxiway network to fulfil Wait activities.

As consequence of the finite acceleration underlying the motion principles, agents are
also not able to stop instantaneously. In turn, this violates a core assumption of SIPP and
makes it incomplete, as noted by Ali and Yakovlev [130]. The minimum speed requirement
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Figure 4.2: Exemplary trajectories through layout (left) and state space (right) to a stand that is occupied till
t = 100 s resulting in a long goal constraint (red shade at 0m)

at most edges and nodes further complicates this issue, illustrated in Figure 4.2: the
designated stand of a landing aircraft is still occupied for a while, i.e. a long goal-constraint
is placed on its goal-node, indicated by the red shade at 0m in the upper right plot. Since
the aircraft is neither allowed to stop along the direct route to its stand, nor travel slower
than the minimum speed, it must take a detour. In the low-level search, states along path (1)
in blue, then along path (2) in orange, and finally along path (3) in green would be created.
However, in vanilla SIPP each node would have a single safe time interval. Thus, the state
of the orange path at the merge location M1 would be discarded as its f-score is higher than
the already existent state of the blue path at M1. Likewise, the state at M2 of the green path
would not be added to its open-list. As a consequence, the low-level search would fail to
find a solution. To address this issue, we take the approach in [130] further, and combine
an agent configuration with a feasible motion interval (FMI) to distinguish states in SIMP:

Definition 9 State Definition in SIMP

A state S is defined by an agent configuration Scfg and a feasible motion interval
(FMI). The configuration comprises the current node ν, next node ν′ (as direction),
speed limit vlim (depending on the previous and next edge), and the current activity
αk from the agent’s activity sequence S :

Scfg = (ν , ν′ , vlim , αk) (4.9)

The corresponding FMI of state S is defined as:

SFMI = (tS,min , tS,max , vS,max , vS,min) (4.10)

with the quickest feasible motion arriving at tS,min with speed vS,max, and the slowest
feasible motion arriving at tS,max with vS,min.
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Given the minimally allowed speed vmin,

vmin ≤ vS,min ≤ vS,max ≤ vS,lim (4.11)

When another state with identical configuration exists, and their FMIs overlap, the
FMIs are adjusted to be temporally disjunct: for two states S and S∗ with the f-scores
fS < fS∗ , the FMI of S∗ is adjusted so that tS∗,min ≥ tS,max and vS∗,max ≤ vS,min. In
case tS∗,max < tS,max, the new state is discarded. If fS = fS∗ , the state with the earlier
arrival time is kept, and the FMI of the other state is adjusted accordingly.

In the following, we illustrate the use of FMIs with the example in Figure 4.2. In its
upper right plot, the arrival time interval of state SP is visualised by the shaded green area
between the solid and dotted lines representing the earliest arrival time tSP,min and latest
arrival time tSP,max, respectively. Likewise, the lower right plot shows the speed range of SP

between vSP,max = 15m/s (solid green line) and vSP,min = 5m/s (dotted green line).
At the merge location M1, the FMI of the orange state does not overlap with that of

the blue state, and is directly added to open. At M2, the FMIs of the orange state So,M2 and
green state Sg,M2 are respectively defined as:

So,FMI = (tS,min , tS,max , vS,max , vS,min)o = (23 s , 45 s , 13m/s , 5m/s)

Sg,FMI = (tS,min , tS,max , vS,max , vS,min)g = (38 s , 95 s , 13m/s , 5m/s)

which overlap on the interval between (38 s, 45 s). The g-score of the green state must be
higher since its path is longer. Therefore, fSo,t=38s < fSg,t=38s. As a result, the motion of the
green state must be adjusted to create a temporally disjunct FMI: its adjusted earliest arrival
time tSg,min

∼= tSo,max = 38 s with a speed of vSg,max = vSo,min = 5m/s. Subsequent states
are created in analogy to keep the FMIs temporally disjunct. In Figure 4.2, this is visualised
by the solid green line matching the dotted orange line.

However, when following the resulting green trajectory (solid line), the aircraft still
arrives too early at the goal. Thus, the motions along the previous edges must be adjusted so
that the goal is reached just after the end of the goal constraint, as illustrated by the purple
trajectory along path (3). We use this case to introduce two schemes in SIMP to anticipate
restrictions as well as to repair infeasible motions:

Definition 10 Anticipation and Backtracking Schemes in SIMP

Let S denote the currently explored state.
The anticipation scheme in SIMP sets auxiliary constraints for the motion over the
current edge ϵ = (ν, ν′) ∈ E to ensure that time and speed restrictions at upcoming
edges can still be fulfilled. These constraints are state-dependent, i.e. only valid
for state S.
The purpose of the backtracking scheme is to repair an infeasible motion over the
current edge ϵ, necessitating a lower speed or later arrival time at S. To this end,
it recursively backtracks to a preceding state Spre from which a feasible motion
over the sub-path Psub = ⟨ ϵpre , · · · , ϵ ⟩ exists, allowing to create a feasible
successor S∗ of S.
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To illustrate the backtracking scheme, let us assume that a state at the beginning of the
final edge towards the goal is explored, leading to an infeasible motion since the required
time tS = 100 s and speed vS = 0m/s cannot be satisfied. The backtracking scheme then
iteratively backtracks to the parent state SP at approximately 500m remaining distance
to the goal to create the purple trajectory (solid line). However, the anticipation scheme
allows SIMP to create the purple trajectory directly from SP, which avoids the recursive
calculation of motion feasibility that is necessary in the backtracking scheme. To this end,
it checks the upcoming edges for restrictions, finding the goal constraints at the end of
paths (2) and (3). By checking whether the motion along the paths can satisfy all restrictions,
SIMP then creates a successor at the goal, connected by intermediate states to SP. Using the
anticipation scheme reduces the runtime of SIMP by limiting the creation of states that
would lead to an infeasible trajectory. Although SIMP primarily uses this scheme, it can
only anticipate on those constraints that are valid for a node or an entire edge. We thus need
the backtracking scheme to resolve infeasible motions that result from graph reservations
defined only for a segment of an edge (see Section 4.3.4 for further details).

We further minimise the amount of generated states in SIMP by defining a heuristic
function that uses domain-specific circumstances to estimate the remaining cost to reach
the goal location:

Definition 11 Heuristic Function in SIMP

Similar to A* and SIPP, the SIMP algorithm uses an admissible heuristic function
h(S) to estimate the remaining cost from a given search state S to one of the goal
locationsG ∈ V associated with the final activity αf in the agent’s activity sequence
S . h(S) accounts for the current edge ϵ as travel direction, current speed vS, speed
restriction at the goal vlim,goal, the set of remaining activities Srem ⊆ S , and the
vehicle category cat associated with the agent:

h(S) = h
(
ϵ, vS, vlim,goal,Srem,cat

)
(4.12)

The SIMP algorithm terminates if either a new plan is found, or no unexplored states
are left, and the high-level search continues as described above. An in-depth description of
the AS-MAMP algorithm and the respective pseudocodes of PBS and SIMP are provided in
the following section.

4.3 Detailed Description of the AS-MAMP Algorithm
In the following subsections, the technical details of the AS-MAMP algorithm and the
definitions from the previous sections are outlined, discussed, and illustrated.

4.3.1 Adaptations to PBS as High-level Search of AS-MAMP
The pseudocode of the adapted version of PBS as high-level solver of AS-MAMP is provided
in Algorithm 1 for reference. Changes to the original algorithm from [61] are marked by red
line-numbers.
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Algorithm 1: High-Level Search of AS-MAMP as adaptation of PBS from [61]
(changes marked by red line-numbers)
Input:MAMP instance, searchMode, rootConstraints, rootPriorities (= ∅ by default)

## root-node: SAMP-plan for all agents, adhere to root-constraints
1: root← SearchNode(type="root") # create root-node as class-instance
2: root.plan← ∅
3: root.rootConstraints← rootConstraints
4: root.priorities← rootPriorities
5: foreach agent ai do
6: success← root.updatePlan(ai) # invokes SIMP, updates plan in-place
7: if not success then
8: return "no solution"

9: root.cost← cN # see Equation (4.13)

## child-nodes: detect and resolve conflicts between agents
10: stack← root
11: while stack 6= ∅ do
12: N← pick and remove node from stack according to searchMode
13: conflict← N.detectConflict() # get conflict pair, see Algorithm 2
14: if no conflict then
15: break # N contains conflict-free solution

16: N.children← ∅ # conflict exists: resolve it for both agents
17: foreach ai in conflict do
18: N’← SearchNode(type="child")
19: N’.plan← N.plan
20: N’.rootConstraints← N.rootConstraints
21: N’.priorities← N.priorities ∪ {aj ≺ ai} # agent aj has priority over ai
22: success← N'.updatePlan(ai) # updates ai and all ak for which

ai ≺ ak
23: if success then
24: N’.cost← cN # see Equation (4.13)
25: N.children← N.children ∪ {N’}

26: stack← stack ∪ {N.children in order of decreasing cost}

27: return N.plan of solution-node N OR "no solution"
Output: conflict-free solution to MAMP-instance if existent and found
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PBS optimises the sum-of-cost of the agent trajectories. Thus, the cost of a PBS
search-node N is defined as:

cN =

A∑
i=0

cprio,i · c(Πi) (4.13)

with the number of agents A, the routing plan cost c(Πi) from Definition 4, and cprio,i
as dimensionless cost to weigh the importance of the route of agent i for the overall
optimisation goal. For instance, aircraft can be assigned a higher value for cprio than tugs to
increase their prioritisation: an increase in plan cost of the aircraft is penalised more than
that of the tug, potentially influencing the resulting priority order.

In the root-node of PBS (Lines 1 to 9), the trajectories of all agents are calculated taking
merely the constraints set by the Routing Agent (see its P3 and P4) into account. This
represents the single-agent motion planning (SAMP) solution of the AS-MAMP search for
each Moving Agent. Note that a partial priority ordering can be set in the root-node of the
adapted version of PBS as well.

The next search-node is picked based on the chosen search-mode, for which we
distinguish between either a depth-first, best-first, or greedy search. The depth-first search
uses the top node of the stack as new parent-node. Newly created child-nodes are thus
placed on top of the stack in order of decreasing cost. The greedy search follows the
approach of Chan, Stern, Felner et al. [62] to greedily place the child-node with the lowest
number of remaining conflict-pairs on top of the stack irrespective of its sum-of-cost.
However, in contrast to the original Greedy PBS (GPBS) implementation, we do not alter the
low-level solver. With these two search-modes, PBS only backtracks when it cannot find a
solution in the explored branch. While these quickly lead to a solution, the resulting priority
orderings may be sub-optimal and thus lead to higher taxi times of the agents. In contrast,
the best-first search returns the optimal solution within the priority-tree as it continues
to pick the node with the lowest cost in the priority-tree until the solution is conflict-free.
However, this search mode is limited by both computational time and memory, making it
feasible only for small agent populations. In Chapter 5, we use this search-mode to assess
the suboptimality of the depth-first and greedy searches for the analysed case studies. As
discussed in Section 5.2.1, implementing other search-modes may lead to faster as well as
higher quality solutions, and should thus be explored in future work.

The authors of GPBS also introduced the concept of using induced constraints (IC)
to further speed up the high-level search. While their use does not necessarily sacrifice
solution quality, it does affect the chosen conflict to be resolved (see Section 4.3.5) and thus
the resulting priority order. We adopt this technique as variation of all three search-modes
when benchmarking AS-MAMP as presented in Chapter 5.

4.3.2 Motion Principles
Definition 8 is based on the following assumptions for modelling vehicle motions:

• the motions are approximated with piecewise-constant acceleration, i.e. a(t) =
const., forming a piecewise motion segment over the time interval t;

• since the radius of curvature r of all taxiway segments is large in comparison to the
travelled distance and the change in velocity within that distance, we neglect the
normal component of the acceleration;
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• despite that, speed limits have to be met to traverse curved taxiway segments that
have a radius of curvature below a pre-defined threshold value.

Differentiating a(t) = const. twice and assuming relative distances per motion segment
yields Equations (4.6) to (4.8).

We apply these equations to calculate on-the-fly motions along the graph edges
during single-agent path planning. Since the equations are only valid for constant
acceleration, we split motions into piecewise segments of constant acceleration if needed,
and allow for kinks both at nodes and anywhere on edges. In general, the speed profile is
optimised for smallest traversal time and highest final speed. The speed is bounded by an
agent-dependent maximum speed vmax as well as a minimum speed vmin when in motion.
During planning, reaching a full stop is only allowed at the end-nodes of edges. The agents
can wait and hold arbitrarily long at these, as long as no reservations from other agents
exist. While waiting is bound to nodes, holding may also occur at the beginning (but not at
the end) of a motion along an edge.

By convention, a motion always connects the state at the beginning of an edge with the
state at the beginning of a subsequent edge. A trajectory over multiple edges is thus split
into one motion per edge before generating the resulting states on the respective nodes
(see Section 4.3.7). Note that the duration of motions can have arbitrary values, allowing
for execution in continuous time.
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Figure 4.3: Exemplary motions visualised per column both in (d, t)-graph (top) and (d, v)-graph (bottom); the
speed and time restrictions for the different examples are marked by red shades

Figure 4.3 illustrates different motions over one or multiple edges with a path length
of d = 250m. The exemplary motions are plotted in both a (d, t)-graph (top) and a
(d, v)-graph (bottom). Speed limits and minimal traversal times as restrictions are depicted
by red shades. In the first column, a speed limit of vf,lim = 5m/s must be reached at the end
of the path. Thus, to minimise the traversal time, acceleration from vi < vf,lim to vf = vf,lim
takes place immediately (blue line), while deceleration from vi > vf,lim to vf = vf,lim occurs
towards the end of the path (orange line).
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In contrast, when the minimal traversal time must be exceeded due to time restrictions
(second column), the motion is optimised for maximum final speed: acceleration occurs
towards the end of the segment (blue line), while deceleration happens immediately (orange
line). Although both motions take the same time, the blue trajectory yields a substantially
shorter traversal time on subsequent edges because of its higher final speed. This illustrates
that the fastest overall motion depends not only on past but also on upcoming restrictions.
Reaching each node as quickly as possible is thus not always ideal.

The two remaining columns show combinations of speed and time restrictions. In the
regular case (third column), acceleration (blue line) and deceleration (orange line) take
place in between the two segments with constant speeds vi and vf = vf,lim, ensuring both
constraints are satisfied. In contrast, when vf,lim = 0m/s (green line), a constant speed vconst
with vf > vconst ≥ vmin is inserted between two deceleration segments to meet the minimal
traversal time. Any set of constraints requiring vconst < vmin leads to an infeasible motion
by definition.

The regular motions with monotonic profiles described so far do not cover special cases
such as vi = vf,lim = 0m/s. Furthermore, these profiles are too restrictive when motions
span multiple edges, as required for backtracking and anticipation (see Definition 10). We
therefore define acc-dec-motions, which include an acceleration and a deceleration phase
to and from an intermediate speed vmid. This speed results from the restrictions at the
beginning and end of the travelled distance, and is bounded by vmax and vmin. To cover
the full distance, an additional segment with constant speed vconst = vmid may be inserted
in between. By convention, except for holding at the start of an acc-dec motion, a constant
speed is neither allowed at its start nor its end.

The last column in Figure 4.3 shows examples of such motions. In comparison to the
third column, the acc-dec-motion allows the blue and orange motions to reach the end
of the respective other time restriction depicted by the red shades. The green and dotted
red lines depict the special case mentioned above: while the dotted red motion ends in
the red shaded area and is therefore infeasible, the green motion includes holding at its
start and thus exceeds the minimal traversal time. For these cases, a maximum holding
time thold,max can be defined as additional constraint if needed. Potentially, this results in a
constant intermediate segment with a smaller vmid.

4.3.3 Definition of Motion Profiles, Shapes, and Safety Distances
In general, agents have a circular shape with a radius according to their type as listed
in Table 3.1. Each shape has a centre, front, and back, as illustrated in Figure 4.4. The
centre represents an agent’s reference point as defined in [111]. A motion thus specifies
the movement of the centre. We refer to the centre’s collective motion over multiple edges
as amotion profile, i.e. the agent’s four-dimensional trajectory. The motion profile specifies
the time points and speeds at the absolute distances at which the acceleration changes.
Therefore, for each segment in the motion profile with constant acceleration, we can use
Equations (4.6) to (4.8) to determine any time point t, travelled distance d as absolute
or relative value, and speed v on the continuous scale. As the front and the back of a
shape move in unity with the centre, their respective motion profile is obtained by shifting
the absolute distances of the central motion profile by the radius of the shape. Then, the
corresponding motion over an edge in the path of the agent can be determined in analogy
to obtaining a single point in the profile as described above.
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In real-world operations, taxiing vehicles have to keep a minimum safety distance. For
aircraft, this is mainly due to the engine blast that poses a safety risk to any object or person
in their wake. We know from expert interviews that other vehicles should keep a safety
distance of around twice the length of the aircraft in front of them to mitigate the risk
of engine blast. The experts highlight that the actual safety distance maintained by pilots
and ground vehicle drivers often falls short of the recommended length. Since pilots and
auto-pilots can only follow planned trajectories with limited precision (see Requirement 6),
we include an allowable deviation as positioning tolerance within the safety zone.
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Figure 4.4: Definition of shapes and safety distances when two agents ai and aj travel (1) on the same path and
(2) on different paths

In AS-MAMP, we hence define that all agents have to keep a minimum safety distance
dS between each other in dependence of their shape radii as well as the positioning
tolerance δpos for each agent. Since the taxiway network is represented as a graph, we
distinguish between the minimum safety distance between agents on the same path (see
Figure 4.4.1), and that between agents on different paths (see Figure 4.4.2). When travelling
on the same path, we define the minimum safety distance between two agents in relation
to the shape radius of the leading agent. As illustrated in Figure 4.4.1a, for an agent ai
following an agent aj along the same path, their minimum safety distance dS,j is defined as:

dS,j = σpath · rj + δpos,i + δpos,j (4.14)
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with the safety factor σpath multiplying the shape radius rj of agent aj , and δpos for each of
the two agents. We make use of the safety factor to provide an operational parameter that
can be adjusted when studying airport surface movement operations with the multi-agent
system. Nonetheless, we recommend to use values for σpath between 2–6 to match the
practical considerations of the experts. We will evaluate the effect of different positioning
tolerances with a sensitivity analysis of δpos in Chapter 5.

When travelling on different paths, we define the minimum safety distance between two
agents ai and aj in relation to their average shape radius ri+rj

2 as:

dS,ij = σNE ·
ri + rj

2
+ δpos,i + δpos,j (4.15)

with the safety factor σNE. Since the risk of engine blast is lower when agents do not directly
trail each other, we recommend to use values for σNE between 1 to 3.

When determining the remaining gap between two moving shapes, different
representations of their shapes are possible, which is illustrated in the sub-figures (b)
and (c) in Figure 4.4. For two agents on the same path, half of the minimum safety distance
can be attributed to each agent, respectively (1b). This representation is useful in conflict
detection, as outlined in Section 4.3.5. Since SIMP plans a new trajectory for the centre of a
shape, (1c) depicts a representation in which one of the agents is represented as point while
both shape radii as well as the minimum safety distance are associated with the other agent.
The same approach is feasible for shapes on neighbouring edges (see 2c). Additionally,
when setting graph reservations as outlined in Section 4.3.4, the representation in (2b) is
needed: it attributes both shape radii as combined shape to a single agent while the other
agent keeps the minimum safety distance as safety zone with radius dS,ij . To this end, we
define the radius of the combined shape as rij = ri + rj .

4.3.4 Graph Reservations
To account for dynamic obstacles during single-agent path planning (i.e. the low-level
search), the motions of other agents must be known to the planner. While the original SIPP
implementation defines collision intervals to do so, these do not account for the shape and
kinematics of other agents. As noted by Walker and Sturtevant [134], an algebraic equation
to detect collisions between accelerated motions must still be derived. The alternative
approaches reviewed in Section 2.3.3 draw on assumptions that are invalid for graphs with
arbitrarily long, curved, and oriented edges. Moreover, we must also account for layout
constraints such as temporarily blocked edges due to changing RMOs during planning.
These considerations motivate a new approach to handle dynamic obstacles and time
constraints as graph reservations, as defined in Definition 5 and described in the following.

Once the SIMP algorithm has terminated for an agent, the resulting plan is converted
into graph reservations. More specifically, we distinguish between three types of
graph reservations:

• path-reservations on edges along the path of an agent;
• neighbourhood-reservations on all edges not on the path of an agent but swept by
its shape, which includes edges on the path in reverse direction;

• WTC-reservations on runway entries to ensure sufficient temporal separation
according to the wake turbulence category (WTC) of an agent with respect to
other agents.
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Path-reservations are necessary to let an agent follow – but not overtake – a higher
prioritised agent that is travelling in front of it, while keeping the minimum safety distance
as defined in Section 4.3.3. Such reservations are illustrated in the top part of Figure 4.5: the
orange agent AC-2 (ICAO-C) traverses the edges (1,2), (2,3) and (3,4) towards the runway
entry (4,10). It is followed by the green agent AC-1 that has to use the runway entry (8,11)
due to its larger size (ICAO-E). They thus share the edges (1,2) and (2,3). To reserve the
traversed path, the motion of an agent’s centre as well as the radius of its shape are stored
separately per edge as path reservation.

In contrast, neighbourhood-reservations are set from an agent traversing an edge onto
neighbouring edges. In the illustrated example in Figure 4.5, the orange agent AC-2 cannot
traverse edge (3,4) as long as the blue agent AC-3 still occupies edge (6,5), since their
shapes would collide. A neighbourhood-reservation comprises two parts to represent the
space-time collision interval: the reservation is set for the edge-interval as reserved segment
of the other edge which must not be traversed by other agents during the time-interval as
its second part.

An edge-interval marks the start and end positions normalised by the length of the edge
for which the reservation is set. These positions result from the geometric overlap based on
the combined shape of two agents as defined in Figure 4.4.2b. For the illustrated example,
the bottom row of Figure 4.5 depicts the radius rCE as combined shape of AC-2 with type
ICAO-C and AC-3 with type ICAO-E. With the combined shape, we calculate the geometric
overlap between a pair of edges: when the combined shape traverses edge (3,4) it overlaps
with edge (6,5) between δ

(3,4)
1 and δ

(3,4)
2 . The overlap-interval of edge (6,5) with edge (3,4)

is likewise calculated as δ(6,5)1 and δ
(6,5)
2 . These normalised positions on the edge-pair form

the edge-intervals of each edge when setting a neighbourhood-reservation from the other
edge. Since the spatial overlap between an edge-pair depends on the combined shape of two
agents, each combination of two agent types yields one edge-interval-pair per edge-pair.
The intervals are pre-calculated for all edge-pairs and shape-combinations.

The time-interval as second part of a neighbourhood-reservation is determined with
the motion profile over an edge: as outlined in Section 4.3.3, we determine the time
points at which the safety zone around the point-shape of an agent (green agent ai in
shape-representation 2b in Figure 4.4) enters and leaves the normalised positions δ1 and δ2
on the edge from which the reservation is set. In the example, agent AC-2 reserves the edge
(6,5) between τ

(3,4)
1 and τ

(3,4)
2 , given the safety distance dS,ij around it. This results in the

neighbourhood-reservation on edge (6,5) between the normalised positions
(
δ
(6,5)
1 , δ

(6,5)
2

)
as edge-interval during

(
τ
(3,4)
1 , τ

(3,4)
2

)
as time-interval. Likewise, agent AC-3 reserves the

edge-interval
(
δ
(3,4)
1 , δ

(3,4)
2

)
of edge (3,4) for the time-interval

(
τ
(6,5)
1 , τ

(6,5)
2

)
.

We account for the required takeoff-separation according to the wake turbulence
category (WTC) of a departing aircraft by defining WTC-reservations. These are set
on the directional edges of all entries to the respective runway as time intervals per
type-combination of the agent with any other aircraft type. A time interval consists of the
start time point ts and end time point te:

ts = tStBi − tWTC
j→i (i departs after j) (4.16)

te = tStBi + tWTC
i→j (i departs prior to j) (4.17)
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with tStBi denoting the time at which the centre of agent i is at the stopbar before entering
the runway, and tWTC being the durations required for the WTC-separations between
agents ai and aj . In the example in Figure 4.5, both agents AC-3 and AC-1 use edge (8,11)
as runway entry. Presuming that AC-3 will be in front, it reserves the runway entries (8,11)
and (4,10) between ts and te with tStB = t8 as the time of passing the stopbar at node (8)
and tWTC

j→i = tWTC
i→j = 60 s from Table 3.2.

Before updating the plan of a de-prioritised agent, all reservations from agents higher
in priority are gathered. The illustrated collisions in Figure 4.5 are thus resolved when
a priority order between the three agents is set. The next subsection outlines how the
necessary conflict detection is carried out.

4.3.5 Conflict Detection
Following Definition 6, we execute a conflict detection scheme to find all conflicts between
each pair of agents. The corresponding pseudocode is outlined in Algorithm 2 for reference.
We use an approach based on an exhaustive search: the reservations of each agent ai
are compared against those of every other agent aj . Conflict detection is skipped if a
priority order already exists between the two agents, or their plans are disconnected in
time. Otherwise, we compare the path-, neighbourhood-, and WTC-reservations of agent
ai with those of agent aj .

Algorithm 2: Conflict detection: without or with induced constraints (IC)
Input: graph reservations of all agents

1: conflicts← ∅
2: foreach agent ai do
3: foreach agent aj do

## check if conflict detection is needed between ai and aj
4: skipDetection← checkConflictDetectionNeeded(ai, aj)
5: if skipDetection then
6: continue # conflict detection not required

## detect path-conflicts between ai and aj
7: foreach edge in plan of ai do
8: if edge in plan of aj then
9: conflict← checkMotionOverlap(motions of ai, aj along edge)

10: conflicts← conflicts ∪ {conflict}

## detect neighbourhood- and WTC-conflicts between ai and aj
11: foreach edge in plan of ai do
12: foreach reservation of aj on edge do
13: if motion of ai overlaps with reservation then
14: conflict← store conflict-information
15: conflicts← conflicts ∪ {conflict}

16: if without IC then
17: conflict← conflict in conflicts with min(tstart)
18: else
19: conflict← conflict with max(IC); breaking ties with min(IClower), then min(tstart)

20: return conflict
Output: agent pair in conflict
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The agents are in a path-conflict if their path-reservations overlap on an edge that both
of them traverse. To detect such a conflict, we first determine the sequence of the agents
passing the edge. In the example in Figure 4.5, agent AC-2 is in front of agent AC-1 on
the edges (1,2) and (2,3). Using the shape-representation 1b in Figure 4.4, we then compute
the minimal gap between the front-line of the shape of the trailing agent (AC-1) with the
back-line of the shape of the leading agent (AC-2). Note that half of the minimum safety
distance is included in each shape as depicted in Figure 4.4.1b. The minimal gap between
the two shifted motion-profiles (see Section 4.3.3) is analytically calculated by determining
the minimum distance between the underlying motion-functions. If the distance is negative,
the motions overlap, and thus form a path-conflict. As marked in the example, the motions
of AC-1 and AC-2 overlap on edge (2,3), since AC-2 slows down for the curved edge (3,4)
while AC-1 can keep its maximum speed to go straight ahead along edge (3,5).

In contrast, agents are in a neighbourhood-conflict if the neighbourhood-reservations
of one agent overlap with the motion of the other agent’s centre on the same edge. Recall
that a neighbourhood-reservation consists of a time-interval during which another agent
must not traverse the corresponding edge-interval of the edge for which the reservation
is set. To detect such conflicts, we iterate over each edge in the plan of agent ai. For each
neighbourhood-reservation of agent aj , we determine the time-interval at which the centre
of ai enters and leaves the normalised edge-positions according to the edge-interval of the
reservation. The agents are in a neighbourhood-conflict if the resulting time-interval of ai
overlaps with the time-interval of the neighbourhood-reservation set by aj . In Figure 4.5,
such a conflict occurs between agent AC-2 and agent AC-3 between the edges (3,4) and (6,5):
the motion of the safety zone around the centre of AC-2 traversing edge (3,4) overlaps with
the neighbourhood-reservation of AC-3 that are set for that edge. Likewise, the reservation
of AC-2 on edge (6,5) overlaps with the motion of AC-3 over that edge.

In analogy, agents are in a WTC-conflict if the WTC-reservation of one agent overlap
with the motion of another agent on any edge that is an entry to the same runway. Using
Equation (4.17), the time interval of agent ai occupying the runway is determined. The
agents are in a WTC-conflict if it overlaps with the time interval that agent aj reserved on
all runway entries.

The conflict detection scheme is applied to every combination of two agents and yields
all existing conflicts. In general, the first one in time is selected. However, when using a
PBS search-mode with induced constraints (IC), we follow the approach of GPBS with IC
[62]: the agent pair with the largest IC-set is selected, breaking ties by choosing the pair
with the smallest set of agents lower in priority. This is complemented by breaking ties in
favour of the earliest conflict in time. To resolve the selected conflict, recall that two new
PBS search-nodes are created with each conflicting agent being added to the others priority
list. Per search-node, a new list of conditions for the de-prioritised agent is formed and
SIMP is invoked.

4.3.6 SIMP: Objective Function and Heuristic Search
Similar to A* and SIPP (see Section 2.3.3), the Safe Interval Motion Planning (SIMP)
algorithm searches for a path from a start to a goal location by minimising the associated
cost of the resulting trajectory. The f-score f(S) of a state S estimates the path cost:

f(S) = g(S) + h(S) (4.18)
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with the g-score g(S) as accrued cost between the start location and S, and the h-score
h(S) as estimation of the remaining cost to reach the goal. Recall from Definition 11 that
the heuristic function h(S) also accounts for the vehicle category cat. This determines
which edges of the graph can be traversed in general, as some edges are not accessible
to all agents: for example, service roads cannot be used by aircraft, and some taxiways are
wingspan-restricted.

To force SIMP to follow the agent’s activity sequence, we calculate h(S) as sum of the
heuristic per activity h(αk):

h(S) =
∑

h(αk) (4.19)

For GoTo activities, multiple end nodes may be defined (see Definition 1). In that case, the
minimum of each h(S) per combination j of end nodes within the sequence is chosen so
that h(S) remains consistent:

h(S) = min(hj(S)) (4.20)

Each h(αk) is calculated by using Equation (4.1) with dtaxi = dh(αk) and ttaxi = th(αk)
as well as the cd defined for the respective agent. For dh(αk), the node-to-node shortest
distance along the graph edges between the start and end node of the respective activity is
used in general. However, since aircraft cannot turn on the spot at a state S in their current
activity αS, we use an edge-to-node shortest distance for dh(αS) based on the directional
edge in the travelling direction of the agent. These distances are pre-calculated for all
edge-node-combinations in the layout. Per dh(αk), and depending on the speeds at the
start and end nodes of αk , we apply Equations (4.6) to (4.8) to calculate the corresponding
minimal traversal time th(αk). Note that for waiting-activities, dh = 0 and th equals the
waiting duration.

Throughout the search, to ensure that the heuristic is admissible and consistent, we
verify that:

h(S) ≤ cm(S → S′) + h(S′) (4.21)

with cm(S → S′) representing the motion cost between state S and its successor S′ and
h(S′) denoting the h-score from S′ to the goal. cm is calculated by using Equation (4.13)
with ttaxi = tm as the duration of motion m and dtaxi = dm as the traversed distance.

4.3.7 SIMP: State Space
In the following, we provide additional details on the state definition in SIMP from
Definition 9, and the core part of the SIMP algorithm is provided in Algorithm 3. The
algorithm keeps track of its state space with an open-list and a closed-list, akin to A* and
SIPP. However, the lists serve a different purpose in SIMP, and states also store additional
information, such as a reference to their parent-state, the g-, h-, and f-scores, the arrival
distance, and speed vmid to indicate an acc-dec-motion (see Section 4.3.2).

The purpose of the open-list is to mark unexplored states. To follow the logic behind
SIPP, open shall contain states that cluster the motions along the following edge towards
the subsequent node into intervals to reduce the number of similar states in the search
space, motivating the definition of states through a combination of agent configuration Scfg

and the state’s feasible motion interval SFMI, as defined in Definition 9.
To create a trajectory with minimal cost (see Section 4.3.6), the state S in open with

the lowest f-score is picked and removed. Successors of S are generated by executing the
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Algorithm 3: Safe Interval Motion Planning (SIMP) Algorithm
Input: route parameters of agent, reservations of higher prioritised agents

1: closed← ∅
2: open← getInitStates() # creates start states Sinit
3: while open 6= ∅ do
4: S← state in open with lowest f-score
5: if S fulfils goal-conditions then
6: plan, cost← getPlan(S) # backtracks plan from S to Sinit
7: return plan, cost # solution found: SIMP can terminate

8: if S not in closed then
9: add S to closed

10: else
11: chooseStateToKeep(S) # same state-ID in closed: keeps the

state with lower f-score and updates child-states
12: continue # successors of this state were already created

before

13: successors← getSuccessors(S)
14: foreach S* in successors do
15: cfg, FMI← extract from S*
16: S*← make FMI of S* temporally disjunct
17: open← open ∪ S* # indexed by (cfg, FMI)

18: return ∅,∞ # no solution found
Output: plan from start to goal node and its cost, if existent

function getSuccessors, which is further outlined in the next subsection. S is then moved to
the closed-list (Lines 8 to 12). Once a state in open is picked that meets the goal conditions,
SIMP terminates and returns the resulting plan and cost (Lines 5 to 7).

In contrast to clustering states, the purpose of the closed-list is to quickly obtain
a parent-state during the search as well as generate the final plan once the search has
terminated without recalculating the motions between two states. We thus define the
unique state-ID SID for states in closed as:

SID = (ν , ν′ , tS , vS , αk) (4.22)

with the arrival time tS and arrival speed vS at node ν as well as the activity αk that is valid
from the state onwards. If a state with identical state-ID is added to closed, SIMP keeps the
one with the lower f-score, and updates its state-values as well as those of all its successors
accordingly. Correspondingly, all child-states are recursively updated.

4.3.8 SIMP: State Generation
In this subsection, we outline the generation of successors based on the pseudocode of the
function getSuccessors and an illustrating example provided in Figure 4.6. Due to our state
definition, multiple successor states S′ may be defined for traversing the edge on which
state S is defined. To limit the amount of repetitive computations for the motion along an
edge, we first gather the speed restrictions and safe time intervals that must be satisfied to
enter the next edges. These form multiple sets of boundary conditions for the motion along
an edge. We cluster them along with the next edges that require an identical set of these
motion boundaries (Line 5 in Algorithm 4). Furthermore, we sort them based on earliest
arrival time within the safe interval, breaking ties in favour of highest speed limit vlim.
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Then, following the sorted order, a motion is computed that satisfies the set of conditions,
and the respective successors are created (Lines 8 to 22).

Algorithm 4: SIMP function getSuccessors(S)
Input: state S

1: successors← ∅
## special case: wait-activity, switching to next activity

2: if S.activity = "wait-activity" then
3: S’← getSuccessorWaitActivity(S)
4: return S'

## get motion restrictions for next edges
5: motionBounds← getMotionBounds(S) # based on v-restrictions
6: if not motionBounds then
7: return ∅ # no way forward

## calc motions for next edges. Start with quickest possible
motion

8: motionBounds.sorted() # sort for quickest motion
9: motionPrev← ∅

10: foreach motionBound in motionBounds do
11: if motionPrev slower than motionBound allows then
12: continue # previous motion slower than this bound, skip

recalculation

13: motion← calcMotion(S, motionBound) # calculate motion based on
bounds

14: foreach edgeID in nextEdgeIDs do
15: S’← createSuccessor(motion) # create successor based on

motion
16: successors← successors ∪ {S’}

## use backtracking iff vFinal < vLimit
17: if vFinal < vLimit then
18: S”← createSuccsBacktrack()
19: successors← replace S’ with S”

## anticipate on upcoming motion restrictions
20: S’← createSuccsAnticip()
21: successors← successors ∪ {S’}
22: motionPrev← motion

23: return successors
Output: successor-states S’ of state S

In the example in Figure 4.6, three operations are needed to create five regular
successors (ID1 to ID5): first, the motion to enter edge (3,5) is created taking 12 s with
vi = vf = 15m/s (ID1). Then, meeting the speed limit of vlim = 5m/s for edges (3,4)
and (3,6), the fastest motion takes 16.4 s, arriving within the first safe interval of each edge
(ID2 and ID3). Finally, the successors ID4 and ID5 are created to arrive at the beginning
of the second SIs on edges (3,5) and (3,6). To form a motion that spans 40 s, it is necessary
to immediately start to decelerate from vi to vf = 1.4m/s, and keep a constant speed for
the remaining length of the edge (2,3). In contrast, a successor of S that enters edge (3,4) at
the beginning of its second safe interval is infeasible: its motion would require a duration of
110 s, but the safe interval on edge (2,3) already ends at t = 100 s, thus requiring the motion
to last less than 90 s.
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Figure 4.6: Example of successor generation: from state S on edge (2,3), different successors are created on edges
(3,4), (3,5), (3,6), and (5,7) due to speed limits at straight segments (blue lines, vlim = vmax), curved segments (orange
lines, vlim = vturn), as well as safe intervals (SIs) on edge (2,3) (shaded in yellow) and for entering the upcoming
edges (shaded in green); all resulting successors S′ are displayed

The two successors created for the second SIs on edges (3,5) and (3,6) enter these edges
with a lower speed than the speed limit of 5m/s: to reach the required traversal time, the
agent has to slow down significantly. In this case, arriving later and/or with a smaller
speed at node (2) would yield a higher final speed at node (3). Therefore, for the sake
of this example, we use the backtracking scheme (Lines 17 to 19) that was introduced in
Definition 10 to optimise the respective final speed for entering the two edges: the function
uses an acc-dec-motion explained in Section 4.3.2 from the parent state of S to satisfy the
restrictions. In the example, backtracking yields the two successors ID6 and ID7 that replace
the successors ID4 and ID5, respectively. Note that the speed limit may not be reachable in
all cases due to other constraints on the previous edges.

On the other hand, the final speed of a regular successor may be too high to decelerate
sufficiently for the speed restrictions on upcoming edges. We use the anticipation scheme
introduced in Definition 10 to check for such cases and to compute a motion from state S
directly to the start node of that future edge. In the example, this is illustrated with edge
(5,7): the length of edge (3,5) does not suffice for an agent to decelerate from 15m/s to the
turn speed of 5m/s. Therefore, the function implementing the anticipation scheme (Lines 20
to 21) creates a successor of state S (ID8) directly for entering edge (5,7).

Motion bounds do not have to be calculated when the agent has to wait at the current
node due to a Wait activity: the successor can directly be created based on the waiting
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duration (Lines 1 to 4). If multiple SIs exist in which the agent can enter a subsequent edge,
additional successors for holding until each start of these SIs are created as well. Note that
holding is only possible until the end of the safe interval at the waiting node.

4.3.9 Replanning
When the AS-MAMP algorithm is invoked by the Routing Agent, some agents may already
be taxiing. Thus, these agents are likely in motion and in arbitrary places in the taxiway
network at the planning time tp. Since states are always defined on nodes, the Guidance
Agents predict when and with which speed these agents will arrive at the next node on
their respective paths (see their P3). The (node, time, speed)-information is then used as
initial conditions when updating their plans in SIMP. To set the reservations correctly,
the graph reservations explained in Section 4.3.4 include the motion and edges along the
already executed part of the route. However, reservations that already ended before tp are
dropped, since these lie in the past and agents cannot infringe them any more. Thus, only
those previous reservations that are still relevant during re-planning are accounted for.

This chapter introduced the AS-MAMP algorithm as planning approach in which
PBS as high-level coordination mechanism resolves multi-agent conflicts and SIMP
as novel low-level planner computes conflict-free 4D trajectories under operational
constraints (RQ 3). The next chapter evaluates the algorithmic performance of
these components through a structured benchmarking study on a synthetic
airport layout: the high-level of AS-MAMP is benchmarked against variants of
PBS, while SIMP is compared to SIPP and to A* with kinodynamic constraints.
Building on these controlled experiments, the chapter further assesses AS-MAMP
on the real-world layout of Amsterdam Airport Schiphol to examine scalability
and operational relevance under realistic airport complexity. Finally, the chapter
discusses the modelling approach presented in Chapter 3 and the AS-MAMP
algorithm in terms of limitations and challenges for implementation in real-world
operational environments.





5
Evaluating the AS-MAMPAlgorithm

within theMASModel

The previous chapters outlined the MAS model instance as illustration of the generalised
architecture (Chapter 3), and specified the AS-MAMP algorithm as core decision-logic of
that model (Chapter 4).

In this chapter, the algorithmic performance of the MAS model is evaluated. To this end,
the AS-MAMP algorithm is benchmarked by varying its high-level prioritisation scheme,
and exchanging SIMP with two existing low-level solvers, namely the Safe Interval
Path Planning (SIPP) and A* algorithms. Evaluation scenarios on both a synthetic and
a real-world airport layout demonstrate the efficacy of AS-MAMP in planning safe and
efficient 4D trajectories. The results further show that the model can handle runway
throughput levels matching or exceeding those of large European airports.

This chapter then reflects on the results, limitations, and open research directions of
Chapters 3 to 5, and concludes with a summary of the main findings.

67
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5.1 Model Evaluation
In this section, we evaluate the performance of the multi-agent system model for
fully-automated operations with centralised planning, with the main focus on its most
important centralised planning component – the AS-MAMP algorithm. To this end, we use
multiple scenarios on both a synthetic and a real-world airport layout (Section 5.1.1). First,
we benchmark AS-MAMP with PBS variants and FCFS as high-level solvers (Section 5.1.2),
combined with SIMP, SIPP, and A* with kinodynamic constraints as low-level solvers in
AS-MAMP (Section 5.1.3). Next, we study the influence of key operational parameters
(Section 5.1.4), analyse the effect of the planning window (Section 5.1.5), and assess its
computational efficiency and scalability (Section 5.1.6). We then evaluate AS-MAMP using
the flight schedule of two operational days at Amsterdam Airport Schiphol in Section 5.1.7,
simulating both multi-engine taxiing (MET, see Section 2.1) and tug-enabled taxiing (TET).
Finally, to stress-test the algorithm, we examine the maximal attainable runway throughput
per hour for MET and TET operations on the synthetic layout, and link them to those
reported for large European airports (Section 5.1.8).

5.1.1 Definition of Test Cases
In taxiway networks, potential bottlenecks may arise in different locations. To assess how
AS-MAMP deals with them, we analyse the bottlenecks separately. To this end, we created
the synthetic layout visualised in Figure 5.1 which accentuates the bottlenecks, and define
two schedules each with 7 flights in total as listed in Table 5.1.

bay areas

narrow sections

tug coupling /
decoupling points

runways

G1

R18/R36

G2
G3
G5
G7

G4
G6

Potential bottlenecks:
(a)  runways due to the required wake turbulence separation between two consecutive aircraft
(b)  bay areas due to pushback operations and engine-start in case of multi-engine taxiing (MET)
(c)  tug coupling / decoupling points when aircraft use tug-enabled taxiing (TET)
(d)  narrow sections in the taxiway network

Figure 5.1: Synthetic layout with potential bottlenecks marked by red circles that form the basis of the test cases

In the scenario Queuing, the 7 aircraft depart from all available gates in the layout
(see Figure 5.1). To isolate the runway as bottleneck, test case A considers MET without
pushback operations and with engines being already started. To optimise the trajectory
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Table 5.1: Flight schedules for the sensitivity analyses on the synthetic layout, with T as fictive reference time

(a) Queuing scenario

ID Type At From To

1 ICAO-C T + 0 s G1 R36
2 ICAO-E T + 20 s G2 R36
3 ICAO-C T + 40 s G3 R36
4 ICAO-E T + 60 s G4 R36
5 ICAO-C T + 80 s G5 R36
6 ICAO-E T + 100 s G6 R36
7 ICAO-C T + 120 s G7 R36

(b) Crossflow scenario

ID Type At From To

1 ICAO-E T + 0 s R18 G2
2 ICAO-E T + 60 s R18 G4
3 ICAO-E T + 120 s R18 G6
4 ICAO-C T + 0 s G1 R36
5 ICAO-C T + 40 s G3 R36
6 ICAO-C T + 80 s G5 R36
7 ICAO-C T + 120 s G7 R36

costs, the AS-MAMP algorithm must determine a suitable runway sequence so that the
WTC-separation (see Table 3.2) leads to minimal queuing delay before entering the runway
(see Figure 5.2). For test case B, pushback operations and engine-start are included,
congesting the bay area: decoupling from the pushback tractor takes 60 s, and engine-start
either 180 s (ICAO-C) or 360 s (ICAO-E). Thus, AS-MAMP must find a suitable pushback
sequence. Note that agents can either hold at their gate, or on the bay area after pushback.
To investigate the bottleneck of tug-decoupling locations, test case C uses the same setup
as case A but with tug-enabled taxiing. AS-MAMP has to choose one of the four decoupling
locations and must account for the decoupling duration of 120 s. In test case D, we use
the Crossflow scenario with three large arriving and four medium-sized departing aircraft,
without considering pushback operations, to isolate the narrow section in the layout as
bottleneck. Therefore, the AS-MAMP algorithm must optimise the sequence in which the
departing and arriving aircraft pass through it.

case A case B case C case D

Figure 5.2: Simulation snapshots illustrating the bottleneck of each test case on the synthetic layout

First, AS-MAMP is benchmarked against PBS variants as well as alternative low-level
solvers based on these synthetic test cases using a single planning round. However, to
evaluate the influence of its windowed planning (Definition 3), continuous schedules
are needed. The schedule generation is outlined next to the respective assessment in
Section 5.1.5. Moreover, in Section 5.1.7, we examine the performance of high-level
variants in AS-MAMP on the real-world layout of Amsterdam Airport Schiphol using the
flight schedules of two of the busiest days at the airport to date. Our previous studies
provide more information as well as the required data comprising the layout, runway
configurations, and flight schedules to test both MET and TET scenarios [131], [132]. In
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Section 5.1.8, we stress-test the AS-MAMP algorithm by evaluating the potential runway
throughput on the synthetic layout with continuous schedules for departing flights of MET
(test case A) and TET operations (test case C).

The values for key AS-MAMP parameters such as the kinodynamic properties, cost
factors, safety factors, and positioning tolerance are provided in Table 5.2. The maximum
speeds for straight and curved segments were determined through expert interviews and
current technological limitations of tugs. To evaluate the capabilities of the AS-MAMP
algorithm, we chose rather low and differing absolute values for the acceleration and
deceleration of the agents, which have a large influence on the KPIs (see Section 5.1.4). As
specified in Section 4.3.3, the safety radii along an agent’s path and the neighbouring edges
are defined as factors in relation to the shape radius (see Table 3.1) of the leading aircraft.
Their respective values listed in Table 5.2 resulted from expert interviews.

Table 5.2: Default values for the key parameters of AS-MAMP

parameter aircraft tugs unit

maximum speed vmax 15 11.8* m/s
maximum turn speed vturn,max 5 5 m/s
minimum speed vmin 1.5 1.5 m/s
acceleration acc 0.25 0.25 m/s2

deceleration dec -0.75 -0.75 m/s2

cost factor cd 0.1 0.1 s/m
cost factor cprio 1 1 –
safety factor for path edges σpath 3 3 –
safety factor for neighbouring edges σNE 1 1 –
positioning tolerance δpos 0 0 m

*: as current limit of the reference TaxiBot system [12]

As operational key performance indicators (KPIs), we mainly use the sum of taxi times
ttaxi and taxi distances dtaxi of all flights. However, to show the relative increase in taxi
time or distance between different parameter settings, the KPIs are normalised by the
lowest value of the tested set. When assessing the real-world layout, we use the taxi time
distributions per runway. Furthermore, we track the number of collisions between vehicles
during the execution of the planned routes, and ensure that none exist. As search-related
KPIs, we use the cost, computational runtime, assigned priority pairs, as well as the amount
of explored high-level nodes and low-level states. Additionally, we use the number of
operationally obsolete stops exceeding 10 s to assess the secondary planning objective of
mitigating stop-and-go movements (see Section 3.2).

5.1.2 Benchmarking the High-level Search
To benchmark the high-level search of the AS-MAMP algorithm, we compare its depth-first
search against PBS variants such as Greedy PBS [62] without and with the use of induced
constraints (IC), as well as the first-come-first-served (FCFS) scheme often used in more
application-oriented studies. To establish an optimal priority ordering, we use a best-first
search in PBS. Table 5.3 provides a comparison of these when applied to the four test cases.
First, we analyse the results when running PBS without IC, followed by searching with IC.
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Table 5.3: AS-MAMP benchmark using high-level variants, with cost ratios listed w.r.t. ‘best-first’

case cost
approx. prio high-level low-level extra stops
runtime pairs nodes states (> 10 s)

AS-MAMP: high-level variants

best-first

A 4718.1 200 s 11 571 357 103 0
B 7601.5 43 s 13 247 78 847 0
C 6089.4 580 s 11 1 529 1 083 529 0
D 5172.9 110 s 11 452 206 106 0

depth-first

A 100 % 3 s 12 25 10 686 0
B 100 % 3 s 13 27 8 067 0
C 102 % 7 s 15 31 16 658 0
D 105% 4 s 14 24 9 386 0

greedy

A 100% 3 s 9 19 8 875 0
B 126 % 3 s 8 17 6 496 0
C 113 % 4 s 9 19 8 356 0
D 100% 3 s 10 18 6 217 0

FCFS

A 110% 1 s 21 1 2 508 0
B 130 % 1 s 21 1 1 818 0
C 103 % 1 s 21 1 2 016 0
D 113% 1 s 21 1 1 895 0

AS-MAMP: high-level variants with induced constraints (IC)
A 100% 240 s 13 627 416 354 0

best-first B 100 % 87 s 13 415 145 138 0
with IC C 100% 750 s 11 1 757 1 348 195 0

D 100% 110 s 12 468 198 606 0
A 100% 5 s 13 27 11 829 0

depth-first B 100 % 7 s 13 27 7 930 0
with IC C 114% 14 s 18 37 20 479 0

D 107% 19 s 13 53 24 077 0
A 101% 5 s 10 21 10 875 0

greedy B 102 % 9 s 10 21 10 400 0
with IC C 112% 6 s 10 21 11 595 0

D 100% 4 s 10 18 6 829 0
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As expected, while the best-first search yields the highest solution quality, it requires
a large number of explored PBS nodes, total sum of SIMP states as well as a long runtime.
Substantially less time is required for the depth-first and greedy searches to find a solution,
with only a fraction of PBS nodes being explored. Since the runtime correlates with the
total sum of SIMP states, the greedy search terminates faster (cases C and D) or slightly
faster (cases A and B). Furthermore, due to picking the child-node with the lowest number
of remaining conflict pairs, it finds solutions requiring less priority relations. However, in
comparison to the solution cost of the best-first search, its solution quality varies more
between the cases than with a depth-first search. With a pre-defined priority sequence, the
FCFS approach results in the fewest explored SIMP states, and thus the lowest runtimes for
all test cases. However, in contrast to the depth-first and greedy searches, it also leads for
all cases to suboptimal solutions, ranging between 3% (case C) to 30 % (case B).

When running PBS with IC, recall that conflict detection returns the conflict pair with
the highest number of induced constraints, likely selecting a different pair than running
PBS without IC. Despite returning the optimal priority ordering among those explored, also
the best-first search does not explore all possible priority pair sequences. Therefore, when
using IC, the number of PBS nodes, total sum of SIMP states, and runtime change in general.
Furthermore, the conflict free solutions contain a different sequence of priority pairs, and
the final count of pairs may differ. While ‘best-first with IC’ returns identical solution costs
for all test cases, the resulting priority sequences indeed differ w.r.t. ‘best-first’. Likewise,
using induced constraints in the depth-first and greedy searches leads to different solution
costs. For test cases C and D, the solution quality degrades using ‘depth-first with IC’,
while it improves for cases B and C when IC is used in the greedy search. Nonetheless, the
returned solution quality of ‘greedy with IC’ continues to fluctuate more than that of the
depth-first search. Regarding runtime, using IC seems to increase the number of explored
PBS nodes and SIMP states, leading to higher computational times.

Overall, the comparison among the different high-level search strategies without and
with IC suggests that the conflict selection procedure can be further optimised to combine
the advantages of a fast greedy search with a more consistent solution quality returned by a
depth-first search. The runtime could also be reduces with effective partial priority relations
handed to PBS, as confirmed by the low runtime of the FCFS approach. In Section 5.1.7, we
complement the evaluation of the high-level variants by testing AS-MAMP on a real-world
airport layout.

5.1.3 Benchmarking the Low-level Search
To benchmark the low-level search of the AS-MAMP algorithm, we run AS-MAMP with
two alternative low-level solvers, each necessitating different additional assumptions:

• SIPP: extends the regular SIPP states to accommodate activity-IDs; motions are
instantaneously accelerated and assume constant speed according to the edge’s speed
limit; agents can hold on nodes between the motions;

• Spacetime-A*: extends the regular A* states to accommodate the arrival time, arrival
speed, and activity-IDs; arrival speeds are discretised, with an increment of 1.5m/s;
agents can only hold at nodes after finishing a Wait activity, with the hold-time
discretised into 10 s increments, and another hold-state only created upon exploring
the previous one.
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Table 5.4: AS-MAMP benchmark using low-level alternatives (cost ratios w.r.t. ‘best-first’ in Table 5.3)

case cost
approx. prio high-level low-level extra stops
runtime pairs nodes states (> 10 s)

A 90% 110 s 15 1 293 445 462 14
best-first B 91 % 15 s 12 217 42 103 5
+ SIPP C 90% 250 s 16 2 245 1 025 266 12

D 86% 32 s 12 455 141 674 7
A 90% 2 s 16 33 7 336 14

depth-first B 100 % 1 s 12 25 4 949 6
+ SIPP C 94% 2 s 15 31 9 607 15

D 87% 1 s 10 18 4 564 8
A 93% 1 s 7 15 3 161 16

greedy B 109 % 2 s 9 19 5 257 5
+ SIPP C 101% 2 s 9 19 5 662 24

D 87% 2 s 10 18 4 948 7
A 97% < 1 s 21 1 1 107 19

FCFS B 118 % < 1 s 21 1 1 094 7
+ SIPP C 93% < 1 s 21 1 1 316 19

D 96% < 1 s 21 1 1 188 12
A 105% 220 s 12 25 307 244 0

depth-first B 105 % 140 s 13 27 218 002 0
+ Spacetime-A* C 118 % 470 s 16 33 590 362 0

D 107% 110 s 13 24 225 988 0
A 110% 180 s 10 21 317 768 0

greedy B 119 % 86 s 8 17 187 079 0
+ Spacetime-A* C 110 % 440 s 11 23 542 321 0

D 107% 79 s 11 21 185 523 0
A 116% 35 s 21 1 69 083 0

FCFS B 128 % 25 s 21 1 52 343 0
+ Spacetime-A* C 109 % 52 s 21 1 69 815 0

D 122% 28 s 21 1 60 374 0

Table 5.4 lists their results when applied to the four test cases in combination with the
high-level variants from the previous section. In comparison to SIMP, the adapted SIPP
solver requires less low-level states to find a solution, but often needs to explore more
high-level nodes. Nonetheless, it has a lower runtime for all test cases across all examined
high-level variants. Furthermore, SIPP appears to return a better solution quality in all cases.
However, this is a result of the instantaneously accelerated motions, leading to trajectories
that are impossible to be executed in real-world airport operations. Moreover, the computed
trajectories require frequent stop-and-go movements with holding times exceeding 10 s.
In contrast, the Spacetime-A* solver produces more realistic trajectories due to the same
kinodynamic agent properties applied as in SIMP. However, its search is highly inefficient,
requiring a large amount of low-level states to find solutions due to its large search space.
To conclude, the low-level benchmark emphasises that SIMP combines the advantages of
returning realistic and operationally-efficient 4D trajectories from a large search space with
the low computational runtimes of SIPP-based search.
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5.1.4 Influence of Key Operational Parameters
In this subsection we analyse how the acceleration and deceleration, minimum speed,
cost-factor cd in the cost function in SIMP, and positioning tolerance δpos influence the KPIs.
To this end, we simulate the four synthetic test cases with changing values for each of these
parameters. All simulations are run with a best-first search without IC to yield the highest
solution quality.

The choice of acceleration and deceleration has a strong impact on the taxiing
duration, as shown exemplary for case A in Figure 5.3: the higher the acceleration and/or
deceleration, the faster the aircraft are able to complete their taxiing. In contrast, the
influence on the travelled distance is minimal. This trend holds for the other cases as well.
Thus, with the values of acc = 0.25m/s2 and dec = −0.75m/s2, approximately 10 %
higher taxi times result in comparison to the highest considered absolute value of 2m/s² for
both parameters.

Since the maximum speeds are operational and/or technological limits, we did not
vary them. Nonetheless, it is self-evident that changing these values will affect the taxiing
duration. When varying the minimum speed vmin between 0.5m/s to 5.0m/s, the taxi time
increased by more than 7% for vmin ≥ 2.0m/s in test case D. While case C showed
a small increase up to 1 % at vmin = 5.0m/s, test cases A and B were unaffected by
the different minimum speeds. This suggests that the AS-MAMP algorithm is capable of
creating trajectories without the need for agents to stop at arbitrary locations to resolve
conflicts, as long as vmin ≤ 1.5m/s. The operational benefit is that pilots have to apply
breakaway-thrust less often, resulting in fuel savings and reduced engine-blasts that lower
the associated risks.

Figure 5.3: Sensitivity analysis of case A depicting how acceleration acc and deceleration dec influence the taxi
time and distance, shown as increase in [%] w.r.t. the lowest sum over all flights.
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Regarding the cost function in SIMP (see Equation (4.1)) our hypothesis was that small
values of cd have a positive impact on the KPIs: while for cd = 0 the algorithm may choose
long detours to save a few seconds in taxi time, slightly including the travelled distance in
the objective function should mitigate these. In contrast, high values for cd should result in
shorter paths but increasingly long taxi times, since the secondary objective of optimising
for distance may outweigh the primary one of low taxi times. When varying cd between
0 s/m to 0.5 s/m, the hypothesis is supported: setting cd = 0, the taxi distance increases
by 1.7 % for test case A and 3.1 % for test case C, while cases B and D are unaffected. For
cd = 0.5, especially case D is affected: both taxi time and taxi distance increased by 3.9 %
and 0.8 %, respectively. For cases A and C, the taxi distances were unaffected, and the taxi
times showed a small increase of 1.7 % (case A) and 3.1 % (case C).

Increasing the positioning tolerance δpos of each agent from 0m to 50m, showed a
negligible influence on test cases A and B. In contrast, the taxi time abruptly increased to>
6% for δpos >= 20m in test case C, and> 4% for δpos >= 10m in test case D. In both cases,
the taxi time further increased with rising positioning tolerances adding around 2% at
δpos = 50m, while the increase in taxi distance remained< 0.8%. This suggests that higher
positioning tolerances likely impact confined passages in airport layouts. Nonetheless, the
overall impact on the KPIs should be reasonably small for δpos < 20m.

5.1.5 Influence of Planning Window
As the flight schedules of the test cases described in Section 5.1.1 contain merely 7 flights,
a single planning round sufficed to route all aircraft in the simulations conducted up to
this point. To assess how the AS-MAMP algorithm deals with continuous schedules on
the synthetic layout and thus the necessity to re-plan, we extended the flight schedules
in Table 5.1 to over 90 minutes by repeating the seven flights: for each replicate, the
parameter tcycle is added to the fictive reference time T . Table 5.5 provides an overview
of the number of replications and the resulting flights of the flight schedules created for
different values of tcycle.

Table 5.5: Extending the flight schedules from Table 5.1: each base-schedule is repeatedly appended with a time
shift of tcycle

tcycle replications of schedule in Table 5.1a resulting flights

15min 6 42
12min 8 56
10min 9 63
9min 10 70
8min 12 84

For the analysis, we varied wp between 10min to 120min and hp between 20 % to 80 %
in relation to wp. With the number of agents exceeding the feasibility of a best-first search,
we used a best-of depth-first search as slight modification in PBS: after finding the first
solution, we store it, let PBS pick the lowest-cost search-node, and continue the depth-first
search for an alternative solution. This procedure is repeated until a maximum number of
solutions (in this case 24) is found, returning the one with the lowest cost.
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For test case A, the average taxi time remained unaffected. Likewise, for test cases C
and D, the average taxi time did not change significantly for all considered values of wp

and hp when tcycle ≤ 10min. With tcycle > 10min, the simulations showed stronger
taxi time variations across varying wp and hp while increasing in general for lower tcycle.
This is further discussed in Section 5.1.8. Based on the chosen tcycle values, all simulations
of test case B failed: subsequent aircraft were spawned at stands still occupied with holding
aircraft, due to the confined bay area of the synthetic layout combined with the long
engine-start times of up to 6min. However, a separate analysis with tcycle ≥ 22min showed
results similar to those of the other test cases.

Regarding the total planning time measured as sum over all planning-rounds, the
expected trend is observed for all test cases, aligning with the observations from our
previous study [132]. For smaller wp, AS-MAMP has to assign fewer priority-relations
since conflicts occurring beyond wp are ignored, reducing the overall runtime. Regarding
hp, more frequent replanning leads to an increase in total planning time. In summary, the
windowed planning approach greatly improves the runtime performance of the AS-MAMP
algorithm without sacrificing its solution quality.

5.1.6 Computational Efficiency and Scalability of AS-MAMP
Algorithm

Using the 200 simulations conducted per test cases A and C for the sensitivity analysis
of the continuous schedules presented above, we study the computational efficiency
and scalability of the AS-MAMP algorithm in this subsection. The simulations result in
3 854 planning rounds in total. Per planning round, the traffic load as well as the traffic
situation vary, depending on the time point of replanning determined by wp and hp of the
respective simulation. For the following analysis, we use the performance data of the first
conflict-free solution that PBS found in each of the planning rounds, visualised through
multiple log-log plots in Figure 5.4.

We can decompose the total time that the AS-MAMP algorithm requires to find a
conflict-free solution into three component runtimes: for creating the initial trajectories in
the PBS root-node, for detecting conflicting agent-pairs throughout the PBS search, and for
subsequently resolving each conflict by invoking SIMP. The upper part of Figure 5.4 shows
this decomposition in dependence of the size of the agent population across all planning
rounds for case A and case C, respectively. For both test cases, finding the initial trajectories
has almost a linear time complexity, matching the expectation following from calling SIMP
n-times to find n agent trajectories. The effort to detect conflicts between the trajectories
increases with the number of agents to be routed concurrently. For conflict detection,
we use an exhaustive search as noticeable in its pseudocode provided in Algorithm 2 in
Section 4.3.5. This approach leads to an almost quartic time complexity, resulting in the
largest increase in the AS-MAMP runtime for growing agent populations. Thus, for a large
number of agents, the time required by the conflict detection mechanism predominantly
drives the total runtime to find a conflict-free solution.

While the conflict resolution for test case A has an almost linear time complexity,
it increases beyond a quadratic time complexity for case C, and varies more between
planning rounds with equal agent population. As shown on the bottom left in Figure 5.4, a
comparison of the necessary number of assigned priority-pairs in PBS to find a conflict-free
solution reveals a similar trend: for equal agent populations, test case C shows higher values



5

78 | 5 Evaluating the AS-MAMP Algorithm within the MAS Model

Figure 5.4: AS-MAMP computational performance based on 200 simulations per test cases A and C, resulting in
total in 3 854 planning rounds with approx. 695 k SIMP-calls
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that vary more between planning rounds. In general, this means that more PBS nodes need
to be explored with SIMP being called more often, leading to an increase in total time.

To generate initial as well as updated agent trajectories across the 400 simulations, the
SIMP algorithm is called approx. 695 k times in total. As visualised in the bottom right plot
in Figure 5.4, it has an almost linear time complexity over the number of generated states,
regardless of the test case. Furthermore, it requires approx. 120 states and 0.07 s to calculate
an agent trajectory that adheres to the issued activity sequence and constraints set for the
agent’s route on the exemplary layout.

5.1.7 Testing AS-MAMP on Real-world Airport Layout
Turning to a real-world airport layout, we examine the scalability of the AS-MAMP
algorithm based on previous operational studies as mentioned in Section 5.1.1. In the
following, we evaluate the different high-level variants benchmarked in Section 4.1 for
both MET and TET operations, based on simulations with wp = 20min and hp = 10min.
Figures 5.5 and 5.6 provide the resulting taxi time distributions as boxplots per runway for
both arriving and departing flights, respectively for MET and TET operations. Furthermore,
the taxi time distributions of the high-level searches ‘depth-first’, ‘greedy with IC’, and
‘FCFS’ are compared against the historical operations in Figure 5.7.
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Figure 5.5: Box-and-whisker plots per runway for both inbound and outbound flights, showing the taxi time
distributions of simulations of multi-engine taxiing (MET) operations using either FCFS or PBS variants as
high-level in AS-MAMP

For inbound flights, the different PBS variants show almost identical taxi time
distributions across all runways as well as between MET and TET (used only by outbound
flights), while FCFS leads to slightly longer taxiing durations. Nonetheless, in comparison to
the historical operations, the centralised path planning in AS-MAMP produces consistently
lower and less varying taxi times. For outbound flights, the depth-first search outperforms
the other variants. Except for FCFS, the alternative high-level variants produce similar
distributions, yet with slightly elevated median or interquartile range marked by the boxes
in the three figures. In contrast, the FCFS variant results in higher average taxi times with
larger variations between agents for both MET and TET operations. However, similar to
inbound flights, any of the tested high-level variants shows an overall reduction in taxi
time in comparison to the historical operations.
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Figure 5.6: Box-and-whisker plots per runway for both inbound and outbound flights, showing the taxi time
distributions of simulations of tug-enabled taxiing (TET) operations using either FCFS or PBS variants as high-level
in AS-MAMP
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Figure 5.7: Box-and-whisker plots per runway for both inbound and outbound flights, showing the taxi time
distributions of historical data, as well as simulations of multi-engine taxiing (MET) and tug-enabled taxiing (TET)
operations using either FCFS or depth-first search as high-level in AS-MAMP

Figure 5.8: Computational runtimes of planning rounds of simulations of multi-engine taxiing (MET) and
tug-enabled taxiing (TET) operations using either FCFS or depth-first search as high-level in AS-MAMP
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To examine the computational runtime and scalability of AS-MAMP on real-world
layouts, we use the data of multiple simulations with differing values of the planning
window. The three component runtimes resulting from these simulations have a similar
time complexity than those visualised in Figure 5.4. The resulting overall runtime is
shown in Figure 5.8 for both MET and TET operations simulated with the depth-first
search and FCFS approach as high-level variants. The latter has almost a linear time
complexity with increasing agent populations, and thus scales better than any of the tested
PBS variants. Nonetheless, the approximately quadratic time complexity of the depth-first
search indicates that AS-MAMP scales in general well with respect to both the size of the
agent population as well as the complexity of the airport environment.

To summarise, the depth-first without induced constraints showed the best performance
across the simulations carried out on the synthetic as well as the real-world layout. In
comparison, the FCFS approach often used in application-oriented studies resulted in longer
average taxi times of up to 30 % for the synthetic test cases, and 10 % for the real-world
scenarios. Moreover, AS-MAMP is more robust than a FCFS approach which more
frequently failed to return a solution, especially in high traffic demands. Nonetheless, based
on the conducted runtime analyses, the current computational efficiency of AS-MAMP
leaves room for improvements, which we further discuss in Section 5.2.

5.1.8 Stress-test: Potential Runway Throughput

In this part, we focus on the potential maximal runway throughput per hour to demonstrate
the applicability of AS-MAMP for busy airports. To this end, we fix wp = 30min and
hp = 15min, vary tcycle from 15min to 7.5min, and compare multi-engine taxiing (MET,
test case A) to tug-enabled taxiing (TET, test case C). Figure 5.9 shows the average taxi
times, the maximal runway throughput, and maximal occupancy rate for increasing traffic
loads (i.e. lower tcycle) for both test cases as well as either FCFS or depth-first search used as
high-level in AS-MAMP.

For each of the four scenarios, the taxi distance remains unaffected across the tested
traffic loads, while the taxi time increases significantly for smaller tcycle, indicating a
rising congestion. However, this also maxes out the achievable runway throughput within
60min as well as the occupancy rate of the four scenarios. While the simulations of MET
operations reach the limit of the occupancy rate of 100 % irrespective of either a 15min
or 60min frame, the depth-first search results in a higher maximal hourly throughput of
54 flights, with FCFS maxing out at 49 flights.

For TET operations (test case C), the occupancy rate for a 15min frame shows that its
highest value of around 98% is approached for tcycle ≥ 10min, matching the increase in taxi
time. For lower traffic loads, the TET case consistently shows higher runway occupancy
rates, while having identical runway throughput compared to the MET case. The hourly
occupancy rates are in general higher for FCFS, limiting its achievable runway throughput
to 43 flights in comparison to 47 flights with the depth-first search. Overall, this means
that the AS-MAMP algorithm cannot optimise the runway sequence of TET as much as
in the MET case.
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Figure 5.10: Simulation snapshots at ≈ 60min into continuous schedule with tcycle = 7.5min and depth-first
search
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This is also reflected in the most congested TET scenario with tcycle = 7.5min: as
visualised in Figure 5.10 for a depth-first search, aircraft queue almost until the bay area
when the simulation crashes, around one hour into the 90min flight schedule. Also the
choice of simulation parameters plays a role: with vmin = 1.5m/s, the AS-MAMP algorithm
eventually runs out of route options for the agents, and thus fails to find a solution. In
contrast, without the necessity to decouple, minimal queuing occurs in test case A.

As mentioned above, using a depth-first search, the chosen set of parameters results
in a maximal runway throughput within 60min of 54 and 47 takeoffs for MET and TET,
respectively. To put this into perspective, Table 5.6 lists the maximal runway throughput
of all possible runway configurations for the five largest airports in Europe [135]: the
highest throughput per runway is reached by London Heathrow with 54 departing flights
per hour. Therefore, when aircraft use MET, the multi-agent system is capable of matching
or exceeding the maximal runway throughput seen at these large European airports. For
TET, the runway throughput in the simulated setting still exceeds those of most European
airports. Note that the potential throughput can be increased when the taxiway network
is adapted: with either better accessible or more decoupling locations, the AS-MAMP
algorithm would have more options to optimise the takeoff sequence and thus the potential
runway capacity.

Regarding the runway throughputs and occupancy rates of simulations on the
real-world layout, both MET and TET operations reached similar maximal values of around
46 hourly takeoffs with up to ≈ 80% occupancy rates, irrespective of the high-level search
in AS-MAMP as well as the runway configuration of the scenarios. In turn, we believe
that this validates that the two cases analysed above are suitable stress-tests for AS-MAMP:
all scenarios with tcycle ≥ 10min resulted in higher occupancy rates than those found in
the historical flight schedules. This underscores that the AS-MAMP algorithm is able to
coordinate ASM Ops in an efficient way, and only returns planned trajectories when these
are indeed conflict-free.

Table 5.6: Maximal runway throughputs and occupancy rates for departures within 60min of the 5 largest
European airports in (a), as well as scenarios simulated with the AS-MAMP high-level variants FCFS in (b) and
depth-first search in (c)

(a) historical data (runway occupancy rate not reported)

airport code
ICAO EDDF EHAM LFPG EGLL LEMD
IATA FRA AMS CDG LHR MAD

departure runways 2 1 2 1 2
max. throughput 68 46 75 54 70

(b) simulated data: FCFS

layout EHAM case A case C
operations MET TET MET TET

max. throughput 45 46 49 43
max. occupancy 76% 79% 100% 92%

(c) simulated data: depth-first

EHAM case A case C
MET TET MET TET
45 46 54 47
77 % 80% 100% 94%
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5.2 Discussion
The results obtained in the simulation experiments presented above demonstrated the
ability of the AS-MAMP algorithm to coordinate agent trajectories safely and efficiently,
as backbone of a MAS model to study a next-generation concept for fully-automated
surface movement operations with centralised planning. Despite the promising results,
many real-world challenges and limitations remain before the ConOps underlying this
MAS model could be deployed in live airport operations. In turn, numerous research
questions remain to be explored in future work, of which we consider only a few in the
following subsections: we first reflect on the aspects related to the AS-MAMP algorithm in
Section 5.2.1, and then discuss the limitations of the MASmodel in Section 5.2.2. Broadening
the perspective, we discuss open research directions regarding the proposed generalised
architecture for studying diverse concepts for next-generation airport surface movement
operations in Section 5.2.3.

5.2.1 Reflection on the AS-MAMP Algorithm
We formulated the AS-MAMP algorithm as centralised decision-logic to conduct
multi-agent coordination for all concurrent ground movements. A fast response time
of the AS-MAMP algorithm is crucial for enabling human-in-the-loop experiments with
real-time adjustments from human operators, probabilistic delays, and disruptions, and
is ultimately necessary for deployment in live operations. Therefore, the AS-MAMP
algorithm should provide conflict-free solutions within mere seconds regardless of traffic
density, necessitating further improvements to its current computational complexity.
The exhaustive search currently deployed as conflict detection mechanism turned out to
drive the required time when coordinating the trajectories among large agent populations
representative of busy traffic scenarios, and thus needs refactoring or replacement.
Parallelisation of the algorithm, e.g. to compute the initial trajectories or to recalculate
them during conflict resolution, could further reduce its computational complexity. In
turn, the total runtime of AS-MAMP shown in Figures 5.4 and 5.8 would likely remain
below the green line, i.e. <1 s to deconflict the routes for up to 20 agents and <10 s for
up to 50 agents.

As highlighted by the comparison to a first-come-first-served approach, the conflict
selection procedure could be optimised to minimise runtime while preserving a
high-quality solution. Despite SIMP having an almost linear time complexity, the
number of explored states could be minimised by further improving the heuristics as
well as introducing suitable pruning strategies. To this end, future research should also
investigate the potential of enhancing both high-level and low-level in AS-MAMP for
example with machine learning or reinforcement learning (ML/RL) techniques: while still
in its infancy, a growing body of literature explores how these can be combined with
and integrated into MAPF algorithms to augment their path planning capabilities as well
as help in the execution of the generated routing plans [136]. Given the almost linear
computational complexity of SIMP in relation to the number of explored states observed
in Figures 5.4 and 5.8, a considerable improvement in runtime is to be expected. In turn,
deconflicting up to 50 agents might be achievable within 1 s.

Regarding the evaluation of AS-MAMP, the stepwise approach of first using a simplified,
synthetic layout and then shifting to a real-world airport layout proved helpful to
benchmark both high-level and low-level of AS-MAMP. To further investigate the efficacy
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of AS-MAMP, simulations could be conducted on airports with differing layouts across
varying traffic densities. Moreover, other ground movements such as towing traffic as well
as other ground vehicles using the taxiways could be included, which is closely linked to
the overall model instance and thus further discussed in the next subsection.

In summary, potential directions for future work on the AS-MAMP algorithm include:

• to minimise the runtime of AS-MAMP with enhancements to the conflict detection
scheme, the conflict selection and prioritisation mechanism, and to SIMP using e.g.
focal search, pruning strategies, or improved heuristics;

• to explore how ML/RL techniques could be utilised in AS-MAMP;
• to extend the evaluation of AS-MAMP to other real-world airport layouts.

5.2.2 Reflection on the MAS Model
In general, developing realistic models for real-world applications such as ASM Ops is a
challenging and labour-intensive task. While we elaborated one model instance, simulating
all its underlying conceptual aspects is beyond the scope of this thesis. Thus, the ability
of the MAS model to generalise to the large variability in airport sizes, their taxiway
structures, and specific operational constraints remains untested and requires further
validation. Furthermore, additional operations such as towingmovements could be included
in this MAS model instance.

Despite the promising simulation results, the feasibility of deploying this model
instance with the AS-MAMP algorithm as a centralised path planner into live operations
remains limited at this stage. The reliance on a single coordination entity introduces
potential scalability and fault-tolerance concerns, especially under high traffic density or
degraded system conditions. Moreover, the simulations presented in this chapter relied on
precise localisation and reliable communication between agents to ensure an execution
according to the conflict-free routing plans. However, deviations during execution can
occur for example due to mechanical issues, human interventions, or obstacles on the
taxiways unknown to the agents in the MAS model. Furthermore, highly dynamic,
unforeseen events such as sudden weather changes or emergency reroutings may challenge
the resilience of the MAS model, requiring quick actions of agents. As first steps towards
a potential real-world integration of the underlying ConOps, both adaptive replanning
capabilities as well as empowering the agents to carry out local adjustments need to be
thoroughly studied.

In summary, potential directions for future work on the MAS model instance include:

• to assess the operational challenges and bottlenecks faced at different airports
through interviews with operational experts;

• to conduct further simulations of differing airport layouts;
• to include additional operations such as towing movements into the MAS model;
• to evaluate its real-time adaptability by implementing the conceived local adjustment
mechanisms based on distributed control elements.
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5.2.3 Reflections on Generalised Hierarchical-Distributed
Modelling Architecture

In general, an important future research direction is to study various decision-making,
coordination, and control mechanisms to explore the large design space for next-generation
airport surface movement operations. To name one direction, ML/RL techniques could
boost the abilities of MAS model instances, for example by providing predictions
based on historical airport data that the different agents can use in their coordination,
communication, and decision making. While ML/RL techniques could prove helpful
in addressing real-world challenges, the implications of using such techniques must
be thoroughly studied: for example, as key difference to AS-MAMP that anticipates
on conflicts and mitigates deadlocks through its centralised coordination mechanism,
implicit approaches such as ML/RL techniques must provably meet the stringent safety
requirements of ASM Ops.

Besides, real-world ASM Ops are a complex socio-technical system, and current
regulations as well as liability concerns pose constraints on introducing autonomy into
the operations. While we recently explored how interactions between human operators
and the MAS can be incorporated into such model instances [137], many fundamental
questions remain, e.g. the desirable level of automation, the allocation of tasks between
humans and automated systems, and questions related to shared situation awareness. In
general, human–autonomy teaming must be carefully designed to ensure effectiveness,
trust, and accountability, particularly when air traffic controllers remain responsible for
safety-critical decisions.

Moreover, real-world airport environments are subject to uncertainties such as weather
disruptions, equipment failures, or ad-hoc ground vehicle movements, which demand
robust fallback mechanisms and real-time adaptability. On the other hand, integrating
automated planning systems into existing air traffic management workflows requires
alignment with current operational procedures and regulatory constraints, as well as
certification to be provably safe. Overall, we strongly agree with the view expressed in e.g.
[31], [138] that human–autonomy teaming is required in an operational setting. As outlined
in this chapter, we believe that this should be realised as a hierarchical-distributed system.
Connecting to the discussion on the algorithmic runtime in Section 5.2.1, distributed
coordination schemes could keep the number of agents per coordination task well below
20. Since the envisioned runtime improvements would allow for sub-second calculations
of deconflicted trajectories, many of the above mentioned real-world challenges as
well as the algorithmic scalability issues could be accounted for when shifting to
distributed coordination.

Collectively, addressing these points will require a joint effort between researchers,
industry stakeholders, and policymakers. Likely, an iterative approach is necessary to
design, test, and refine operational concepts, and to contrast the efficacy of operational
ideas. We hope that the generalised architecture proposed in this chapter will support these
efforts as well as provide a basis for discussion between the parties involved.
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In summary, potential directions for future work regarding the generalised MAS
architecture include:

• to instantiate other models that satisfy the modelling requirements provided in
Section 2.2, across ConOps addressing e.g. divergent decision-making mechanisms
or degrees of control centralisation;

• to incorporate stochastic aspects representing e.g. sensor noise, communication
delays, or operational deviations and disruptions into model instances, and evaluate
how these affect agent decision-making;

• to explore approaches for adaptive human–autonomy teaming, tested in
human-in-the-loop experiments;

• to compare and contrast the operational performances of various model instances to
evaluate their potential implications for being introduced into real-world operations,
and to synthesise these findings and lessons learned for improvement of the
generalised modelling architecture.

5.3 Conclusions
As one of the key contributions of this thesis, we proposed a generalised multi-agent
modelling architecture with a hierarchical-distributed structure. Four agent categories
(Scheduling Agents, Routing Agents, Guidance Agents, and Moving Agents) are organised
in hierarchical layers. Within each category, multiple agents may operate and engage
in centralised and/or distributed control mechanisms, informed by communication and
coordination within and across the hierarchical levels. Through their perception, all
agents can potentially receive relevant data from environmental objects to inform their
decision-making processes. Based on the generalised architecture, a large variety of MAS
models can be instantiated that are tailored to a specific ConOps, while retaining the
overall system structure. Nonetheless, significant gaps remain in demonstrating how such
control system models could be adapted to the constraints of live operations, as pointed
out in Section 5.2. Therefore, the generalised architecture should be seen as a research tool
to structure and analyse models of future operational concepts, rather than a deployable
solution in its present form.

We elaborated one model instance based on a ConOps with centralised planning
and a fully-automated control system. The centralised Routing Agent issues conflict-free
trajectories by assigning priorities between the agents that move concurrently over the
airport surface. It shares the routing plans with the distributed Guidance Agents that
subsequently instruct the Moving Agents which in turn execute the commands accordingly.
As backbone of this model instance, we formalised the decision-logic of the Routing Agent
as the Multi-Agent Motion Planning on Airport Surfaces (AS-MAMP) algorithm. This
two-level solver uses windowed prioritised planning to compute conflict-free 4D agent
trajectories. As ASM Ops are a safety-critical system, we designed the AS-MAMP algorithm
to return a solution only when it is certainly conflict-free. Moreover, as key contribution to
the MAPF-field, we showed how the SIPP algorithm [60] can be enhanced to work with
finite accelerations as well as upper and lower speed restrictions of agents. To this end,
we introduced the novel Safe Interval Motion Planning (SIMP) algorithm that is used as
low-level solver in AS-MAMP.
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We evaluated the AS-MAMP algorithm using multiple scenarios on both synthetic and
real-world airport layouts: we benchmarked its high-level search using PBS variants and
the first-come-first-served (FCFS) approach often used in application-oriented studies, as
well as SIMP as its low-level search against SIPP and A* with kinodynamic constraints.
The conducted simulations highlighted that AS-MAMP scales with approximately quadratic
time complexity, with SIMP scaling alomst linearly in time, also for the tested traffic
scenarios at Amsterdam Airport Schiphol with up to 120 hourly movements. Finally, we
showed that the attainable maximum hourly runway throughputs match or exceed those
at the largest European airports. Furthermore, contrasting PBS with FCFS underscored that
the latter trades fast solutions for up to 30 % loss in efficiency as well as 10 % attainable
runway throughput.

Overall, the obtained simulation results demonstrate the effectiveness of the
proposed MAS model with centralised path planning in enabling safe, efficient, and
scalable autonomous surface movement operations under realistic airport conditions,
making it a viable benchmark model for studying next-generation airport surface
movement operations.

This concludes the development phase of the thesis (Chapters 2 to 5), in which
the modelling requirements, MAS architecture, and AS-MAMP algorithm were
established and benchmarked. As part of the validation phase, Chapters 6 to 8 focus
on operational studies, starting with an investigation of fully-automated ASM Ops
under multi-engine taxiing (RQ 4). To support this case study, the next chapter
refines the MAS model and calibrates key movement parameters. This provides a
far-term operational outlook under the assumed automation capabilities.
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AutonomousMulti-Engine TaxiingOperations

In this chapter, the operational implications are explored that result from fully-automated
airport surface movement operations modelled with high realism. The underlying
MAS model further enhances the one presented in Section 3.2. As brief summary,
the centralised Airport Operations Agent handles the flight schedule and runway
configuration, while the centralised Routing Agent computes conflict-free trajectories.
The Guidance Agents instruct and monitor the Aircraft Agents while these execute the
planned routes. The model incorporates the decisive processes and elements of airport
surface movement operations such as pushback, engine-start, inbound and outbound
holding, compliance to CTOT-slots, and wake turbulence separation for takeoffs. Recall
from Chapter 4 that the AS-MAMP algorithm accounts for different sizes of aircraft and
minimum safety distances between them. In this chapter, the speed limits in curves are
calibrated with historical ADS-B data. Using the real-world flight schedules of two of the
busiest days at Amsterdam Airport Schiphol, including different runway configurations,
we examine the performance of the fully-automated taxiing system with respect to the
historical operations. Under the considered simulation conditions, conflict-free routing
within the MAS model reduces taxi times by 30 %, decreases their variability, improves
predictability, and increases runway capacity.

89
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T he air traffic demand is predicted to exceed 10 billion yearly passengers by 2050 [1],
more than twice the amount of 2019. However, it is expected that infrastructural

expansions of airports are insufficient to facilitate this growth [8]. Therefore, large airports
are facing challenges to improve the efficiency of their operations and, on top of that,
to reduce their environmental footprint to achieve the industry-wide goal of net-zero
emissions by 2050 [1].

When the congestion at airports increases, the taxi time of an aircraft, i.e. the time that
it travels over the airport surface from runway to gate or vice versa, becomes harder to
predict. This may affect the respective flight, but may also lead to network-wide knock-on
effects [10]. Moreover, when Air Traffic Control Officers (ATCOs) have to handle more and
potentially less predictable traffic, their workload is amplified [9]. Consequently, the taxiing
operations may become less efficient.

To deal with these issues, previous and ongoing SESAR projects considered how to
increase the efficiency and predictability of taxiing operations through automation in
general [139], [140]. Other projects examined more specifically how to reduce emissions
by integrating engine-off taxiing techniques [34], or how to enable human–automation
teamwork in the operations through higher levels of automation [35]. Moreover, different
aspects of airport surface movement operations (ASM Ops) were studied in previous work:
for example, [6], [141] studied automation within ASM Ops, [71] reviewed optimisation
approaches, [142], [143] investigated how to create optimal trajectories under multiple
objectives, and [144] assessed metrics to evaluate predictability when automating airport
surface movements.

In practice, the Advanced-Surface Movement Guidance and Control System (A-SMGCS)
provides specifications for four services to increase efficiency through the use of
automation: the surveillance service to track vehicles, the airport safety support service
to alert controllers of potential conflicts, the routing service to determine conflict-free
trajectories, and the guidance service to guide the vehicles during taxiing [68], [92].
Moreover, towards 2050 and beyond, both EASA and SESAR JU define a vision and roadmap
to eventually reach fully-automated air traffic management, i.e. Level 3 in EASA’s AI
roadmap [18], or Level 4–5 in the roadmap of SESAR JU [145]. However, the challenges
to achieve this long-term vision are manifold. For instance, the role of the human during
and beyond the transition as well as the implications of such fully-automated operations
remain largely unknown.

In this chapter, we explore which operational consequences may result from
fully-automated surface movement operations at large airports: in terms of efficiency,
predictability, delays on taxiways, and runway capacity, while sustaining safety levels.
We represent such operations as multi-agent system (MAS) model that plans conflict-free
routes for all aircraft on the ground and controls their execution. Multi-agent systems
modelling and simulation allow for inherent modularity, flexibility, and expressiveness
of a system’s structure and dynamics. Both heterogeneous agent properties and different
types of interactions between actors as well as randomness can be integrated into an
agent-based model [46].

However, to evaluate the operational impact of such a new operational concept, the
model must represent the airport surface movement operations realistically. As pushback
and engine-start operations considerably affect delays in planning systems [146], we
explicitly model these processes in the MAS control model. Furthermore, we include
inbound and outbound holding as these can considerably affect the taxi times of the
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respective flights: some arriving aircraft must wait at a remote holding location until
their stand is free, while some departing aircraft must be delayed to comply with the
Calculated Take-Off Time (CTOT) issued by Eurocontrol. Moreover, the taxi times are
strongly influenced by the chosen agent kinematics as pilots speed up on straight segments,
and slow down in front of curved taxiways. To this end, we define a maximum and
minimum speed, and use speed limits along curves dependent on the radius of curvature
that we calibrate using historical ADS-B data. To the best of our knowledge, this is the first
study to use such detailed kinematics to compute trajectories of taxiing aircraft. We thus
provide an overview of values found in the literature when describing the model calibration
in Section 6.1.4.

Airport surface movement operations must be safe at all times. To plan conflict-free
routes for a set of agents, many different multi-agent path finding (MAPF) algorithms have
been developed that model agents as a point [102]. However, to include agent shapes and
kinematics in path planning, the domain of multi-agent motion planning (MAMP) offers
more suitable algorithmic concepts [95]. We combine and extend such state-of-the-art
MAMP algorithms to form a routing algorithm that addresses the requirements of airport
surface movement operations. Section 6.1.3 summarises how it computes conflict-free
trajectories for all aircraft.

With an implementation of the MAS model in Python, we simulate the fully-automated
taxiing operations using the flight schedule of two of the busiest days at AmsterdamAirport
Schiphol to date. Section 6.2 outlines the experimental setup. We then analyse and discuss
key performance indicators in relation to their historical counterparts in Section 6.3, and
end with concluding remarks in Section 6.5. With an implementation of the MAS model
in Python, we simulate the fully-automated taxiing operations using the flight schedule of
two of the busiest days at Amsterdam Airport Schiphol to date. Section 6.2 outlines the
experimental setup. We then analyse and discuss key performance indicators in relation to
their historical counterparts in Section 6.3, list directions for future work in Section 6.4, and
end with concluding remarks in Section 6.5.

6.1 Multi-Agent System Model
The developed multi-agent system model for fully-automated aircraft taxiing operations
has a hierarchical-distributed structure of both centralised and distributed agents, which is
illustrated in Figure 6.1. The centralised Airport Operations Agent defines and updates the
flight schedule and runway configuration, the centralised Routing Agent plans conflict-free
trajectories for all Aircraft Agents which are instructed and monitored by distributed
Guidance Agents while executing their planned routes. For the fully-automated operations
considered in this chapter, it is assumed that the full control and decision making is done
by the agents. Furthermore, we assume that digital means of communication via a datalink
such as AeroMACS as well as the surveillance service of the A-SMGCS specification are
fully operational.

6.1.1 Model specification
The airport taxiing infrastructure is represented by a graph G = (V, E) comprising vertices
V and directional edges E. As example, the layout of Amsterdam Airport Schiphol, which
is also used in the simulations presented in this chapter, is shown in Figure 6.2. Vertices
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Figure 6.1: Overview of multi-agent system for fully-automated airport surface movement operations
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denote aircraft stands (green), taxiway intersections (black), holding points (orange), or
stopbars in front of runway entries (red). Each bidirectional taxiway segment between two
vertices is constructed from two unidirectional edges that connect the vertices. Taxiway
edges (black) are constructed using Bézier curves that closely match the taxiway centrelines
from a satellite image of Schiphol¹.

The Airport Operations Agent schedules all flights, and updates them whenever new
predictions of the underlying A-CDM milestones are available. When the allocated stand of
an arriving flight is still occupied by a departing aircraft, or Eurocontrol issued a Calculated
Take-Off Time (CTOT) for a departing aircraft, the agent marks the corresponding flight.
Such flights are subject to special routes assigned by the Routing Agent to account for
the necessary holding, detour, or prioritisation during taxiing, as outlined in Section 6.1.2.
Furthermore, the Airport Operations Agent defines the runways in use, i.e. the runway
mode of operation (RMO). Active runways and the resulting flight path of arriving or
departing flights must not be crossed. Thus, the Airport Operations Agent blocks such
taxiway segments by setting layout constraints on them. This mechanism is also applicable
for taxiway segments that are temporarily unavailable.

Both the flight schedule and constraints are shared with the Routing Agent that
computes conflict-free routes for all taxiing aircraft within the upcoming planning window
wp. It re-computes the routing plans when it receives updates from the Airport Operations
Agent, or latest after the replanning period hp has passed. We use motion planning to
account for vehicle kinematics and shapes in planning. To ensure conflict-free paths, we
deploy a two-level search based on Priority-Based Search (PBS) [61] with an augmented
version of the Safe Interval Path Planning (SIPP) algorithm [60]. This routing algorithm is
presented in Section 6.1.3, and we describe how we calibrate the model in Section 6.1.4.

The resulting trajectories are sent to the Guidance Agents which are positioned at
every intersection in the taxiway system. Each Guidance Agent controls those Aircraft
Agents that are moving towards its location. It instructs them to execute the next part
of the planned trajectories, and monitors that the instructions are carried out accordingly.
To do so, the Guidance Agents use the airport radar, which reports the position, speed,
and heading of all Aircraft Agents while they move over the airport surface. In case the
executed movements deviate from the planned routes, the Guidance Agents locally adjust
the trajectories to minimise these deviations. However, when the impact becomes too
extensive, they request central replanning from the Routing Agent. Once one of the Aircraft
Agents has passed the location of a Guidance Agent, it passes the guidance responsibility
for that aircraft to the next Guidance Agent along the aircraft’s route.

Aircraft Agents represent the aircraft (auto-)pilots and are modelled to be fully
cooperative: they thus carry out the instructions as accurately as possible. To account for
the different sizes of aircraft, all flights are categorised as one of the 6 aircraft types from
the ICAO aerodrome reference codes [69]. They are assumed to have a circular shape with
a pre-defined radius according to the type. Table 6.2b in Section 6.2 lists these shape radii.

When planning the trajectories, a safety zone is added around all agents. To this end, we
define a general safety distance, as well as a safety distance that an agent has to keep when
it is trailing another aircraft. Both safety measures are defined in relation to the shape radii
of the corresponding pair of agents. Moreover, two aircraft that consecutively take off from

¹The Bézier curves are constructed using the X-Plane WorldEditor WED 2.5 [147].
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the same runway must have a minimum separation to mitigate the wake turbulence of the
preceding aircraft. We use the time-based separation minima from RECAT-EU for that [133].

6.1.2 Activity sequence of Aircraft Agents
To take the various surface movement operations into account during path planning, the
route of an Aircraft Agent is expressed as a combination of the following three activities:

• GoTo activities have one start vertex and a set of goal vertices. Thus, the routing
algorithm gets two degrees of freedom: the path between the vertices, and the time
to traverse this path. The regular taxiing between one point to another point at the
airport is an exemplary GoTo activity.

• Follow activities comprise a predefined ordered list of edges that must be part
of the route. Therefore, during routing, time is the only remaining variable as the
path cannot be changed. Pushback and push-pull manoeuvres of departing aircraft
are examples of such.

• Wait activities define a vertex at which an agent has to wait for a fixed duration. For
instance, a Wait activity is used to specify the place at which the pushback tractor
is decoupled from the aircraft, or the necessary direction-switch of the push-pull
manoeuvre within the pushback operations occurs.

Using a combination of these activities, the Routing Agent defines an activity sequence for
both departing and arriving aircraft, as depicted in Figure 6.3.
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Figure 6.3: Activity sequences for regular taxiing of arriving and departing aircraft as well as inbound and
outbound holding; while engine-start (orange box) of departing aircraft is accounted for, engine cool-down (dotted
orange box) is neglected
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Engine warm-up and cool-down
In the sequence, the warm-up and cool-down of the engines represent special cases. The
routing algorithm takes the warm-up phase as part of the engine-start manoeuvre and on
basis of the aircraft-specific engine-start duration as input value into account. Therefore, if
this duration exceeds the time needed till decoupling from the pushback tractor, additional
waiting in form of holding is added to the route. We do not model engine cool-down, as it
does not have an influence on the routing regarding the kinematics, since the engines are
switched off after standstill at the gate.

Inbound holding
When an aircraft arrives at the airport, but its stand is still occupied by a departing flight, the
Routing Agent has three options to resolve the anticipated stand-conflict: for long conflict
durations (case 1), it sends the arriving flight to the remote holding platform (see Figure 6.2).
Otherwise, it defines a detour along the taxiways (case 2), or reduces the agent’s taxi speed
for short conflicts (case 3). To this end, the Routing Agent first calculates the single-agent
route directly to the stand, i.e. the trajectory without accounting for other aircraft agents, to
estimate the severity of the stand-conflict. Then, it computes a single-agent trajectory via
the remote holding points. When this detour is insufficient to resolve the stand-conflict, the
Routing Agent assigns the remaining time as remote holding duration (case 1), and updates
the agent’s activity sequence accordingly. In contrast, when the taxi duration now exceeds
the time at which the departing aircraft has cleared the stand (case 3), it keeps the original
activity sequence of the agent.

Outbound holding to comply with CTOT-slots
Similar to inbound holding, the Routing Agent deals with departing flights for which
Eurocontrol issued Computed Take-Off Times (CTOT-slots). However, as long as no
arriving flight requires the stand, it assigns a holding duration at the agent’s stand so that
the agent arrives at the runway at the beginning of the CTOT-slot. In case an arriving flight
is scheduled for the stand, the Routing Agent sends the departing flight to a remote holding
location close to the scheduled runway. It updates the activity sequence of the departing
flight accordingly.

6.1.3 Routing algorithm
The Routing Agent carries out multi-agent motion planning for all Aircraft Agents that
taxi within the planning window. This two-level routing algorithm uses a low-level search
to calculate individual trajectories per aircraft, and coordinates all agents in its high-level
search to yield conflict-free trajectories. For the low-level planner, we extended the Safe
Interval Path Planning (SIPP) algorithm [60], and adapted the Priority-Based Search (PBS)
algorithm [61] to serve as high-level solver.

PBS carries out multi-agent coordination by assigning a priority order between agents
to deconflict their space-time trajectories. To this end, PBS constructs a binary priority tree:
first, individual agent trajectories are planned by the low-level search, and are stored as
the PBS root-node along with the sum-of-cost of all agent trajectories. We define the cost
of a trajectory as sum of the taxiing duration and travelled distance. Then, all conflicts
between the trajectories of each agent pair are detected, and one of these conflicting



6

6.1 Multi-Agent System Model | 97

agent pairs is selected (we use the pair of the first conflict in time). To resolve this
conflict, a priority-relation between the conflicting pair of agents is established by creating
two PBS child-nodes. In each, one of the agents is given priority, and the other agent
must give way along its entire trajectory. Per child-node, the low-level solver is invoked
as further outlined below, returning a new trajectory with an updated cost. PBS then
continues by following a depth-first search: between the two child-nodes, the one with
the lowest sum-of-cost is picked. Any remaining conflicts between those agents that do
not yet form a priority-relation with each other are detected, and the conflict selection
and resolution scheme is repeated. In case no conflicts remain, PBS can terminate as the
established priority order results in conflict-free trajectories, which are returned as the path
planning solution.

In the low-level search, the route of a deprioritised agent has to be adapted, either by
changing its path or altering the speed profile along the path. To this end, we translate all
paths into a set of graph reservations: an aircraft temporarily blocks a set of edges during
each movement between one vertex and another. The blockage times and set of blocked
edges are dependent on the agent’s shape, speed profile, the shapes of other agents, and the
safety zone between the shapes.

The SIPP algorithm represents moving obstacles as collision intervals and subsequently
defines a set of safe intervals (SIs) per graph location, representing time intervals during
which an agent can occupy that location. Furthermore, states are defined on vertices and
motion profiles with piecewise constant acceleration map the trajectory between states. We
augmented SIPP to facilitate the activity sequence of an aircraft as defined by the Routing
Agent, and to take the travelling direction as well as the kinematic agent properties into
account. Additionally, we use SIs also on edges to deal with the reservations of agents
higher in priority.

In the motion generation, we are bound to the agent’s kinematic properties for
the current activity and the speed in the current state. A motion that is part of the
follow-activity for pushback is for example constrained by a lower maximum speed than
regular taxiing in a go-to activity. In addition, vehicles that have maximum speed in the
current state, might not be able to decelerate enough to satisfy a reservation on the next
edge or vertex. In this case, it might be required to start decelerating on the edge before
the current state. To efficiently account for this, we anticipate based on the agent’s current
speed, braking distance, and reservations or speed restrictions within the braking distance.

6.1.4 Model calibration
In the MAS model, the agents’ motions during route planning are modelled based
on constant longitudinal acceleration/deceleration and do not account for slip, i.e. are
steady-state motions. Nonetheless, to the best of our knowledge, this is the first study to
use such detailed kinematics to compute trajectories of taxiing aircraft. In the following,
we thus include an overview of related values found in the literature.

We define a general speed limit of 15m/s in line with the design taxi speed given in the
A-SMGCSmanual from ICAO [92]. Except for the designated waiting locations, agents must
taxi at least with the minimum speed of 1.5m/s to avoid stop-and-go during taxiing. For
curved taxiway segments, the ICAO manual mentions that speeds up to 10m/s may occur.
Most previous studies on airport surface movement operations define curved segments
as turns with a maximum speed of 5m/s [33], [89], [148]. With taxiway curves modelled
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explicitly through Bézier curves (see Section 6.1.1), a speed limit vcurve is defined per edge:

vcurve =
√
alat · rcurve (6.1)

with the lateral acceleration alat and the radius of curvature rcurve of the respective
edge. To obtain rcurve, we use the median value of all curvatures per 1m-segment of the
underlying Bézier curve.

For passenger comfort in public transport, Bae, Moon, Jhung et al. [149] provide a
range for both longitudinal and lateral accelerations of ±0.9m/s2. Furthermore, they
claim that a car driver with a normal driving style experiences a lateral acceleration
of up to ±4m/s2 and a longitudinal acceleration of −2m/s² to 1.47m/s². In contrast,
De Winkel, Irmak, Happee et al. [150] found in empirical studies that the acceptable limits
for passenger comfort are 1.23m/s² for longitudinal and 0.98m/s² for lateral acceleration. As
noted above, previous studies did not consider lateral accelerations to define turn speeds.
For longitudinal acceleration/deceleration, different values are reported: for example,
±0.98m/s2 [89], [148], or 0.26m/s² as acceleration and −0.8m/s² as deceleration [33].

To find realistic values for the longitudinal and lateral accelerations of taxiing aircraft,
we use historical track data from Schiphol captured by ADS-B receivers that record the
aircraft positions during taxiing with a rate of 1Hz. To this end, we map the positions
onto the graph representing the taxiway centrelines, and smooth the resulting trajectories
with a Savitzky-Golay filter (window length of 11 s, linear polynomial). This yields the
travelled taxi distance along the graph edges as well as the speed and acceleration at each
time point of the trajectory. However, we only use the data on the edges that correspond
to the main taxiways: while the tracks become too noisy in the bay areas and at aircraft
stands, the accelerations on runways for takeoff and landing are not representative of those
experienced during taxiing.

In Figure 6.4, the acceleration over speed of each data point is visualised as
2d-histogram. The 1% and 99% percentile lines of the acceleration values per 0.5m/s
step show that the longitudinal acceleration/deceleration remain similar across different
taxi speeds. Therefore, we set the acceleration to 0.4m/s² and deceleration to −0.5m/s²
independent of an agent’s speed. While these values seem low compared to those
mentioned in the literature, we argue that using these in planning increases the flexibility
during execution: the Guidance Agents have more options to locally adjust the trajectories
if necessary (see Section 6.1.1).

Figure 6.5 visualises the historical curve speeds of different aircraft types as average
speed along a curved edge with radius r. The average speed is calculated as v̄ = ∆d

∆t with
the time difference ∆t and travelled distance ∆d of the data points per edge along each
trajectory. Although higher curve speeds exist, we define the speed limit in curves based
on a lateral acceleration of 1.5m/s² for small aircraft (left plot in Figure 6.5) and 1.125m/s²
for large aircraft (right plot). Using Equation (6.1), we assign a speed limit per edge within
the speed bounds of 1.5m/s to 15m/s.

Table 6.1 summarises the kinematic values and lists the main algorithmic parameters
used by the routing algorithm. In general, two aircraft agents have to keep a minimum
safety distance between them equal to the average of their shape radii. However, when
an aircraft is trailing another agent, it has to keep a safety distance of at least three times
the shape radius of the preceding aircraft, based on discussions with operational experts
at Amsterdam Airport Schiphol. The planning window wp and replanning period hp are
provided as ranges with the requirement that hp < wp.
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Figure 6.4: Calibration of longitudinal acceleration and deceleration values with historical track data. Comfort
limit obtained from [149]
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Figure 6.5: Calibration of curve speed with historical track data; the red dotted lines mark the speed limits
computed using Equation (6.1)

Table 6.1: Kinematic and algorithm parameters that are used in the routing algorithm

parameter value unit

maximum speed vmax 15 m/s
minimum speed vmin 1.5 m/s
curve speed vcurve per edge m/s
acceleration acc 0.4 m/s²
deceleration dec -0.5 m/s²
safety distance in general 1 averaged shape radius
safety distance trailing 3 shape radii of preceding aircraft
planning window wp 15 to 60 min
replanning period hp 3 to 48 min (= 20 % to 80 % of wp)
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6.1.5 Verification and validation
Verification and validation of the simulation model were performed in accordance with
validation techniques and tests as described by Sargent [151]. To validate the conceptual
model, operational experts from Amsterdam Airport Schiphol were consulted. During
implementation, continuous verification was performed. The model was developed in
different modules, allowing for the independent testing of the building blocks. In addition,
assertion conditions were added to ensure correctness of the internal processes in the code
and compiler errors were resolved. With visual animations, we verified that the routes
were executed as planned. Furthermore, small test scenarios were created to verify the
model’s behaviour in the bay areas for pushback, push-pull, and engine start manoeuvres.
The activity-based path planning was verified with small test scenarios ensuring correct
timings and kinematics. With these scenarios, face validation was performed to ensure that
the model performance was as expected. Finally, individual agent behaviour was carefully
followed throughout the system to ensure correctness. As safety must not be compromised,
we confirmed that indeed no collisions between agents occurred during the execution of
the planned conflict-free routes.

Figure 6.6: Exemplary historical, un-calibrated, and calibrated speed profiles of a departing flight travelling from
stand C14 to runway 36L

As validation of the calibrated agent kinematics, Figure 6.6 shows a representative
historical speed profile over travelled distance (black line) as well as simulated single-agent
trajectories along the same path for both the un-calibrated agent kinematics used in [152]
(green line) and the calibrated ones of this work (orange line). Especially on the long
straight taxiway segments towards runway 36L, the historical trajectories indicate that
aircraft often taxi faster than the speed limit of 15m/s.

6.2 Experimental Setup
In this section, we present the experimental setup to simulate ASM Ops using the historical
flight schedules for 17–18 July 2019, which were two of the busiest days to date at
Amsterdam Airport Schiphol. To this end, we outline additional assumptions for our study
and give an overview of the traffic situation on these two days. Furthermore, we describe
the analyses and key performance indicators to evaluate the study.
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6.2.1 Study assumptions

We draw the following additional assumptions with respect to the concept of the control
architecture outlined above:

• the final flight schedule of the two operational days is used and remains static
throughout the simulation;

• arriving aircraft are spawned at their historical Actual Landing Time (ALDT); their
speed at rapid-exit taxiways vRET = vmax, or at regular exits vexit = vcurve;

• departing aircraft are spawned at their historical Actual Off-Block Time (AOBT), but
are allowed to hold at the stand; they use the standard pushback path of the stand
according to the airport manuals (see [153]);

• the routing algorithm can freely determine the takeoff sequence, but has to comply
with the CTOT-slots of the historical data;

• all vehicles execute the instructions from the Guidance Agents perfectly, i.e. no
deviations to planned routes;

• the simulation is executed sequentially, i.e. paused when routes are planned;
• the routing algorithm must always return a solution for the simulation to continue,
i.e. we do not consider any degradation modes for path planning;

• the standard taxiway flow directions at Schiphol are ignored.

These assumptions decrease the complexity within the simulation, and give the routing
algorithm more freedom to optimize, limiting the risk of an incomplete solution, i.e.
situations in which the routing cannot be done. Moreover, they exclude any uncertainty
or noise, making the simulations deterministic. As outlined below, the simulated scenarios
are based on the most common runway configurations, and we use flight schedules
from two of the busiest days at Schiphol to date. Despite the assumptions made, the
simulated MAS model represents the airport surface movement operations in detail. We
thus deem the conducted simulations suitable to study the key operational consequences
when automating ASM Ops. Furthermore, we discuss the main aspects influencing the
comparison between historical and simulated operations in Section 6.3.1.

6.2.2 Traffic situation

At Schiphol, two main runway modes of operation (RMO) exist: RMO North (active on
17 July 2019), and RMO South (active on 18 July 2019). During each day, different runway
combinations are set. These RMO phases are visualised in Figure 6.7.

In the simulation, the same runways are activated according to those that were active
in the historical operations. The runway 09/27 was not active during the two days. Aircraft
landing on or departing from runway 04/22 are not modelled as these general aviation
flights remain foremost within Schiphol East. Table 6.2a lists the total number of flights,
arrivals, departures, the main RMO, and the number of RMO phases for the two simulated
days. As mentioned above, each aircraft is categorised as one of the six ICAO-types with
an associated shape radius and wake turbulence category (WTC). Table 6.2b lists these
parameters along with the count over the two days.
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Figure 6.7: Runway modes of operation (RMO) at Schiphol: different phases of RMO North (top) and RMO South
(bottom) with active runways for arrivals (orange) and departures (blue); background map adapted from [154]

Table 6.2: Overview of (A) traffic data and (B) parameters and daily counts of ICAO-types

(a) traffic data from July 2019

date 17 July 18 July

flights 1 489 1 492
arrivals 745 744
departures 744 748
RMO North South
RMO phases 19 19

(b) ICAO-types; WTC = wake turbulence category

parameters count per day

shape WTC 17 July 18 July

ICAO-A 12m CAT-F 0 0
ICAO-B 25m CAT-E 22 20
ICAO-C 40m CAT-D 1 195 1 198
ICAO-D 54m CAT-C 37 43
ICAO-E 72m CAT-B 213 206
ICAO-F 80m CAT-A 22 25
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6.2.3 Overview of analysis and key performance indicators
We perform two types of analyses to explore the operational consequences of
fully-automated ASM Ops, as outlined below. All conducted simulations use the historical
flight schedules and RMOs defined above. The taxi time distributions form the basis of our
analyses as they are directly linked to the efficiency, predictability, and resulting emissions
of airport surface movement operations. Since the taxi times are not necessarily normally
distributed, we report the averages, medians, and interquartile ranges. Furthermore, we
exclude flights with a hold-type assigned by the Routing Agent due to the potential impact
on their taxi times.

Analysis of algorithmic parameters to investigate the influence of the planning window
wp and replanning period hp on the trade-off between:

1. Efficiency of operations: How do the parameters influence the distribution of taxi
times? Intuitively, we expect that longer planning windows combined with shorter
replanning periods yield lower and less varying taxi times (Hypothesis H1).

2. Predictability of taxi times: In the simulated operations, how predictable is the
remaining taxi time when the planning window changes? To this end, we define the
predictability of the taxi time as the actual vs. predicted value with respect to the
remaining time till the end of taxiing: recall that per planning round, the MAS plans
the routes for all aircraft that are scheduled to start within the planning window
and those that are already taxiing. Conflicts with other agents that occur beyond
wp are ignored. This yields a predicted taxi time that is updated in the subsequent
planning round, which takes place latest after hp has passed. We hypothesise that
longer planning windows combined with more frequent plan updates (lower hp) yield
more accurate predictions of the remaining taxi time (Hypothesis H2).

3. Computational efficiency of routing algorithm: How long does it take to coordinate
the agents per planning round with respect to different sets of wp and hp? Intuitively,
we expect that longer planning windows require more computational time to reach a
conflict-free solution as more agents need to be coordinated (Hypothesis H3).

To this end, we simulate the operations with different values of wp and hp within the
ranges specified in Table 6.1. We analyse the first part with the taxi time distributions, the
second with the deviations between predicted and actual taxi times, and the third with the
computational time in relation to the number of agents per planning round. As outcome of
the trade-off, we choose a set of parameters to conduct the following analysis.

Analysis of operational consequences of fully-automated airport surface movement
operations with respect to:

1. Delay hotspots in the simulated operations: In the routing algorithm, three
mechanisms exist to let an agent avoid the reservations of other agents: an
alternative path is chosen, its speed is reduced down to the minimum speed of
1.5m/s, or the agent has to hold at the stand or engine-start location. The latter two
create additional taxi time that we sum per 5m-segment of the graph underlying the
airport layout. This yields the locations where most delays across all flights occur.
Per simulated day of operations, we visually examine these congestion areas in the
airport layout.
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2. Efficiency gain on each of the two days: We compare the distribution of taxi times
between historical and simulated operations, and summarise the efficiency gain as
change in the key performance indicators related to the taxi time.

3. Predictability of simulated operations compared to the historical operations: we
assess the predictability of the taxi times by defining metrics similar to those used
by Liu, Hansen, Gupta et al. [144]:

• The predictability of takeoff times as difference between the Estimated taXi-Out
Time (EXOT) and Actual taXi-Out Time (AXOT) of both historical and
simulated operations: to this end, we calculate the root-mean-square prediction
error RMSE and the inequality coefficient U as defined below.

• Likewise, the predictability of in-block times as difference between the
Estimated taXi-In Time (EXIT) and the Actual taXi-In Time (AXIT) of both
historical and simulated operations.

The prediction error RMSE is defined as:

RMSE =

√√√√ 1

n

n∑
i=1

(AXTi − EXTi)2 (6.2)

with the corresponding actual taxi time (AXT) and estimated taxi time (EXT) per
flight i as well as the total number of flights n. The inequality coefficient U quantifies
the relative prediction error and is calculated as:

U =

√∑n
i=1 (AXTi − EXTi)2√∑n

i=1 (AXTi)2
(6.3)

When this ratio is zero, all predictions are perfect, while unity denotes that the RMSE
equals the theoretical error of constantly predicting a taxi time of zero.

4. Inbound and outbound holding: We assess how many arriving and departing aircraft
must hold, and the effect on the taxi times. To this end, we compare the taxi time
distributions between historical and simulated operations of all flights that must hold
during taxiing.

5. Compliance with CTOT-slots: We analyse the compliance with CTOT-slots and
the distribution of takeoff times within the CTOT window between historical and
simulated operations.

6. Runway sequencing and usable capacity: We provide an exemplary takeoff order as
comparison of the runway sequence between the historical and simulated operations.
As indication of the runway use, we provide the maximal hourly throughput
and occupancy rate of any departure or arrival runway. The occupancy rate is
calculated as the relative time that the runway is blocked due to the minimum wake
turbulence separation between two consecutive aircraft. Furthermore, we calculate
the remaining takeoff slots per day that comply with the wake turbulence separation
of the flights before and after. We compare the historical to the simulated slot count
to estimate the surplus runway capacity.
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6.3 Experimental Results
To give an overview of the traffic situation, Figure 6.8 shows the hourly count of all
flights for both the historical (black dotted line) as well as simulated operations (grey line)
over the 17–18 July 2019. The two curves almost match each other, with the simulated
operations showing a slightly lower total count due to the lower taxi times as discussed
below. Furthermore, the chart visualises the count of arriving vs. departing flights: the
alternating trend between landings and takeoffs that is characteristic for a hub-and-spoke
airport such as Schiphol is clearly visible. This is also reflected in the frequently changing
RMO phases over the course of the two days, illustrated by the colored shades in the figure.
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Figure 6.8: Hourly count of flights over the two days; shades denote the RMO phase: off-peak (white), arrival-peak
(orange), transition (grey), and departure-peak (blue)

Table 6.3: Comparison of historical and simulated operations with wp = 20min, hp = 10min

date 17-07-2019 18-07-2019
operations historical simulated historical simulated

A
RR

mean taxi time 04:38 03:03 10:15 07:40
median taxi time 04:00 02:53 10:44 08:37
IQR taxi time 02:51 01:40 05:59 05:13
RMSE taxi time prediction 01:47 00:02 02:16 00:02
U taxi time prediction 33.9 % 1.1 % 20.6 % 0.5 %
RWY throughput* 42 38
RWY occupancy* 68.7 % 69.3 %

D
EP

mean taxi time 14:29 11:18 10:20 07:05
median taxi time 14:32 11:20 10:06 06:34
IQR taxi time 06:32 04:56 04:20 02:29
RMSE taxi time prediction 02:45 00:40 02:44 00:35
U taxi time prediction 18.1 % 5.5 % 25.2 % 7.9 %
RWY throughput* 45 45 43 42
RWY occupancy* 74.7 % 76.1 % 73.5 % 77.0 %
CTOT-slot violations 5 3 0** 0

*: maximal hourly value for any runway
**: corrected after checking historical A-CDM milestones
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Table 6.3 lists the mean, median, and interquartile range (IQR) of the taxi times
for inbound and outbound flights. The underlying distributions exclude flights that hold
explicitly during taxiing, i.e. arriving flights without a free gate and departing flights
with an issued CTOT-slot exceeding the required taxi time. The distributions are further
discussed in Section 6.3.2, while the excluded flights are analysed separately in Section 6.3.6.
As predictability metrics, we list the prediction error RMSE and inequality coefficient U ,
and refer back to these in Section 6.3.3. Moreover, for any runway in use, we report the
maximal throughput and occupancy rate per hour. For arrivals, the indicators are identical
between the historical and simulated operations as we used the actual landing time (ALDT)
as spawn-time in the simulation (listed as assumption in Section 6.2). For departures, the
maximal hourly throughput is similar between historical and simulated operations, while
the maximal hourly occupancy rate has increased for the simulated operations. Section 6.3.8
provides more details on the runway sequence and capacity. The listed CTOT-slot violations
are further discussed in Section 6.3.7.

6.3.1 Influencing factors on taxi time comparison
As visualised in Figure 6.9, most A-CDM milestones of landings and takeoffs, i.e. Actual
Landing Time (ALDT) and Actual Take-Off Time (ATOT), are located on the runway and
are thus viewed as sufficiently precise. Likewise, most block-times, i.e. Actual In-Block
Time (AIBT) of arriving and Actual Off-Block Time (AOBT) of departing flights, are fairly
accurate. However, the tracks of some flights end (1.6 %) or start (4.9 %) further away from
the respective stand. Especially for departing flights, an AOBT situated outside the bay area
may lead to significantly lower taxi times: the pushback and engine-start procedures require
multiple minutes, but are likely not captured in the resulting historical taxi time.

Moreover, the historical tracks of departing flights often do not follow the standard
pushback paths that the simulated flights must follow. Additionally, the actual engine-start
duration cannot be extracted from the historical tracks. In the simulation, aircraft are
only allowed to enter the runway when they can immediately take off, i.e. use a rolling
takeoff. However, we do not model the takeoff, and instead use the time point of entering
the runway as ATOT. While all of these factors introduce potential offsets between the
historical and simulated taxi times, we believe that those leading to shorter historical times
have a greater impact. Therefore, we did not attempt to correct the historical A-CDM
milestones, but use them as such when comparing the taxi times in the following.

6.3.2 Comparison of taxi time distributions per runway
Figure 6.10 displays the distributions of taxi times for each arrival and departure runway for
the historical and different simulated operations as box-and-whisker plots. These represent
the median, first and third quartiles as box, while outliers are marked by whiskers and
points. Like Table 6.3, all distributions exclude flights that hold explicitly during taxiing,
which are analysed separately in Section 6.3.6.

In general, the taxi times from the simulated operations are shorter and vary less. Since
the runway 18R/36L is far away from the central part of Schiphol, taxiing to/from this
runway takes more time than to any of the other runways. As the departing aircraft have
to start their engines to taxi after pushback, their taxi time to any runway is in general
longer than for aircraft that land on the same runway. Furthermore, since we used an
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Figure 6.9: Aircraft positions at historical A-CDM milestones for inbound (left) and outbound flights (right)
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Figure 6.10: Box-and-whisker plot of historical and simulated taxi times for arrivals and departures per
runway-strip
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engine-start time of 6min for large aircraft (ICAO-D to ICAO-F) in comparison to 3min for
small aircraft, the taxi times of departing aircraft vary more than those of arriving aircraft
in the simulated operations.

Of the simulations carried out for the algorithmic analysis, the five shown in Figure 6.10
represent different combinations for wp and hp. We also tested values for wp below 15min,
but the routing algorithm did not succeed to find a solution throughout each of the two days.
The taxi times do not differ significantly between the simulations, both for arriving and
departing flights from all runways. Therefore, we conclude that both the planning window
wp as well as the replanning period hp do not impact the efficiency of operations within the
ranges that we tested, and we reject Hypothesis H1.

6.3.3 Predictability of taxi times
Figure 6.11 shows the variability of the taxi time predictions with respect to the remaining
actual taxi time for four sets of wp and hp. The red lines mark the 1 % and 99% quantiles
as indication of the accuracy over the remaining time. For all four simulations, the first
predictions underestimate the actual taxi time: the aircraft start taxiing almost at the end
of the planning window and most conflicts are thus not yet resolved. The deviation to the
actual taxi time decreases strongly in the following planning rounds. When the remaining
taxi time is less than wp, the difference between predicted and actual taxi time is negligible
for more than 50 % of all flights. The accuracy further increases towards the end of taxiing.
Longer planning windows yield accurate predictions within a longer duration till the end of
taxiing, supporting Hypothesis H2, while hp has a subordinate effect on the predictability.
As listed in Table 6.3, the RMSE and U values decrease significantly in comparison to
the historical operations. Note that this may change when deviations to the planning arise
during execution, which we did not model in this work.

6.3.4 Computational efficiency of routing algorithm
The multi-agent system including the routing algorithm are implemented in Python. We
ran the simulations on a Windows 10 laptop equipped with a 1.80GHz Intel Core i7-10610U
CPU and 16GB RAM. In Figure 6.12, the runtime of each planning round is plotted over the
number of agents that had to be routed for different sets of wp and hp. The planning rounds
on day 1 (RMO North) are marked by circles, and those of day 2 (RMO South) by crosses.
The algorithm scales with approx. quadratic time complexity in relation to the number
of agents (supporting Hypothesis H3), while the RMO has a subordinate effect. From the
parameter settings we tested, we deem wp = 20min with hp = 10min to yield a good
trade-off between a fast algorithmic runtime and accurately predicting the remaining time
within the last 10min of taxiing. Thus, we chose these parameters to analyse the operational
consequences of the fully-automated operations.

6.3.5 Delay hotspots in the taxiway network
Figure 6.13 visualises congested areas in the taxiway network on each of the two days. On
both days, hotspots form in front of the runway stopbars, the bay areas and stands, as well
as on some taxiway segments. On 17 July, one of the latter hotspots is located in front of
the crossing of the second departure-runway 36C, which is active only in departure-peaks
and transition-phases (see Figure 6.7). Aircraft slow down in front of the crossing to await
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Figure 6.11: Predictability of taxi times: in each planning round, only the conflicts within the planning windowwp
are resolved; the estimated taxi times are then updated in the subsequent planning rounds; based on the remaining
taxi time, the predictions as difference between estimated and actual taxi times are visualised as box-and-whisker
plots, and red lines marking the 1 % and 99% quantiles of the underlying distributions

Figure 6.12: Runtimes of planning rounds over the number of agents; the solid and dashed black lines indicate
polynomial time complexities ofO(x1.7) andO(x2), respectively
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its opening, which the Routing Agent determined to be faster than letting the aircraft go
around the Southern end of 18C/36C. In front of the runways, aircraft queue with reduced
speed until the minimum separation time due to wake turbulence of the preceding aircraft
has passed. In the bay areas, aircraft mostly hold at their stand, with some more holding
after engine-start occurring on the second day.

17-07-2019 (day 1) 18-07-2019 (day 2)

Figure 6.13: Additional taxi time per layout location on each of the two days, simulated with wp = 20min,
hp = 10min

6.3.6 Holding of inbound and outbound flights
In the taxi time analysis in Section 6.3.2, we excluded flights with a hold-type assigned by
the Routing Agent. Figure 6.14 compares the taxi times of these flights between historical
operations and the different hold-types of the simulated operations as box-and-whisker plot.
In general, not many flights are holding. In comparison to Figure 6.10, the taxi times of
flights with inbound holding are significantly higher, and are similar between historical
and simulated operations, also considering that some of the historical A-CDM milestones
end at the holding locations. For most outbound aircraft that must be delayed due to their
CTOT-slots, the Routing Agent lets them hold at their stand. The taxi times of the historical
operations are slightly longer, which has an influence on the moment that the aircraft take
off within the CTOT-slot, as we analyse further below.

6.3.7 CTOT-slots of outbound flights
Over the two days, a total number of 442 CTOT-slots are assigned by Eurocontrol.
Figure 6.15 visualises the compliance between the takeoff times to the CTOT-slots of
both historical and simulated operations. While the historical times almost follow a
normal distribution centred around the time issued by Eurocontrol, those of the simulated
operations are skewed towards the beginning of the CTOT-window. In its current
implementation, the routing algorithm optimises for lowest taxi times and does not attempt
to let aircraft take off closer to their calculated takeoff time. From the 442 flights, 8
historical flights (1.8 %) do not comply with their CTOT-slots. In comparison, only a single
simulated flight takes off outside its CTOT-slot. However, we noticed that for this flight, the
historical A-CDM milestone occurs multiple minutes after the actual pushback, rendering
it a faulty outlier.
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Figure 6.16: Comparison of exemplary takeoff order at runway 36L between historical (top) and simulated
operations (bottom), with actual takeoff time (blue lines) and minimum WTC separation (red shades)
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6.3.8 Runway sequence and capacity of outbound flights

As defined in Section 6.2, we do not use a pre-defined takeoff sequence. Thus, the order
of aircraft departing from a runway is different between the historical and simulated
operations, as exemplary shown in Figure 6.16. The minimum separation between flights
according to RECAT-EU is illustrated by the red shades. While the historical order mostly
adheres to the RECAT-EU separation, in some cases, two aircraft are separated less than the
minimum. We confirmed with the track data that indeed some flights take off around 52 s
after the previous one, despite having a larger separation than indicated in the figure due
to inaccuracies of the A-CDM milestones.

As emergent property of the MAS, whenever possible, flights are grouped together
with minimum separation time between each takeoff. Based on this observation, we count
the remaining slots per departure runway for each of the two days, as visualised in
Figure 6.17. For both historical and simulated operations, takeoff slots remain even during
busy departure peaks marked by the blue shades. However, throughout the two days, more
slots remain for the simulated operations: in relation to the total number of departing flights,
10.9 % and 12.6 % additional slots are available on each of the two days, respectively. Thus,
the MAS better utilises the potential runway capacity.

6.4 Future Work

In this chapter, we considered a futuristic scenario of fully-automated operations. However,
before real-world airport surface movement operations are fully-automated, a long
transition period will be necessary with many challenges to investigate and resolve. In
general, it needs to be explored which tasks could be automated and how controllers
could then interact with the automated support tools. Moreover, a suitable architecture
of the human–autonomy teaming that keeps controllers in the loop is needed. The
underlying model should also handle automation failures in an effective way, e.g. by
defining degradation modes for path planning in case the routing algorithm cannot find
a conflict-free solution. We will focus on creating a suitable framework and evaluating it in
human-in-the-loop simulations in future work.

In the presented study, the Aircraft Agents were assumed to execute all commands
exactly as instructed. However, many uncertainties arise in real-world operations. Future
research should determine how severe different sources of uncertainty are, and how to
include these in the model. Moreover, it would be valuable to compare the centralised
optimisation of the concurrent routes presented in this chapter to a baseline-model that
represents the current working procedures of ground controllers more closely. As such, we
plan to implement a distributed control model with local adjustments in future work.

Furthermore, as part of surface movement operations, various types of ground vehicles
may come in close contact to parked and moving aircraft, foremost in the aprons. Their
movements must be coordinated with each other and the aircraft. Future versions of the
model should include such operations to explore the operational consequences that may
result from their automation.
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6.5 Conclusion
In this chapter, we presented a hierarchical multi-agent system model for fully-automated
taxiing operations at large airports in which different agents coordinate and control all
movements on the airport surface. As centralised agents, the Airport Operations Agent
handles the flight schedule and runway configuration, while the Routing Agent computes
conflict-free trajectories for all Aircraft Agents. Their execution is then instructed and
monitored by the Guidance Agents. We accounted for aircraft shapes and kinematics during
path planning on a high-resolution airport layout. To this end, we calibrated the model
using historical ADS-B data. Furthermore, important airport surface movement elements
and processes were explicitly included in the model such as pushback, engine-start,
inbound holding, complying with CTOT-slots, and adhering to a minimum safety distance
during taxiing as well as minimum wake turbulence separation during takeoff. The
routing algorithm was evaluated to be well suited for planning conflict-free trajectories
of all aircraft.

We analysed the proposed model using the real-world schedules of two of the busiest
days at Amsterdam Airport Schiphol, including 19 different runway configurations per day.
For the considered simulation conditions, the fully-automated operations controlled by the
MAS model reduced the average taxi time per flight by around 3min, or 30 %. Furthermore,
the simulated operations decreased the taxi time variability and yielded a high accuracy
in predicting the remaining time till the end of taxiing. Counting the remaining takeoff
slots at departure runways yielded an increase of approximately 11 % in comparison to
the historical operations, meaning that the MAS model better utilises the available runway
capacity. All obtained results demonstrate the potential of the MAS as control model for
fully-automated airport surface movement operations that are more efficient, predictable,
and hence produce less emissions.

The multi-engine taxiing case study presented in this chapter addresses RQ 4.
Building on the calibrated baseline established here, the next chapter turns
to emission reduction by investigating tug-enabled taxiing for all outbound
flights under the same far-term automation assumptions (RQ 5), and assesses
its system-level implications for highly-automated, lower-emission ASM Ops.
Subsequently, based on feedback from operational experts, Chapter 8 revisits the
model calibration of the movement parameters introduced in this chapter to better
align the MAS model with the historical operations.



7
Engine-Off Taxiing of Outbound Flights

Airports worldwide face a dual challenge towards 2050: meeting the predicted annual
demand of 10 billion passengers, while striving for net-zero emissions throughout their
operations. For airport surface movement operations, engine-off taxiing methods have
the potential to cut the associated aircraft emissions. One promising technique is to use
specialised tugs to tow aircraft to or from locations close to the runways. However,
the implementation of tug-enabled taxiing (TET) introduces operational complexities,
necessitating advanced planning, guidance, and control.

In this chapter, the multi-agent system model for automated taxiing operations is
further extended to explore the operational implications posed by TET of all outbound
flights. To this end, simulated TET operations are compared to the historical as well as
automated multi-engine taxiing operations reported in Chapter 6. Under the considered
simulation conditions, TET substantially reduces emissions in bay areas and decreases
fuel consumption by up to 69 %, corresponding to estimated annual fuel-cost savings of
€ 13.8million at Schiphol. These results indicate that TET operations can provide both
environmental and economic benefits, while potentially lowering health-related risks for
ground personnel.
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This chapter is based on the following publication:

M. von der Burg and A. Sharpanskykh, ‘Studying the operational consequences of automated
engine-off taxiing usingmulti-agent planning: Explorative case study at AmsterdamAirport Schiphol’,
in Proceedings of ICRAT-24, Singapore, 2024, pp. 1–8.
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A irports around the world are facing two conflicting challenges on the path to 2050:
they must cope with the predicted demand of more than 10 billion yearly passengers,

and must reduce their environmental footprint to fulfil the industry-wide goal of reaching
net-zero emissions by the same time [1]. Achieving these opposed goals is even more
challenging for large airports as it is expected that these cannot facilitate this growth with
infrastructural expansions [8].

Emissions during taxiing can effectively be reduced when aircraft do not use their
engines during taxiing. The TaxiBot concept from IAI [12] is one of the most promising
of such engine-off taxiing techniques [15]. A tug replaces the pushback tractor, and after
pushback, continues to tow departing aircraft to a decoupling location close to the runway
where the aircraft is decoupled from the tug. Since the tugs provide sufficient towing power,
the aircraft engines can remain off, until the pilots have to start the engines to be ready to
taxi onto the runway after decoupling.

In a feasibility study, Schiphol explored the potential consequences and open challenges
to implement such tug-enabled taxiing (TET) for outbound flights throughout their
operations [155], [156]. The study was based on the current infrastructure and processes,
and highlighted the necessity for an advanced guidance and control system to counteract
challenges such as queues forming on active taxiways due to tug decoupling.

Different aspects of airport surface movement operations (ASM Ops) were previously
studied, including multi-objective routing [142], [143], automation [6], [141], and review of
optimisation approaches [71]. In Chapter 6, we examined the operational consequences of
automated ASM Ops, controlled by a multi-agent system with integrated routing algorithm
to plan conflict-free trajectories and execute them accordingly. As suggested by [146],
we included various processes such as pushback and engine-start explicitly in our model.
Simulating the operations of two consecutive days at Amsterdam Airport Schiphol in July
2019 (two of the busiest days to date) resulted in 15 % reduction of taxi times. However, to
assess whether this operational control system is also suitable for TET operations, multiple
questions remain, some of which are:

• How do TET operations affect key performance indicators like the taxi times of
inbound and outbound flights as well as runway capacity?

• Does the long tug decoupling time of around two minutes lead to congestion and
delays, especially when in-flow decoupling is performed on busy taxiways?

• Do TET operations offer the potential to reduce fine particle emissions in the bay
areas that pose a health risk for ground personnel [157]?

In this chapter, we explore the potential operational impact that engine-off taxiing of
outbound flights through the use of tugs poses. To this end, we extend the multi-agent
system model from our previous work to simulate tug-enabled taxiing operations
for the same flight schedule used in that study. The adapted model is described in
Section 7.1, and Section 7.2 explains the experimental setup. In Section 7.3, based on
key performance indicators, we then compare tug-enabled taxiing to both historical and
simulated multi-engine taxiing (MET) operations. Relating back to the open questions
described above, we summarise our findings in Section 7.5.
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7.1 Multi-Agent System Model
The architecture of the multi-agent system (MAS) comprises both centralised and
distributed agents that are organised in a hierarchical-distributed structure. Since we
consider automated operations in this chapter, we assume that the agents have full
control and decision-making over the taxiing operations. Moreover, it is assumed that
communication is done digitally through a datalink like AeroMACS, and that the A-SMGCS
surveillance service is fully functional. The MAS is depicted in Figure 7.1 and summarised
in the following. Further details on the MAS, including its verification and validation, are
provided in Chapter 6.

Airport 
Operations 

Agent
Routing 
Agent

Guidance 
Agents

Moving 
Agents

FS + RMO

trajectories

instructs + monitors

Figure 7.1: Overview of multi-agent system for automated multi-engine and tug-enabled taxiing operations

As shown in Figure 7.2, we represent the taxiway layout of Amsterdam Airport
Schiphol, which is used as case study in this chapter, as graph G = (V, E) with vertices
V and directional edges E. Vertices denote stands (green), intersections of taxiways
(black) and service roads (blue), tug decoupling points (orange), tug all-clear points (grey,
explained below), or stopbars in front of runway entries (red). The vertices are connected
by two unidirectional edges to form a bidirectional segment of a taxiway (black) or
service road (blue).

The centralised Airport Operations Agent determines the active runways based on the
runway mode of operation (RMO). Since these must not be crossed by any vehicle, the
respective taxiway segments are blocked by layout constraints. Furthermore, it sets the
flight and tug schedules (FS), and revises them whenever an A-CDM milestone is updated.

The schedules and constraints are shared with the centralised Routing Agent that
calculates conflict-free trajectories for all Moving Agents. A two-level motion planning
search is deployed based on Priority-Based Search (PBS) [61] combined with an extended
version of the Safe Interval Path Planning (SIPP) algorithm [60]. To ensure conflict-free
paths, the algorithm accounts for the kinematics and shapes of agents, and resolves any
conflicts within the planning window wp. The Routing Agent re-computes all plans once
every replanning period hp, or after receiving updates from the Airport Operations Agent.
Further details on the routing algorithm are provided in Chapter 4.

The conflict-free routes are shared with the Guidance Agents that are located at every
intersection in the taxiway network and control those Moving Agents that are travelling
towards their location. They send instructions to the Moving Agents under their control so
that these are able to execute the route as planned. When the executed movements diverge
from the planned trajectories, the Guidance Agents modify the instructed route to minimise
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36L

36C
24

18L

Figure 7.2: Graph of layout of Amsterdam Airport Schiphol with edges for runways (grey), taxiways (black), or
service roads (blue), and vertices for gates (green), taxiway intersections (black), tug decoupling (orange) and
all-clear points (grey), or stopbars (red)
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the deviations. When the executed route differs much from the planned one, they request
the Routing Agent to centrally replan the affected routes.

Moving Agents represent the (auto-)pilots and drivers of aircraft and tugs. They are
assumed to be fully cooperative, i.e. execute instructions as closely as possible. To account
for the various surface movement operations in path planning, the path of a Moving
Agent is split into multiple activities based on GoTo, Follow, and Wait activities, see
Definition 1 in Section 3.1 for further details.

For each Moving Agent, the Routing Agent uses a combination of these activities to
define an activity sequence. Figure 7.3 illustrates these sequences for arriving aircraft
using MET, and departing aircraft using either MET or tug-enabled taxiing. To finish the
decoupling process as part of TET, a tug drives to a near all-clear point, and gives a signal
that the pilot may continue taxiing. The tug then either drives back to its base or to the
location of its next assignment.

go-to waitfollowactivities:

decouplepushback

R
U

N
W

AY MET via runway exit (regular or rapid-exit) to stand

ST
AN

D

engine cool-down

MET of
arriving
aircraft

decouplepushback

ST
AN

D MET to runway entry

R
U

N
W

AY

engine-start

holdMET of
departing

aircraft

pushback

ST
AN

D TET till decoupling point

R
U

N
W

AYMETTET of
departing

aircraft

B
AS

E

returning totug

decouple

engine-start

hold

Figure 7.3: Activity sequence for arriving and departing aircraft; while engine-start (orange box) of departing
aircraft is accounted for, engine cool-down (dotted orange box) is neglected

The engine warm-up and engine cool-down are special cases in the activity sequence
of aircraft. During routing, the warm-up phase is accounted for as part of the engine-start
manoeuvre, which is based on the aircraft-specific duration of its engine-start. In case that
it takes longer to start the engine than the time till decoupling from the tug or pushback
tractor, the trajectory includes additional holding either at the stand, the place of switching
direction during pushback, or the decoupling location. Since the engine cool-down of
arriving aircraft does not have an influence on the routing, we neglect it and assume that it
takes place after standstill at the stand.

In path planning, we represent the Moving Agents as circular shapes with a fixed radius,
as listed in Table 7.2 in Section 7.2. To limit the variety, we categorise all aircraft according
to the six types listed in the ICAO aerodrome reference codes [69]. Tugs are assigned a fixed
shape based on the TaxiBots as reference tug-system [12]. Moreover, we include a safety
zone between agents, and account for minimum separation between takeoffs according to
RECAT-EU [133].
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7.2 Experimental Setup

In this section, we outline the experimental setup to compare the two taxiing modes of
operation at Amsterdam Airport Schiphol based on the historical flight schedules for 17–18
July 2019. All experimental assumptions listed in Section 6.2.1 are valid for this study as
well. Specifically for TET operations, the following additional assumptions are made:

• all departing flights use TET, while arriving flights use MET;
• tugs are fully electric, no fuel is required;
• sufficient tugs are available, no task assignment is done;
• tugs have to give way to all aircraft, i.e. path planning is done separately for tugs;
• after decoupling, tugs can stay as long as necessary at all-clear points and are routed
back to the tug base.

Two primary runway modes of operation (RMO) exist at Schiphol: RMO North (active
on 17 July 2019), and RMO South (active on 18 July 2019). Throughout each day, different
runway combinations are set, as described and illustrated in Section 6.2.2. For the simulated
operations, the same runways are active as during the historical operations. Runway 09/27
remained inactive during the two days. Flights to and from runway 04/22 are excluded,
as these general aviation flights are primarily confined to Schiphol East. For both days,
Table 7.1 provides details on the total number of flights, arrivals, departures, the main RMO,
and the number of RMO phases.

As discussed earlier, each aircraft is assigned one of six ICAO aircraft types, each
associated with a shape-based radius and a wake turbulence category (WTC). These
parameters are listed in Table 7.2 along with the count per day. Tugs have a shape radius of
6m and an unlimited number is available. Table 7.3 lists the kinematic properties of the
Moving Agents and key algorithmic parameters. When aircraft are towed by a tug, the
maximum speed of tugs is applied. All agents have to keep a minimum safety distance from
each other based on the average radius between each pair. Furthermore, when one agent is
trailing another vehicle, it must maintain a safety distance of at least three times the shape
radius of the preceding vehicle, determined through expert interviews.

To simulate tug-enabled taxiing operations, we made changes to the airport layout
corresponding to the schedule data from 2019 to incorporate tug decoupling locations,
all-clear points, and service roads for the return movements to their base, derived from
interviews with operational experts. Furthermore, we included the second Quebec taxiway
that was finished in 2022, which is important to facilitate tug decoupling close to the
runway 36C. We thus refer to this layout as 2022+. The underlying graph has 1 255 vertices
and 3 468 edges.

In the analysis below, several operational cases are compared. Historical operations
and the automated multi-engine taxiing operations from Chapter 6, both using layout
2019, serve as references. The results show that layout 2022+ has a negligible influence
on MET operations, which enables TET operations on layout 2022+ to also be compared
with historical operations. For TET operations, we use the operational limit of TaxiBots of
vmax = 11.8m/s. However, to aid our analysis, we also conducted a TET simulation using
vmax from MET operations, and refer to this case as ‘TET (15m/s)’.



7

122 | 7 Engine-Off Taxiing of Outbound Flights

Table 7.1: Overview of operational data

date 17-07-2019 18-07-2019

flights 1 489 1 492
arrivals 745 744
departures 744 748
RMO RMO North RMO South
RMO phases 19 19

Table 7.2: Vehicle types: name, shape diameter, wake turbulence category (WTC) for aircraft, and count in
operational data

parameters count per day

shape WTC 17-07-2019 18-07-2019

ICAO-A 12m CAT-F 0 0
ICAO-B 25m CAT-E 22 20
ICAO-C 40m CAT-D 1 195 1 198
ICAO-D 54m CAT-C 37 43
ICAO-E 72m CAT-B 213 206
ICAO-F 80m CAT-A 22 25

tug 12m - unlimited

Table 7.3: Kinematic properties of Moving Agents and algorithm parameters that are used in the routing algorithm

parameter value unit

maximum speed aircraft vmax,AC 15 m/s
maximum speed tugs vmax,GV 11.8 m/s
maximum turn speed vturn,max 5 m/s
minimum speed vmin 1.5 m/s
acceleration acc 0.25 m/s2

deceleration dec -0.75 m/s2

planning window wp 30 min
replanning period hp 15 min
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To provide a rough estimate of the total fuel consumption, fuel costs, and CO2 emissions,
we use a fuel flow rate of 0.1 kg/s per engine based on the value for an A320 from [158]. We
assume that all smaller aircraft (ICAO-A, ICAO-B, and ICAO-C) use two engines, while the
larger aircraft use four engines. During the engine-start duration of 3min for smaller and
6min for larger aircraft, we assume that half the fuel flow rate is necessary. To convert the
accumulated fuel consumption into CO2 emissions and fuel cost, we use 3.16 kgCO2/kg fuel
[159] and 0.8 €/kg [160], respectively.

7.3 Simulation: Results

To provide an overview of the traffic situation, Figure 7.4 presents the hourly count of all
flights for both multi-engine taxiing and tug-enabled taxiing operations over 17–18 July
2019. The two curves almost align, with MET operations displaying a slightly lower total
count due to shorter taxi times, as discussed below. Additionally, the figure illustrates the
count of arriving versus departing flights, showcasing the characteristic alternating trend
between landings and takeoffs typical for a hub-and-spoke airport like Schiphol. In turn,
this results in frequently changing RMO phases throughout the two days, represented by
the colored shades in the figure.

Figure 7.4: Hourly count of flights over the two days. Shades denote the RMO phase: off-peak (white), arrival-peak
(orange), transition (grey), and departure-peak (blue)

Table 7.4 lists multiple key performance indicators (KPIs) that we will use in the
following sections to compare the historical, MET, and TET operations for both days.
Besides the median taxi time t̃taxi, we report the maximal throughput and occupancy rate
per hour for any runway in use, and the total estimated consumption of jet fuel in tonnes.
Note that the throughput and occupancy of arriving flights are identical for all three cases,
since the simulated operations are based on the historical landing times.
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Table 7.4: KPIs of historical, multi-engine taxiing (MET), and tug-enabled taxiing (TET): median taxi time t̃taxi,
runway throughput (RWY thrpt.) and occupancy (RWY occ.) as maximal hourly value for any runway, and
estimated fuel consumption in [t]

date 17-07-2019 18-07-2019

operations hist. MET TET hist. MET TET
A
RR

t̃taxi 04:06 03:18 03:15 10:46 09:28 09:23
RWY thrpt. 42 38
RWY occ. 68.7 % 69.3 %
fuel [t] - 38.6 37.8 - 92.7 92.2

D
EP

t̃taxi 14:32 12:35 14:00 10:08 07:31 07:49
RWY thrp. 45 44 46 43 42 42
RWY occ. 74.7 % 76.1 % 78.8 % 73.5 % 76.6 % 77.2 %
fuel [t] - 115.0 35.8 - 62.3 35.8

7.3.1 Comparison of Taxi Time Distributions per Runway
Figure 7.5 shows the taxi times of the different operational cases both for arrivals (left) and
departures (right) per runway strip as box-and-whisker plots, illustrating the median, first
and third quartiles as box, as well as outliers as whiskers and points. For MET operations,
the observations from [152] hold for both layout versions: the simulated operations have
shorter and less varying taxi times for all runways, with taxi times of departing aircraft
varying more due to the difference in engine-start durations between small and large
aircraft. Since the taxi times are almost identically distributed, we conclude that the changes
to the airport layout have a negligible effect on MET operations.

Figure 7.5: Box-and-whisker plot of historical and simulated taxi times for arrivals and departures per runway-strip

This allows us to compare TET operations on the adapted layout not only to MET but
also to the historical values. Comparing MET to TET first, the taxi times of arriving aircraft
are not affected by departing aircraft using TET. In contrast, the impact of TET varies
for each departure runway strip: for runway 06/24, the taxi times are slightly higher but
vary also slightly less. For 18L/36R and 18R/36L, the longer taxi times are mainly due to
the smaller maximum speed of tugs, confirmed by experiment ‘TET (15m/s)’ that shows
similar distributions to the MET case for both runways. The taxi times towards runway
18C/36C are longer and vary more, which is not only related to the smaller maximum
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speed (as confirmed by experiment ‘TET (15m/s)’). This means that tug-enabled taxiing
leads to higher inefficiencies specifically at this runway, most likely due to the placement
and accessibility of the tug decoupling points.

In summary, while the TET operations do not have an impact on arriving flights
compared to MET operations, they result in 11.3 % and 4.0 % higher median taxi times of
departing aircraft on day 1 and day 2, respectively (see Table 7.4). However, in comparison
to historical operations, the taxi times decrease by 3.7 % on day 1 and 22.8 % on day 2, and
vary less between flights for all runways. Furthermore, as listed in Table 7.4, the maximal
runway throughput and occupancy rate do not change significantly between historical,
MET, and TET operations. The multi-agent system is thus able to keep the runway capacity
not only for MET but also for TET operations.

7.3.2 Predictability of Taxi Time
For the MET operations reported in Chapter 6, we argued that accurate A-CDM milestones
help to keep the different airport processes synchronised. Consequently, we analysed the
predictability of the remaining taxi time provided by the Routing Agent throughout the
operations. The same trends as depicted in Figure 6.11 and discussed in Section 6.3.3 hold
for TET operations as well. In summary, 30min before reaching the taxiing destination, the
predicted taxi time matches the actual taxi time of most flights, with some outliers showing
deviations within ±5min. No deviations occur within the last 10min of taxiing.

7.3.3 Delay Hotspots in the Taxiway Network
As depicted in Figure 7.6 and already observed in our previous study [152], MET operations
show delay hotspots mostly in the bay areas due to engine-start and holding, the runway
entries due to the necessary wake turbulence separation, and in front of the runway
crossing of 18C/36C on the way to 18R/36L. In contrast, delays in TET operations occur
mostly on the taxiways leading to a tug decoupling location. Furthermore, the delays are
more concentrated as the accumulated delay is higher. While some holding still occurs in
the bay areas, it is visibly much less than in MET operations.

Although the pattern close to runway 06/24 on day 2 differs between MET and TET, it
does not impact the operations as confirmed by the similar taxi times discussed above. In
comparison to day 1, more holding occurs in the bay areas: the decoupling locations are
close to the bay areas and the flows to the two departure runways are more intertwined.
Thus, the Routing Agent lets aircraft hold in bay areas to deconflict the concurrent routes.

7.3.4 Emission Hotspots in the Taxiway Network
For each day and for both MET and TET, Figure 7.7 shows the accumulated time per layout
location that engines of departing aircraft are starting or running, which provides insights
into the areas in which exhaust emissions including fine particles are mostly produced
during taxiing operations. For MET operations, the highest emissions are observable in the
bay areas and the taxiways leading to the runway entries. In contrast, TET operations shift
the emissions close to the runways. This is especially the case on day 1, in which only
in one bay area low emissions (below 10min over 24h) occur, while high emissions are
concentrated in front and after the tug decoupling locations.
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Figure 7.6: Delay hotspots depicted through additional taxi time per layout location for each day and each taxiing
mode of operation
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Figure 7.7: Emission hotspots depicted through accumulated engine on time per layout location for departing
aircraft for each day and each taxiing mode of operation
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On day 2, due to the short taxi distance to the decoupling locations in combination
with the engine-start durations of 3min for small and 6min for large aircraft, low
emissions still occur in most bay areas. Nonetheless, high emissions only arise around the
decoupling locations.

7.3.5 Comparison of Engine-on Time per Runway

Figure 7.8 displays the distribution of engine-on times of departing aircraft for the different
simulated cases as box-and-whisker plots per runway-strip. Note that the fixed engine-start
times are excluded, since they merely add an offset dependent on the aircraft type (3min
vs. 6min). Furthermore, the engine-on times of arriving aircraft are not shown as they are
identical to the taxi times from Figure 7.5. While the engine-on times for departing flights
using MET depend mostly on the distance between bay area and runway entry and thus
the taxi time, the engine-on times for TET operations are similar for all runways, mostly
between 1–2min. They are also independent of the tug speed (confirmed by the case ‘TET
(15m/s)’), since the engines are only fully started after tug decoupling. Especially for runway
18R/36L, the engines thus only run a fraction of the times observed in the MET cases.

Figure 7.8: Box-and-whisker plot of engine-on times of departing flights per runway-strip

As rough estimate based on a fuel flow rate of 0.1 kg/s per engine, the total fuel
consumption of departing flights decreases by 68.8 % on day 1, and 42.5 % on day 2 in
comparison to MET operations. This reduces the CO2 emissions by 250 t on day 1, and
84 t on day 2. For current jet fuel prices of 0.8 €/kg, this also lowers the total fuel costs
by € 63 000 and € 21 000 for the two days, respectively. Using the median fuel consumptions
per runway and number of engines, we project this onto the pre-covid yearly movements of
around 250 k outbound flights at Schiphol: around 54.6 kt CO2 emissions and € 13.8million
fuel costs could be saved per year, compared to MET operations. Since we used a rather low
estimate of the fuel flow rate and did not model holding operations, the actual savings are
likely higher.
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7.3.6 Computational Efficiency of Routing Algorithm

Like our previous work, we used a Windows 10 laptop with 1.80GHz Intel Core i7-10610U
CPU and 16GB RAM to run the Python-based simulations. For both MET and TET
operations, the computational time increases in polynomial time with the number of
agents. TET operations show slightly higher runtimes (mean: 42 s, 95th-percentile: 153 s,
max: 435 s), likely because the algorithm must pick one of multiple tug decoupling locations
as well as runway entry for departing flights, which increases the necessary computations.

7.4 Future Work
Based on this study, we plan to analyse different arrangements of the decoupling locations
on the KPIs, especially those at runway 36C. Furthermore, we plan to study engine-off
taxiing also for arriving aircraft to assess potential impact on the operations. Task
assignment of tugs and directly routing them from a decoupling location to their next
assignment are further directions.

Future research should also quantify different sources of uncertainty. Those with the
highest impact should be included in path planning. Likewise, other ground vehicles that
may especially impact the operations in the bay areas should be integrated into the model
to study their impact.

7.5 Conclusion
In this chapter, we explored the operational consequences that the use of tugs for engine-off
taxiing of departing aircraft pose. All movements on the airport surface were coordinated
and controlled by a hierarchical multi-agent system. Its architecture with conflict-free
routing and Guidance Agents to provide instructions to the Moving Agents yielded
safe operations.

We showed that the runway capacity was mostly unaffected by tug-enabled taxiing.
Although TET operations increase the taxi times towards runways far away from the
bay areas, this is foremost due to the reduced taxiing speed of tugs. Compared to
historical operations, the taxi times decreased by approx. 13 %. TET operations did not
affect the taxi times of inbound flights, yielding a reduction of around 16.7 % compared
to historical operations. The MAS thus efficiently coordinates the movements along the
taxiway network and also around tug decoupling locations.

In comparison to multi-engine taxiing, TET operations reduced the congestion
around bay areas. Furthermore, the exhaust emissions including fine particles decreased
significantly in bay areas. Besides, TET operations also decreased the fuel consumption
of outbound flights by 68.8 % for RMO North, and 42.5 % for RMO South. At Schiphol,
this yields estimated savings of 54.6 kt CO2 emissions and € 13.8million fuel costs per
year, based on current jet fuel prices. Therefore, TET operations offer the potential to
significantly lower the environmental footprint of taxiing operations and health risks of
ground personnel, while sustaining safety and efficiency levels.
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The tug-enabled taxiing case study presented in this chapter addressed RQ 5. The
next chapter strengthens the operational realism of the underlying modelling
assumptions by incorporating feedback gathered from ATCOs and other operational
experts throughout the course of this thesis. Historical aircraft tracks are analysed
to identify and quantify key movement characteristics and to recalibrate the model
parameters (RQ 6). In addition, the MAS model is extended to represent aircraft
towing movements and to assess their interaction with regular traffic (RQ 7).
Building on these modifications, multiple operational model variations are then
compared and discussed.



8
Improving the Realism: Trajectory-based

Calibration, TowingOperations,
andOperational Variations

This chapter improves the parameter calibration of and extends the MAS model using
Amsterdam Airport Schiphol as a case study, addressing RQ 6 and RQ 7. First, historical
ground tracks are projected onto a detailed taxiway network, to calibrate aircraft
dynamics and derive more accurate A-CDM milestones, allowing the MAS model to better
reproduce the observed taxi traffic. Then, aircraft towing movements are incorporated
into the MAS model, to assess their impact on the taxi performance of regular traffic
and the potential to increase connected stand capacity. Finally, operational variations
are analysed, revealing that both reduced takeoff separations and more progressive taxi
speed limits can improve operational performance by around 10%. Across all analyses,
departure runways emerge as the dominant bottleneck at Schiphol, while realistic speed
profiles and selective towing offer operationally relevant efficiency gains.

131
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This chapter is based on the manuscript ‘Improving the Realism of Multi-Agent Simulation
Models for Airport Surface Movement Operations: Trajectory-based Calibration, Towing
Operations, and Operational Variations’, which will be submitted to the Journal of Air
Transport Management.

A preprint version is available at:

M. von der Burg and A. Sharpanskykh, ‘Improving the Realism of Multi-Agent Simulation Models
for Airport Surface Movement Operations: Trajectory-based Calibration, Towing Operations, and
Operational Variations’, 2026. doi: 10.2139/ssrn.6712278.

https://doi.org/10.2139/ssrn.6712278
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A s a consequence of growth in air traffic, environmental constraints, infrastructure
limitations, new technology, and staff shortages, airside operations at major airports

are becoming increasingly complex [8], [161]. In turn, their surface congestion is
expected to rise, potentially reducing the predictability of taxi times as well as creating
knock-on effects across the wider network [10]. This may also lead to strong increases
in workload of Air Traffic Control Officers (ATCOs), negatively affecting operational
efficiency and safety [9].

Fast-time simulators have emerged as indispensable tools in this domain, enabling
researchers and practitioners to analyse and refine airport surface movement operations
(ASM Ops) under controlled, yet realistic, conditions. Moreover, digital twins as virtual,
real-time representations of airport operations promise to support decision-making, process
optimisation, and the evaluation of innovative operational concepts [162]. However, the
efficacy of such simulations hinges on the use of high-fidelity models capable of realistically
capturing the innate complexities of ASM Ops in detail.

Agent-based modelling and simulation is particularly suitable for ASM Ops, as system
performance emerges from the interactions of many heterogeneous actors, including
aircraft, ground vehicles, ATCOs, pilots, and airport resources. By representing these actors
as agents with individual states, objectives, constraints, and decision logic, such models
can capture local interactions, coordination mechanisms, and their system-level effects
[163]. To evaluate novel concepts of operations in detail, a computational multi-agent
system (MAS) model was therefore developed, as presented in Chapter 3. The generic
framework has a hierarchical-distributed architecture, in line with the hierarchical
sequence of ASM Ops tasks. These range from strategic planning (long-term and high-level
decisions) to scheduling (tactical allocation of resources), routing (tactical planning
of movements), guidance (operational planning of movements), and finally movement
execution (controlling aircraft and ground vehicles). The hierarchical-distributed structure
allows for effective coordination across all levels of control, owing to the stringent safety
requirements in ASM Ops.

Serving as illustration of the generic framework, Section 3.2 elaborated one MAS
model instance with centralised path planning as coordination strategy. In the previous
chapters, this model was used to study the operational implications of different concepts
of operations for fully-automated ASM Ops and engine-off taxiing Chapters 5 to 7.
Additionally, the model served as basis for the decision-support systems designed as part
of two SESAR 3 JU projects [38], [44].

As part of the face validation of this MAS model, elaborate discussions were carried
out with ATCOs and operational experts from Amsterdam Airport Schiphol. While they
highlighted the overall realism of the simulations, they also provided valuable feedback
regarding the following points:

1. The modelled aircraft speeds appeared too high in turns and, for large aircraft, across
the taxiway network.

2. In present-day operations, aircraft usually stop at the runway holding point while
awaiting their takeoff clearance, whereas all aircraft were assigned a rolling-takeoff
procedure in the MAS model.

3. The model does not yet include aircraft towing movements frequently taking place at
Schiphol to free up capacity of connected gates, and move aircraft to or from hangars
as well as long-term parking positions; however, these may limit routing options for
regular taxiing traffic and thus affect airside efficiency.
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These observations are closely related to, but not fully addressed by, the existing
literature. Regarding point 1), most previous work uses fixed speed limits for both
straight taxiway segments and turns across the entire taxiway network [132]. Historical
surface movement trajectories, obtained from sources such as ADS-B, multilateration,
or surface-movement radar, provide a valuable basis for calibrating and validating ASM
Ops models. Recent data-driven approaches have used such historical data for taxi time
prediction [164], [165], departure metering [86], and trajectory optimisation [166], [167].
These methods are, however, generally trained on observed aircraft behaviour and therefore
aim to reproduce historical dynamics. Such trajectories are shaped not only by aircraft
performance, but also by coordination with surrounding traffic, communication between
ATCOs and pilots, individual pilot behaviour, and prevailing operational procedures.
Therefore, while historical trajectories are essential for calibration and validation, simply
setting speed limits based on averages of the observed track speeds is insufficient to define
the taxiing speeds achievable under higher levels of automation.

Regarding point 2), research studying decision-support concepts such as departure
metering rely on models that maintain adequate runway pressure, i.e. a sufficient queue
of aircraft at the runway threshold to exploit departure opportunities while controlling
taxi-out delay (e.g. [86], [168]). Runway occupancy time (ROT) is a key determinant of
departure capacity, and both technical studies and operational guidance highlight rapid
line-up and, where appropriate, rolling takeoffs as means to reduce ROT. However, detailed
empirical analyses of how often rolling versus static takeoff techniques occur at large hubs,
and how they interact with taxiway operations, remain limited in the open literature.

Regarding point 3), aircraft towing movements are usually minimised as one of the
optimisation objectives in stand assignment models, typically alongside stand preferences
and schedule adherence (e.g. [169]–[171]). These studies justify towing reduction mainly
by referring to the additional operational burden, cost, and coordination effort associated
with repositioning aircraft between stands. However, despite its wide adoption, there is
little evidence on whether towing operations actually influence the operational efficiency
or flow of taxiing aircraft. Existing gate-assignment formulations treat towing largely as
a local penalty, whereas studies on surface movement operations generally omit towing
flows altogether. Consequently, the system-level implications of towing, such as potential
interactions with taxiing traffic, additional congestion, or delay propagation, remain
insufficiently quantified.

Motivated by the feedback from operational experts as well as the identified research
gaps, this chapter focuses on three aspects, using Amsterdam Airport Schiphol as a
case study. First, the model parameters are calibrated using historical ground trajectories
(Section 8.1). Based on estimated key performance indicators, including taxi times and
infrastructure occupancy rates, the similarity between historical and simulated operations
is then assessed. Second, the MAS model is extended with aircraft towing movements to
quantify their effect on operational performance (Section 8.2). This analysis considers the
impact on inbound and outbound taxi times, as well as changes in the occupancy rates of
runways, taxiways, bay areas, and stands. Third, model variations are defined to evaluate
the operational performance gains that could result from reduced takeoff separations and
higher speed limits on taxiways (Section 8.3). Each section discusses the main findings and
identifies directions for future work. Finally, Section 8.4 summarises the contributions of
this chapter and their relevance for airport airside operations more broadly.
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8.1 Calibration of Model Parameters using Historical
Track Data

In this section, we first outline the developed methodology to project the proprietary track
data provided by the Dutch air navigation service provider LVNL onto the computational
graph representing the taxiway network in the MAS model. The available data match
the flight schedules of the two operational days in 2019 used in Chapters 6 and 7. In
Section 8.1.2, we evaluate the historical data to calibrate the modelling parameters for
fast-time simulations with the MAS model. In Section 8.1.3, we compare the performance
of the resulting simulated operations to the historical ones with respect to taxi times, taxi
distances, and occupancy rates of different parts of the infrastructure.

8.1.1 Methodology for Evaluating Historical Track Data
The data provided by LVNL contains all flight tracks within a 3NM radius of the aerodrome
reference point (ARP), and has the following data fields: timestamp, aircraft registration,
position as x- and y-coordinates relative to the ARP, movement type, speed, and heading.
Although the standard recording rate is 1Hz, there are missing entries as well as some
corresponding to the same timestamp.

In the following, we outline the methodology used to project the historical track data
onto the taxiway graph of the MAS model, to extract information from the data. The
stepwise approach for projecting the track data is visualised in Figure 8.1.

Pre-processing and Most Plausible Path

As a pre-processing step, we retrieve radar tracks of taxiing aircraft by matching aircraft
registrations to the flight schedule data. Upon inspection of the raw tracks, it becomes
apparent that the reported A-CDM milestones, such as the Actual Off-Block Time (AOBT),
are inconsistent for some flights, as illustrated in Figure 8.1a. Moreover, the speed
and heading values recorded at low ground speeds are unreliable, as confirmed by the
comparison with the projected track in Figure 8.2.

To capture pushback movements of departing flights, the location at which the aircraft
reverses direction after pushback must be detected. Since the raw speed entries are
unreliable, we estimate speeds as vi,est = (∆d/∆t)i,i+1, where ∆di,i+1 is the Euclidean
distance between successive track points i and i+1 after smoothing with a Savitzky–Golay
filter [172], [173], and ∆ti,i+1 is the corresponding time difference. Contiguous sequences
of points for which vest ≤ 1m/s for at least five seconds are then marked as stop locations.

Next, we infer the most plausible path as sequence of graph edges that best matches
the track while respecting the detected stops. For this purpose, we use an A* search [174]
that minimises the cumulative Euclidean distance between each position and the candidate
graph edges. Except at stops, successive edges must be consistent with the movement
direction, preventing operationally infeasible sharp turns. The search therefore tracks
direction switches and penalises excessive reversals (>0 for arriving and >1 for departing
flights). The distance to the nearest edge is used as search heuristic. Because position
noise is typically lower near runways than in bay areas [175], the search is executed from
runways towards bay areas, independent of the actual flight direction. For the example in
Figure 8.1, the resulting path is highlighted in green in (a).
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Figure 8.1: Illustration of methodology for evaluating historical track data
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Mapping and Fitting

In the projection step (b), we map each track position to a point on the inferred path
using a second A* search. The path is discretised into 0.1m segments, and the search
enforces temporal consistency by requiring the travelled distance along the path to increase
monotonically. This results in a one-dimensional signal (travelled distance over time),
enabling smoothing with a one-dimensional Savitzky–Golay filter. Due to missing entries,
we apply a non-uniform implementation.

The precision of the projection is quantified as the Euclidean distance between each
raw position and its projected counterpart. Overall precision is high (arriving flights:
99% < 17m, 75% < 5m; departing flights: 99% < 32m, 75% < 6m), but occasional
outliers remain. Departing flights show larger errors, consistent with higher position noise
in bay areas. Additional offsets arise because transponder locations (often near the aircraft
nose) do not coincide with taxiway centrelines, particularly in sharp turns and during
pushback. The offsets are visualised in (b) by the colour-coded projected points and their
black connectors, and reported over the full trajectory in Figure 8.2 (red line). The largest
offset in the example departure occurs near take-off and corresponds to a position outlier.

Figure 8.2: Projection KPIs of exemplary track of departing flight shown in Figure 8.1
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Estimating Key Performance Indicators

For each projected trajectory, we derive key performance indicators (KPIs) for the full
ground movement, selected phases, or individual graph edges. These include taxi duration,
speed profiles, stop locations, and more accurate A-CDM milestones, with examples shown
in Figure 8.1c. Figure 8.2 further reports time series of travelled distance, projection error
(point offsets and ∆dtaxi as the difference between raw and projected distances), speed, and
heading. Overall, the projected trajectories yield more reliable measures of aircraft surface
movements than the raw tracks.

The KPIs are further used in the analysis of the historical data carried out below
as well as in the comparison to simulations conducted with the MAS model in the
subsequent sections.

8.1.2 Evaluation of Historical Track Data
In the following, we evaluate the projected trajectories of the 48 h flight schedule to
calibrate the MAS model parameters. In the following, we first assess the prevalent speed
ranges in different areas of the taxiway network of Amsterdam Airport Schiphol. The
respective taxiway areas are visualised in Figure 8.3. We then investigate the common
aircraft behaviour for exiting and entering the runway, including the takeoff-roll and
minimum time-based separations between takeoffs. Finally, we shed light on the stand use
and pushback operations reflected in the trajectory data.

Historical Aircraft Speeds per Taxiway Area

To inspect the aircraft speeds per taxiway area, we determine the set of edges that fall
within the respective area. Per movement along an edge for which the mapping precision
remains ≤ 20m, we calculate one average speed value. Figure 8.4 shows boxplots of all
speed values per flight direction (arriving vs. departing flights) and per ICAO-group, for
which we aggregate the values of aircraft types ICAO-B and ICAO-C, ICAO-D and ICAO-E,
as well as ICAO-F, respectively.

As seen in the figure, aircraft of all types taxi with reduced speed along taxiways in
bay areas (‘bay TWYs’) and those used primarily by cargo aircraft (‘cargo-only TWYs’),
matching the feedback from ATCOs. Some flights of the types ICAO-B/C taxi faster on
the inner, midfield, and outer taxiways than the previously assumed general speed limit of
15m/s. While some ICAO-D/E aircraft reach speeds exceeding 15m/s on outer taxiways,
they stay below the general speed limit of 15m/s on the midfield and inner taxiways.
ICAO-F aircraft show reduced taxiing speeds in general.

As consequence of these insights, speed limits should be set based on aircraft type and
taxiway area in simulation models intending to realistically represent the maximum speeds
observed in actual operations. Thus, for conducting simulations with the MAS model, we
define speed limits per aircraft type on the edges corresponding to each taxiway area as
listed in Table 8.1. To this end, we choose values based on upper percentiles in relation to
the count of speed observations, as provided in the table for reference. Moreover, Table 8.1
also lists the historical speed medians ṽhist, which are further used when comparing the
taxi times of historical and simulated operations in Section 8.1.3.
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Figure 8.4: Historical speed data per aircraft type for both arriving (ARR) and departing (DEP) flights across the
taxiway areas visualised in Figure 8.3, with ‘TWY turns’ denoting the turns in between taxiways A and B as part
of the area ‘inner TWYs’

Table 8.1: Maximum speeds vmax in [m/s] based on reference percentiles Pref and historical speed medians ṽhist
per aircraft type and different taxiway areas

bay inner midfield outer cargo
TWYs TWYs TWYs TWYs TWYs

ICAO-B,
ICAO-C

Pref 99th 99th 99th 99th 90th
vmax 9.5 15.0 16.5 17.0 12.0
ṽhist 5.5 10.0 11.7 12.7 8.0

ICAO-D,
ICAO-E

Pref 95th 95th 95th 95th 95th
vmax 7.5 12.5 13.5 15.0 10.5
ṽhist 4.5 9.0 9.5 11.2 7.3

ICAO-F
Pref 90th 90th 95th 95th 95th
vmax 4.5 10.0 12.0 14.0 9.5
ṽhist 3.5 7.5 8.5 10.0 6.4
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To determine speed limits on curved taxiway segments, the approach of von der Burg
and Sharpanskykh [132] is followed by using the equation:

vlim,κ,ϵ =
√
r̄ϵ · alat,κ (8.1)

with the average radius of curvature r̄ϵ of each curved taxiway edge ϵ ∈ E and a fixed lateral
acceleration alat,κ per aircraft type κ. To define suitable values for the lateral accelerations,
we draw on the respective historical distributions, calculated with ahist = v̄2ϵ /r̄ϵ, where v̄ϵ
denotes the average speed over an edge ϵwhich is a curved taxiway segment on or between
taxiways A, B, C, D. The historical distributions are shown in Figure 8.5 for both arriving
and departing flights for each of the three aggregated aircraft types. Table 8.2 lists the
maximum lateral acceleration alat,lim based on the 90th percentiles as well as the historical
medians ãlat,hist.
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Figure 8.5: Distributions per aircraft type of historical lateral accelerations in curved taxiway segments for both
arriving and departing flights

Table 8.2: Maximum lateral accelerations alat in [m/s²] based on reference percentiles Pref and historical medians
ãlat,hist per aircraft type to calculate curve speed limits

ICAO-B/C ICAO-D/E ICAO-F

Pref 90th 90th 90th
alat,max 1.60 0.99 0.66
ãlat,hist 0.92 0.55 0.36

Runway Exit Use and Speeds at Exits
Figure 8.6 visualises the share per runway of exits taken by landing aircraft during the
two operational days. Most flights use one of the rapid exit taxiways (RETs) to quickly
vacate the respective runway. With limited RETs available at runway 36R, especially larger
aircraft often use the conventional exit taxiways (CETs) that are located closer to the end
of the runway.

Furthermore, the figure summarises the observed speeds at the runway exit point (RWY
exit) and at the subsequent stopbars per aircraft type and exit category. As expected, aircraft
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reduce their speed towards the exit stopbar, and vacate the runway with higher speeds
when using one of the RETs. Nonetheless, the average speed that aircraft of the same
category reach at stopbars is mostly independent of the type of exit used (CET vs. RET),
despite varying strongly between flights. Large aircraft have generally slower speeds when
vacating the runway, and correspondingly cross the stopbars with lower speeds.

Overall, the observed speed ranges at the stopbars fall within the values listed in
Table 8.1 when accounting for the subsequently entered taxiway areas. For the MAS model,
it is thus not necessary to further differentiate the speed limits on graph edges that succeed
runway exits.
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Figure 8.6: Historical landing speeds per aircraft type and type of runway exit

Runway Entry Use and Speeds during Takeoff-Roll
Figure 8.7 visualises the share per runway of entries used by departing flights during the
two operational days. Aircraft are primarily assigned the first runway entry, with a few
flights entering the runways via one of their RETs. The first entry of runway 18L requires
aircraft to taxi longer in comparison to its second and third entry, which are thus sometimes
assigned to smaller aircraft requiring less runway length for takeoff. To mitigate wake
turbulence risks from aircraft taking off from runway 24 onto those from runway 18L,
aircraft must not use the first entry of runway 24 when these two runways are in use at
the same time, resulting in the larger share of the second and third entry of runway 24.

To analyse the aircraft speeds during their takeoff-roll preceding the actual takeoff,
we use the minimum speed vmin,rwy observed in the final part of the projected trajectory
after passing the stopbar. As shown in Figure 8.7, we differentiate between three takeoff
categories: static takeoff for vmin,rwy < 0.5m/s, slow rolling for 0.5m/s ≤ vmin,rwy < 5m/s,
and fast rolling when vmin,rwy ≥ 5m/s. Prior to takeoff, between 32% to 55 % of all aircraft
stop on the runway or one of its entries. Meanwhile, the remaining flights keep rolling with
low (33 % to 50 %) or even relatively high speeds (3 % to 18 %). The extracted speed data
suggests that large aircraft stop less frequently prior to takeoff, although the small sample
size within the available tracks prevents to draw a definitive conclusion.

During path planning in the MAS model used in Chapters 5 to 7, the 4D trajectories
of departing flights were deconflicted in a way that allows them to use a rolling takeoff.
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Figure 8.7: Share of takeoff categories of historical flights per aircraft type and type of runway entry

Since the conducted analysis underscores that a certain share of historical flights does also
not stop prior to takeoff, changing this approach does not seem necessary. Nonetheless, the
projected trajectories allow for assigning the historical entries and exits when simulating
the underlying flight schedule, as done in Section 8.1.3.

Temporal Separation between Takeoffs

Irrespective of the speed prior to takeoff, consecutive flights taking off from the same
runway must keep a minimum separation to mitigate wake turbulence effects. To this end,
ICAO has specified minimum times that certain combinations of the four wake turbulence
categories (WTC) light (L), medium (M), heavy (H), and super heavy (J, only the A380) must
keep to each other [176]. When a minimum separation is required, another minute is added
in case the subsequent aircraft uses a runway entry with less remaining takeoff length,
referred to as intersection takeoff (IS-takeoff). Besides accounting for wake turbulence,
aircraft must also keep sufficient separation after takeoff. Thus, when two consecutive
takeoffs follow the same standard instrument departure (SID) route, ATCOs increase the
temporal separation between them.

Differentiating between IS-takeoffs, diverging SID routes, and equal SID routes,
Figure 8.8 shows the distributions of the separation times tsep between those WTC-pairs for
which sufficient data points could be extracted from the projected trajectories. From these,
an ICAO time-based separation minimum only exists for the pair H→M, marked by red
lines in the figure. Relevant IS-takeoffs occurred merely for pairs H→M and H→H, and do
not show increased separation times on average. For equal SIDs, the historical separations
of these two pairs do not indicate increased times for equal SIDs, whereas an additional 25 s
on average are kept for pairs M→M and M→H. Interestingly, for the latter two pairs, the
shortest observed separations are below 60 s.
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Table 8.3 lists the average values for the four pairs, comprising also values based on a
larger dataset provided in [177]. Overall, the extracted values are in good agreement with
those found in literature.

n=0 599 310 0 86 58 20 60 65 7 31 37

M  M M  H H  M H  H
WTC-pair

0
30
60
90

120
150
180
210

se
pa

ra
tio

n 
t s

ep
 [s

]

subtype
IS-takeoff
div. SIDs
equal SIDs

Figure 8.8: Temporal separation of historical takeoffs grouped by ICAO wake turbulence categories (WTC) [176].
Each WTC-pair is subdivided into intersection (IS) takeoffs, as well as following diverging or equal standard
instrument departure (SID) routes. Red lines indicate the respective minimum separation times.

Table 8.3: Time-based separations between takeoffs in [s]

ICAO-WTC diverging SIDs equal SIDs

[176] [177] Figure 8.8 [177] Figure 8.8

M→M n/a 72 74 91 96
M→H n/a 78 76 96 103
H→M 120 138 139 138 140
H→H n/a 92 94 97 96

Stand Use and Pushback Operations
Based on the historical flight schedule data of the two operational days, the number of
aircraft parked at stands differed between piers, as visualised in Figure 8.9. Piers suited
only for smaller aircraft such as the B-pier and D-pier accommodated a higher number of
aircraft, whereas large stands such as those of the E-pier saw a smaller amount within the
48 h. Only a few aircraft arrived and departed from the remote parking positions at the D/E,
G, and J platforms as well as the cargo piers. Especially at the remote parking positions,
more aircraft might have been parked between the respective arriving and departing flights,
but no tracks were available to trace any operational re-parkings of inactive aircraft.

At Amsterdam Airport Schiphol, a standard pushback path is defined per stand, with
potential variations between aircraft categories, as outlined in the official pushback charts
[153]. In the MAS model used in Chapters 6 and 7, the pushback operations were assumed
to comply with these standard paths. In present-day operations, air traffic controllers may
assign deviating pushback paths for various reasons like operational efficiency gains, safety
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Figure 8.9: Historical stand use (left) and non-compliance rate to standard pushback path per stand (right)

reasons, or blocked taxiway segments among others. However, such reasons cannot be
extracted or inferred from the historical tracks.

Based on the projected paths of the historical tracks, the amount of non-standard
pushbacks differs per stand, as visualised as ratio over the two operational days in
Figure 8.9. From all 1 483 historical tracks of departing flights, the pushback paths of 86.4 %
could be extracted. From these, 23.3 % do not comply with the standard pushback paths,
being either shorter (5.5 %), longer (6.1 %), or generally divergent (11.7 %).

8.1.3 Comparing Calibrated Model to Historical Operations
Based on the gathered insights from analysing the historical tracks, the modelling
parameters of the MAS model are calibrated, as outlined in the following. We then evaluate
how similar the resulting taxi times, distances, and average taxi speeds per taxiway
category are between the simulated and historical operations.

Calibrated Parameters of Multi-Agent System Model
Previously, aircraft agents in the MAS model were spawned using historical A-CDM
milestones. Arriving flights were assigned those runway exits for which the landing
distance exceeds the minimum of either rapid-exit or conventional taxiways per modelled
aircraft type (ICAO-A to ICAO-F). Likewise, potential runway entries for departing flights
were assigned based on minimum takeoff distances per modelled aircraft type.

Where possible, we extract performance data per flight using the projected historical
tracks. For arriving flights, we determine the time of exiting the runway as well as the
respective graph edge underlying the runway exit. For departing flights, we use the time
point of exiting the stand as estimated Target Off-Block Time (TOBT), and the crossed
runway stopbar to determine the edge for entering the runway, with any runway entries
allowing for greater takeoff distance added as alternative goal locations.

Since the historical data analysis showed that some flights use a rolling takeoff, we
keep the approach of coordinating taxi routes so that departing aircraft can always use
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a rolling takeoff. To ensure sufficient separation between consecutive takeoffs, we apply
the separation times from [177] listed in Table 8.3 that differentiate between diverging
and aligned standard instrument departure (SID) routes. An additional minute is added for
flights that take off with less available runway distance than the previous flight, i.e. those
that use an intersection takeoff.

As speed limits for straight taxiway segments, we use the historical median speeds ṽhist
per aircraft type according to the respective taxiway areas as listed in Table 8.1. We calculate
the speed limits on curved segments using Equation (8.1) with the historical median lateral
acceleration ãlat,hist per aircraft type as listed in Table 8.2. In line with Section 6.1.4, all
aircraft are assumed to accelerate with 0.4m/s2 and decelerate with −0.5m/s2.

To calculate deconflicted routes between all aircraft taxiing concurrently on the airport
surface, the AS-MAMP algorithm outlined in Chapter 4 is used with a planning window
of wp = 20min and a replanning period of hp = 10min. Based on von der Burg
and Sharpanskykh [137], cTWY = 1.2 is set as cost-factor to conform more closely with
the standard taxiway flow directions used by ATC at Schiphol. Furthermore, the model
extensions for inbound and outbound holding to resolve stand conflicts and comply with
CTOT-slots, respectively, are used as described in Section 6.1.2.

Hourly Movements

Providing a general overview of the simulated ground traffic at Amsterdam Airport
Schiphol, Figure 8.10 shows the hourly movements over the 48 h of simulated flight
schedule. The alternating peaks in arriving and departing flights closely match the
corresponding runway configuration phases with inbound-peaks (orange shades),
transitions (grey shades), and outbound-peaks (blue shades). In the most prominent peaks,
more than 120 movements take place per hour.
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Figure 8.10: Hourly ground movements over the simulated 48 h. Shades denote the runway configuration phase:
off-peak (white), arrival-peak (orange), transition (grey), and departure-peak (blue).

Taxi Times

In the following, the taxi times of both arriving and departing flights from three datasets
are compared: the historical A-CDM milestones, the obtained milestones based on the
projected tracks, and those from the simulated operations. From each of the three
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datasets, flights were excluded whose incomplete tracks did not allow to extract the
relevant KPIs. To further equalise the datasets, any flights were excluded for which either
inbound or outbound holding was issued in the simulated operations, which are compared
separately in Section 8.1.3. In Figure 8.11, the resulting taxi time distributions are shown as
box-and-whisker plots per runway.
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Figure 8.11: Box-and-whisker plots of taxi time distributions of historical A-CDM milestones, historical tracks,
and simulated operations for arriving and departing flights per runway-strip

In general, the values from the A-CDM milestones result in longer and more spread
taxi times than those based on the KPIs extracted from the historical tracks. Since the
distributions of the simulated operations represent the latter more closely, we focus on the
comparison between the two datasets ‘historical (tracks)’ and ‘simulated’ in the following.
To assess the similarity between these two datasets, Table 8.4 lists the differences of medians
as well as the Kolmogorov-Smirnov (KS) test scores for both arriving (ARR) and departing
(DEP) flights per runway. Overall, the simulated operations resemble the historical taxi
times well, with the KS-test scoring up to 90 %. Lower scores are reached for flights arriving
at runway 18C/36C, and flights departing from 18L/36R, each showing absolute differences
of 44 s between the medians of the historical and simulated taxi times.

Travelled Taxi Distances

To assess any effects due to differences in taxi distances, Figure 8.12 shows the respective
distributions for the track-based historical and simulated operations, and Table 8.4 lists
the corresponding similarity metrics. Although the travelled distances vary between flights
from and to each of the runway-strips, the underlying distributions show a high degree of
similarity, with the KS-test scoring consistently above 90 %. Therefore, any differences in
travelled distances have an insignificant impact on the resulting taxi times.
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Figure 8.12: Box-and-whisker plots of taxi distance distributions of historical tracks and simulated operations for
arriving and departing flights per runway

Table 8.4: Similarity between historical and simulated operations for arriving (ARR) and departing (DEP) flights,
listing the difference between the median taxi times ∆t̃taxi and taxi distances ∆d̃taxi, as well as the respective
Kolmogorov-Smirnov (KS) test scores per runway-strip

06/24 18L/36R 18C/36C 18R/36L

A
RR

∆t̃taxi −19 s 0 s 44 s 14 s
KS(ttaxi) 91 % 89% 78% 87%
∆d̃taxi −46m 15m 60m −29m
KS(dtaxi) 94 % 95% 93% 96%

D
EP

∆t̃taxi −38 s −44 s −37 s −18 s
KS(ttaxi) 89 % 84% 90% 87%
∆d̃taxi 129m 60m 66m 14m
KS(dtaxi) 93 % 95% 92% 97%
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Figure 8.13: Comparison of average taxi speeds across the different taxiway areas from Figure 8.3 for both arriving
(top) and departing flights (bottom)
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Average Taxi Speeds across Taxiway Areas
Next, we shift to the differences in taxi speeds between historical and simulated operations.
To compare the similarity of taxi speeds in each of the taxiway areas, we focus on aircraft
of types ICAO-B and ICAO-C which visit Schiphol most frequently. For these, Figure 8.13
shows box-and-whisker plots of the historical speeds from and to each runway as well as
the resulting taxi speed distributions of the simulated operations.

In most of the taxiway areas, the simulated operations exhibit smaller speed variances
between flights than each of the respective historical speed distributions. However, flights
landing on the runways 18C/36C and 18R/36L further away from the stands show
significantly higher speeds along the runway exit, midfield, and inner taxiways. Along the
same taxiway areas, also departing aircraft show higher average speeds when taking off
from one of these two runways.

The comparison indicates that the varying degrees in taxi time similarity from Table 8.4
can be largely attributed to these historical speed variations in dependence of the assigned
runway. On the other hand, the simulated operations exhibit higher speeds on runway
entries than those observed in the historical tracks. This may explain the shorter taxi times
of departing flights in the simulation in comparison to those observed in the historical
operations. We evaluate this aspect further in Section 8.1.3.

In the bay areas, the average speeds of outbound flights are significantly lower than
those of arriving flights since departing flights require additional time for pushback and
engine-start. Nonetheless, the average speeds especially of outbound flights closely align
between simulated and historical operations. This indicates that the times to complete
the necessary procedures for outbound flights match sufficiently well, irrespective of any
differences in pushback paths¹.

Inbound and Outbound Holding
In the historical operations, inbound flights stop in various places on taxiways, as visualised
in Figure 8.14 (left). Most stops have a rather short duration of less than 1min. While
the longer stops usually take place on the remote holding platform (see Figure 8.14),
some aircraft hold for up to 45min on the main taxiways. Based on the conversations
with ground controllers at Schiphol and confirmed through playbacks of the historical
track data, such holding positions are operationally feasible due to the prevalent runway
configuration that leads to unused taxiway segments, which then allow the ATCOs to let
aircraft hold there. In contrast, the simulated operations in the MAS model are currently
based on inbound holding taking place solely on the remote holding platform, as confirmed
in Figure 8.14 (right).

During present-day taxiing, outbound flights are required to hold for various reasons:
while a stop is required during a push-pull or at the end of a pushback manoeuvre, departing
flights may also be required to hold for e.g. safety reasons or to wait for an assigned
CTOT-slot. However, except when switching the movement direction, the reason behind
stopping cannot be determined from the historical data. In contrast, trajectories in the MAS
model are planned allowing aircraft only to stop when operationally required, e.g. to switch
movement direction or to decouple from a tug.

¹Recall from Figure 8.9 that some historical flights showed pushback paths deviating from the standard paths,
whereas outbound flights in the MAS Model are always assigned the standard pushback paths.
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Figure 8.14: Inbound holding: stop locations andwaiting durations >10 s of historical and simulated arriving flights
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Figure 8.15: Outbound holding: stop locations and waiting durations >10 s of historical and simulated departing
flights
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For comparing outbound holding between the historical and simulated operations, all
stopping points exceeding 10 s are visualised in Figure 8.15. While the historical tracks
show that departing flights frequently hold on both the main taxiways as well as on
runways and their entries, aircraft in the simulated operations only stop in the bay areas
due to the pushback operations. We continue the discussion by assessing the differences in
infrastructure occupancy, as outlined below.

Infrastructure Occupancy

In the following, we compare the occupancy rates on different infrastructure parts of the
airport over the 48 h flight schedule data between the historical and simulated operations.
Per infrastructure element, we first outline how the occupancy rates are calculated, and
then draw the comparison between historical and simulated occupancy rates. To this end,
Figure 8.16 visualises the occupancy rates over time for arriving and departing flights on
runways, traffic on inner and bay area taxiways, as well as the occupied stands at piers, on
platforms, and those used solely for cargo aircraft. All lines represent moving averages with
symmetric 30min window sizes, and are smoothed using a linear Savitzky-Golay filter.

Per time point t, the occupancy rate occR(t) of a set of runways R is calculated as:

occR(t) =

∑
r∈R

1{runway r active and blocked at t}∑
r∈R

1{runway r active at t}
(8.2)

where 1{·} denotes the indicator function, returning 1 if the condition in curly brackets
is true and 0 otherwise. Accordingly, only active runways contribute to the numerator
and denominator, while inactive runways are excluded from the calculation. To determine
whether a runway is blocked, we use the minimum separation times from Table 8.3
in combination with the general time-based separations from [176], and 60 s when no
separation value is defined.

For arriving flights, the occupancy rates are identical between historical and simulated
data as inbound aircraft are spawned in the MAS model at their historical landing time.
Interestingly, the occupancy rate is highest during outbound peaks, i.e. when only one
runway is used for landing aircraft. In comparison, runways used for departing flights show
higher occupancy rates over the two operational days, reaching a maximum occupancy rate
within 30min of approximately 90 %.

The difference in occupancy rates between historical and simulated data is largest
around the peaks. As observed in Figure 8.8, some historical separations are much lower
than the separation values used in the simulation. Since the calculation of the runway
occupancy rate is based on distinguishing binary between an occupied and a free runway,
the historical rate appears to be lower. Nonetheless, this indicates that the simulated
operations rather overestimate the minimum separation times. As consequence, the higher
taxi speeds along runway entries of the simulated operations observed in Figure 8.13 can
be attributed to the rolling takeoff procedure deployed for all departing aircraft in the MAS
model. Instead of the frequent stops on both runway entries and before takeoff observed in
Figure 8.15 for the historical tracks, the MAS model must lower the taxi speeds of outbound
flights prior to crossing the runway stopbars to accommodate their rolling takeoff.
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Figure 8.16: Comparison of occupancy rates in different areas of the airport between historical and simulated
operations
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To calculate the occupancy rate on a taxiway area over time, we approximate the
relative area that is occupied by the aircraft within that area at each time point t. To this
end, we define:

occtwy(t) =
locc(t)

ltot
(8.3)

with the total length of the taxiways in the considered taxiway area ltot, and the occupied
part of that length locc(t). To compute ltot, only the segments of the core taxiway segments
in the respective taxiway area are counted in. For the inner taxiways, this entails the
relevant parts of TWY-A and TWY-B, without accounting for the taxiway intersections
between them. For the bay areas, ltot equals the sum of the taxiway segments from which
stand edges branch off. We estimate the occupied part of that length locc(t) per time
point t using:

locc(t) =
∑
ai

5 rai
+ 20m , ∀ ai in taxiway area at t (8.4)

with the shape radius rai
of aircraft ai. The factor 5 is used to account for the shape as well

as the safety distance behind the aircraft, and 20m are added as additional safety margin
around each aircraft.

Like the runway occupancy rates, those on the inner taxiways and in the bay areas
alternate similarly over time between historical and simulated operations. Most peaks fall
within either one of the departure-peaks (shaded in blue) or transition periods (shaded in
gray), with a clearer trend visible on the second day. On that day, the departure runways
06/24 and 18L/36R are active which are closer to the airport centre. In turn, more queuing
takes place in the inner taxiway area, visible in the occupancy peaks reaching a rate
≥ 10%. While the simulation shows two additional queuing-peaks at 15:00 and 21:00, the
maximum occupancy reached at approximately 13:00 remains lower than the one of the
historical operations.

However, the observed occupancy difference is not reflected to the same extent between
the runway occupancy rates of departing flights. Recalling that the MAS model coordinates
aircraft trajectories on the basis of mitigating any stop-and-go before takeoff, the occupancy
difference on the inner taxiway areas is caused by the differing deconfliction mechanisms.
Instead of aircraft queues forming on the departure runways and their entries in the
historical operations, the MAS model assigns slower speeds on the taxiways leading to the
runways by anticipating the necessary separation time between consecutive takeoffs.

In analogy to Equation (8.2), the occupancy rate occS(t) of a set of stands S is
calculated as:

occS(t) =

∑
s∈S

1{stand s accessible and occupied at t}∑
s∈S

1{stand s accessible at t}
(8.5)

where stands inaccessible at time point t are excluded from the calculation. We define that
an aircraft occupies a stand between entering the stand edge until exiting that edge, which
thus includes any operational holding at the gate. If there is no historical track indicating
when an aircraft departed from a stand, only the duration until standstill at the stand is
used, i.e. we assume the aircraft immediately disappears, slightly underestimating the true
occupancy rate.
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In Figure 8.16, we distinguish three sets of stands: all cargo stands (R and S platforms),
stands on all other platforms marked in Figure 8.3, and those at piers (connected stands).
For each of these three sets, the occupancy rates are almost identical between simulated
and historical operations. Thus, the difference in gate holding times between simulated and
historical aircraft trajectories are negligible when averaged over the respective set of stands.

8.1.4 Discussion on Model Calibration and Future Work
The developed methodology to project historical track data proved effective in
reconstructing realistic ground movements: most historical tracks could be projected
onto the airport’s taxiway graph, and many of these supported to determine more accurate
A-CDM milestones. Moreover, the approach is generic and transferable to other airports:
provided that a sufficiently detailed computational graph of the taxiway network exists,
and the raw data meet basic quality requirements, the approach can be replicated at
other airports and with alternative data sources such as ADS-B. As observed in previous
research, the data quality proved poorest near terminal buildings, where the signal is
occluded. Enhancing surveillance coverage and accuracy in these zones is crucial for
airport operators to realise the full value of surface-movement data.

Importantly, the presented projection approach provides richer insights than
conventional A-CDM event detection alone. Besides providing more precise off-block,
in-block, and runway-related timestamps, it offers detailed speed distributions across
different parts of the taxiway network. Such information can aid in both operational
monitoring and planning processes. Furthermore, as recently explored in other research,
projected trajectories can support the development of A-CDM-lite milestones [164],
enabling airports without extensive surveillance infrastructures to derive actionable
performance metrics.

Regarding the assimilation of MAS model parameters to the historical operations, the
results indicate substantial potential for more realistic and type-specific speed profiles. The
results also indicate that the model’s reliance on standard pushback and routing procedures
may underestimate the flexibility present in real operations. Allowing the MAS model
to assign context-dependent pushback paths could better reflect the observed variability,
particularly during taxiway or runway maintenance, as well as periods of local congestion.
To this end, the availability of supplementary data, such as the precise timing of engine
start-up, would allow for more accurate representations of the underlying operations.
Complementing this, data-driven techniques could be used in future work to derive
parameter distributions tailored to different aircraft categories within the MAS model.

Overall, the analyses in this section directly addressed feedback points 1) and 2). The
close agreement between projected and simulated taxi times and distances indicates that
using historical median speeds per aircraft type and taxiway area provides a suitable basis
for reproducing current operations. Nevertheless, the extracted trajectories suggest that
more progressive speed limits may be operationally feasible, an aspect that will be explored
further in Section 8.3.

The next section turns to feedback point 3) and examines the role of aircraft towing
movements, assessing how these repositioning flows interact with taxiing traffic and
influence overall airside performance.
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8.2 Modelling of Aircraft Towing Operations
In general, airlines are responsible for complying with the towing norms defined by the
airport authority. At Schiphol, the policy document ‘Regulation Aircraft Stand Allocation
Schiphol’ (RASAS, [178]) lays out the principles underlying the use of stands and conditions
for aircraft towing. While the airport operators try to accommodate as many flights as
possible at gates with connected handling, they take different actions when the scheduled
demand exceeds the available capacity of connected gates. As preferred option, aircraft with
long ground times are required to be towed to a remote position before towed back to a
connected gate for the outbound flight. To this end, Schiphol regards long ground times as
planned turn-around times exceeding 210min for large aircraft and 170min otherwise. As
less preferred alternatives, Schiphol handles flights at remote positions, or uses outbound
as well as inbound holding when necessary.

In the following, first a towing schedule is reconstructed based on the historical flight
schedule. As outlined in Section 8.2.2, the MAS model is then extended with aircraft
towing operations. Subsequently, the potential impact of towing movements on the surface
movement operations is evaluated (Section 8.2.3). To this end, the towing volume is varied
to assess its effects on hourly movements, taxiing times and distances for inbound and
outbound flights, and occupancy rates.

8.2.1 Reconstructing Historical Aircraft Towing Movements
During aircraft towing movements, the transponder of aircraft is usually switched off.
While that of the towing truck might be switched on, the available historical track data
did not contain such tracks, rendering it impossible to extract towing movements and their
timings. Nonetheless, using the aircraft registration, stand changes taking place during
an aircraft’s turnaround can be inferred from the historical flight schedule data. Likewise,
when another aircraft used a stand in between an aircraft’s arrival to and departure from
the same stand, that aircraft must have been towed away in the meantime. This allows
us to reconstruct the required towing movements, despite their timings and potential
intermediate buffer locations remaining unknown.

In this regard, we distinguish between different tow types for towing movements from
an origin stand So(τs) to a destination stand Sd(τs)with the corresponding stand types τs ∈
Ts = {pier, platform, buffer}. Respectively, these mark the set of gates connected to piers,
parking positions on remote (i.e. unconnected) platforms, and a buffer location subsuming
any other aircraft stands such as long-term parking positions or hangars. Towing operations
of aircraft moved between stands in the same bay area are likely less disruptive to the
regular traffic as these do not enter the main taxiways and are relatively short. In Table 8.5,
listing the reconstructed towing movements, we thus differentiate destinations of types pier
and platform between being in the same or a different bay area (BA) than the origin stand.

From the 154 reconstructed towing movements, most require towing to or from a
buffer location, i.e. with the actual intermediary parking location remaining unknown.
Furthermore, the reconstructed dataset indicates that aircraft are usually not towed
between two platforms. Overall, the reconstructed towing schedule leads to a traffic
increase of approximately 5 %. However, based on conversations with ground controllers as
well as a visit to Schiphol tower, it appears that more aircraft towing movements take place
in present-day operations. To account for additional towing movements not captured by the
reconstructed schedule, we simulate varying numbers of surplus towing movements from
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Table 8.5: Aircraft towing movements reconstructed from the 48 h of historical flight schedule data

from
to pier platform

buffer
∑

sameBA diff. BA sameBA diff. BA
pier 4 11 8 5 48 76
platform 2 2 0 0 3 7
buffer 65 6 0 71∑

84 19 51 154

a stand to the buffer and subsequently returning to the same stand, as further discussed
in Section 8.2.3.

8.2.2 Extensions to the Multi-Agent System Model
Since the historical aircraft tracks did not show any taxiing traffic to and from the
U-platform (denoted in Figure 8.3), we use it as synthetic buffer platform. Any aircraft
towing movements that do not take place between two stands are towed there. The buffer
platform is thus modelled to serve as both intermediate and long-term parking location, and
assumed to have sufficient capacity.

In analogy to the currently defined A-CDM milestones, we use the following ones for
towing movements:

• TTDT, Target Towing Departure Time: the planned time an aircraft should be towed
away from the current stand;

• TTAT, Target Towing Arrival Time: the planned time a towed aircraft should arrive
at its destination;

• ATDT and ATAT as the respective actual time points;
• TTMT, Target Towing Movement Time: as A-CDM metric with TTMT = TTAT −
TTDT;

• ATMT as the respective actual duration.

We assign the task of determining which aircraft to tow where and when to the Airport
Ops Agent, and formulate two towing properties that are added to its specification defined
in Section 3.2:

P5. Maintain Stand Schedule Property: the Airport Ops Agent uses the flight schedule
information to monitor the time points at which flights arrive at and depart from all
available stands of the airport. It updates the resulting stand schedule with the final
and predicted times from the A-CDM milestones.

P6. Maintain Towing Schedule Property: based on the stand schedule of its P5, the
Airport Ops Agent determines the aircraft that must be towed between stands, or
to or from the buffer platform. This also includes aircraft scheduled to depart from
the same stand after a long ground time which are towed to the buffer platform to
free up stand capacity. Once one of such flights has arrived at its stand, the Airport
Ops Agent sets the respective TTDT in accordance with the duration of the flight’s
turnaround processes, the time at which the stand is needed for another flight, and
the estimated tow duration.
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Regarding P6, we model the minimum turn-around times (MTT) of small (ICAO-B,
ICAO-C) and large (ICAO-D, ICAO-E, ICAO-F) aircraft based on the characteristics of the
Airbus A320 [179] and the Boeing 787 [180], respectively. However, the turn-around often
takes longer than the MTT, and the underlying processes may be split into multiple parts,
e.g. when the flight has a long ground time or must be towed between stands. To this end,
we use the times provided in the aircraft characteristics to extract durations for splitting
the overall turn-around into three sub-stages, namely the arrival processes such as deplaning
and cargo unloading, intermediate processes such as refuelling, cleaning, catering, and water
refilling, and departure processes such as boarding and cargo loading. When an aircraft
is towed away after arriving at a stand, at least the arrival processes must be completed,
while a tow to a stand prior to a flight’s departure must leave sufficient time to complete
the departure processes. Furthermore, either after arrival or before departure, sufficient
time must be allocated for the intermediate processes. As a consequence, the Airport Ops
Agent uses the parameters and associated minimum durations listed in Table 8.6 when
executing its P6.

Table 8.6: Minimum turn-around times in [min] to determine the towing schedule

parameter ICAO-B/C ICAO-D/E/F

minimum turn-around time (MTT) tMTT 45 60
MTT for arrival processes tMTT,arr 10 20
MTT for intermediate processes tMTT,mid 20 40
MTT for departure processes tMTT,dep 15 30
buffer-time for turn-around processes tbuf 5

Like the flight schedule, the Airport Ops Agent shares the towing schedule with the
Routing Agent. The latter uses the schedule information to calculate and coordinate the
trajectories of all agents moving concurrently over the airport surface. To this end, towing
movements are modelled to follow the standard pushback path of the respective stand
according to the airport provisions (see [153], disregarding pull manoeuvres).

In general, towing movements must follow the standard taxiway flow directions to the
designated destination, akin to present-day towing operations. Furthermore, they must give
way to taxiing aircraft, except otherwise instructed by ATC. This is reflected in the path
planning conducted by the Routing Agent by assigning a priority-factor of ptow = 0.1 to
towing movements, i.e. any delay of a taxiing aircraft is equal to a tenfold delay of a towing
movement, leading to a de-prioritisation of the trajectories of towing movements. Based
on interviews with operational experts, a maximum tug speed of 4.5m/s is used in general.
In one experiment, the higher maximum speed of 11.8m/s corresponding to the reference
TaxiBot system [12] is used, as further outlined in the next subsection.

8.2.3 Evaluation of Aircraft Towing Operations
With the MAS model extended by aircraft towing operations, we conduct multiple
simulations with varying number of towing movements to evaluate their impact on regular
taxiing aircraft. In the following, we first provide an overview of the conducted towing
simulations as well as the resulting hourly movements and required parking spaces at the
buffer location. Subsequently, we analyse the impact on the taxi times and distances of
regular traffic, and on the infrastructure occupancy rates.
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Overview of Conducted Towing Simulations

An overview of the conducted simulations is provided in Table 8.7, listing the number
of towing movements as well as the disregarded tows over the 48 h flight schedule. The
simulation ‘no towing’ corresponds to the simulated operations discussed in Section 8.1.3.
‘Stand changes’ refers to simulating only the operationally necessary towing movements,
i.e. those listed in Table 8.5. Next to the reconstructed towing schedule, aircraft with long
turnaround durations could be towed to the buffer and back to the same stand to free
up stand capacity in the meantime. We simulate such additional towing movements by
adjusting the time limit at stands which the Airport Ops Agent uses to determine potential
aircraft to be towed away, assuming that these take place only during daytime, i.e. between
06:00 h and 23:00 h.

Table 8.7: Overview of performed simulations to assess the impact of aircraft towing movements

simulation-name max. tug speed [m/s] towing movements disregarded tows

no towing n/a 0 0
stand changes 4.5 154 0
4x MTT 4.5 236 0
3x MTT 4.5 348 0
2x MTT 4.5 499 126
1.5x MTT 4.5 510 422
1.5x MTT, fast 11.8 905 226

For relatively short time limits at stands, the Airport Ops Agent might estimate that the
required towing duration to move an aircraft to and from the buffer location, modelled to be
their intermediate parking positions in the simulations, exceeds the estimated turn-around
time. Such towing movements are thus disregarded, as listed in the respective column
in Table 8.7. In the simulation ‘1.5x MTT’, the Airport Ops Agent disregards around
45% of towing movements due to the low yet typical speed limit of 4.5m/s. To further
increase towing traffic, a speed limit of 11.8m/s is used in the simulation ‘1.5x MTT, fast’,
assuming that the towing movements are carried out with operations corresponding to the
TaxiBot concept [12].

In general, we assume that sufficient tugs are available to carry out all planned tows. In
turn, towing movements incur potential delays in relation to their TTDT only due to the
necessary coordination with regular taxiing traffic.

Hourly Movements and Aircraft Parked on Buffer Platform

Selecting simulation ‘1.5x MTT, fast’ as example, Figure 8.17 shows the hourly count of
inbound, outbound, and towing movements over the two simulated days. While varying
over time, the simulated towing operations result in well over 150 total hourly movements
at multiple times throughout the 48 h, with up to 55 aircraft being towed hourly during
daytime. The peaks of the towing movements occur when the regular traffic shifts from
an arrival-peak to a departure-peak. Likewise, minimum towing movements occur in the
opposite case, with least tows recorded at 18:00 on the second day due to the wider gap
between the departure-peak and arrival-peak.
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Figure 8.17: Hourly ground movements over the simulated 48 h. Shades denote the runway configuration phase:
off-peak (white), arrival-peak (orange), transition (grey), and departure-peak (blue).

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00
time of day

0

10

20

30

40

50

60

pa
rk

ed
 a

irc
ra

ft 
[-

]

stand changes 4x MTT 3x MTT 2x MTT 1.5x MTT 1.5x MTT, fast

Figure 8.18: Required parking stands at buffer platform over time
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Figure 8.18 shows the required parking stands at the buffer platform over time. In the
simulation ‘stand changes’, up to 27 aircraft are parked at buffer. For lower limits of the
stand occupancy times, the necessary parking spaces at the buffer platform increase, with
up to 57 required in the simulation ‘1.5x MTT, fast’.

As already noted in Section 8.2.1, most aircraft are towed to or from the buffer location.
To this end, towing movements mostly utilise the inner and bay area taxiways, with some
also travelling through the midfield taxiway area. Thus, they might affect the taxi times of
regular flights, which we examine in the next subsection.

Impact on Taxi Times and Distances
Figure 8.19 shows the distribution of taxi times as box-and-whisker plot per runway for
both arriving and departing flights, normalised with those of from the simulation ‘no
towing’. The towing operations have a negligible impact on the median taxi times of both
arriving and departing flights. However, the average taxi times marked by black crosses
show that the trajectories of certain departing flights are affected. The strongest increase
in average taxi time of up to 11 % occurs for flights departing from runway 18C/36C, while
those departing from other runways remain below 6%. The trajectories of some individual
flights are strongly affected, indicated by the outliers that are marked by grey dots in
Figure 8.19. In contrast, the effects on the taxi distances remained very low, with outliers
showing absolute values below 3%.

Impact on Infrastructure Occupancies
With a limited impact on the taxi times of departing aircraft, the occupancy rate of the
runways remains unaffected. In contrast, as shown in Figure 8.20 for all simulations from
Table 8.7, the rates on the inner taxiways, bay areas, stands at piers, and stands on platforms
are affected differently.

In comparison to the simulation ‘no towing’, the occupancy rates increase on taxiways
and bay areas for larger numbers of towing movements, reaching up to 15 % and 9%,
respectively. At the same time, the occupancy rates of stands both at piers and on platforms
reduce significantly, with occupancy rates mostly remaining below 60% during daytime.
Since the maximum stand occupancy time was assumed not to apply to cargo stands, their
occupancy rate did not change in comparison to Figure 8.16.

The observations apply more strongly to fast towing movements (‘1.5x MTT, fast’), with
stand occupancy rates mostly below 50% during daytime. Interestingly, in contrast to ‘no
towing’, the maximum occupancy rate of connected stands is reached during nighttime.
Moreover, the occupancy rate varies less throughout the day.

8.2.4 Discussion on Towing Movements and Future Work
Overall, the simulations show that even with a substantial volume of towing movements,
their influence on taxiing traffic remains limited. This effect is smaller than anticipated
based on discussions with ATCOs and operational experts (feedback point 3), suggesting
that towing flows at Schiphol may be less disruptive at the system level than
commonly assumed.

At the same time, the results indicate clear operational benefits: towing additional
aircraft to intermediate parking positions can free substantial capacity of connected stands.
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Figure 8.20: Comparison of occupancy rates in different areas of the airport across the simulated towing operations
from Table 8.7
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Moreover, alternative towing strategies, such as repositioning aircraft to unoccupied stands
on a nearby platform, could further shorten towing durations relative to the scenarios
modelled here.

Several limitations highlight the need for further research. First, the simulations
assumed uninterrupted towing operations with fully available resources. How towing
delays, resource shortages, or mid-movement disruptions propagate into taxiing
performance remains uncertain and requires further investigation. Second, applying
the analysis to other major airports, which have different taxiway structures, traffic
mixes, and towing regulations, will be essential to assess how far these insights extend
to other airport environments and operational constraints. Only then can the operational
advantages of increased towing operations be weighed against the practical challenges
encountered in real-world ASM Ops.

8.3 Evaluating Operational Model Variations
In the final part of this chapter, we evaluate the impact on performance that operational
model variations pose. First, an overview of the simulated model variations is provided in
Section 8.3.1. We then analyse the impact on the taxi times and distances (Section 8.3.2),
and on the infrastructure occupancy rates (Section 8.3.3).

8.3.1 Overview of Simulated Model Variations
Table 8.8 lists the different model variations that are compared in the subsequent sections.
Since Section 8.2 did not show a significant influence of towing operations, we use the same
model as evaluated in Section 8.1.3 as baseline to which the other model variations will be
compared to.

Table 8.8: Overview of simulated model variations

model name speed limits takeoff separation scheme

baseline ṽhist ICAO-WTC
vMed+RCT ṽhist RECAT-EU
vMax+WTC vmax ICAO-WTC
vMax+RCT vmax RECAT-EU

Referred to as ‘vMed+RCT’, we exchange the minimum takeoff separation based on
ICAO-WTC with values listed in Table 8.3 with the minimum wake turbulence separations
following the RECAT-EU scheme² [133]. Using the historical separations from the 48 h
flight schedule, Figure 8.21 shows the distributions per combination of the wake turbulence
categories of RECAT-EU. The red lines denote the respective minimum time separations.
Interestingly, multiple consecutive takeoffs had smaller temporal separations than 60 s,
indicating that ATCOs might allow shorter separation times in real-world operations than
the minimum assumed here.

²Note that the RECAT-EU categories do not align with the ICAO aircraft types. As a rule of thumb,
ICAO-B 7→ CAT-E, ICAO-C 7→ CAT-D, ICAO-D 7→ CAT-C, ICAO-E 7→ CAT-B, ICAO-F 7→ CAT-A, despite not
being a one-to-one match.
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Figure 8.21: Temporal separation of consecutive takeoffs in historical data, grouped by RECAT-EU categories [133];
the minimum separation times for the respective RECAT-EU combinations of consecutive takeoffs is indicated by
the red lines

For model variations using this separation scheme, we assume that the standard
instrument departure (SID) routes are optimised so that aircraft taking off consecutively
are always able to follow diverging SID routes. As a consequence, an additional takeoff
separation is only required for intersection takeoffs, for which we use 1min akin to the
ICAO-WTC scheme.

To assess the impact of the speed limits, we use progressive limits in the model
variations ‘vMax+WTC’ and ‘vMax+RCT’. The progressive speed limits follow the
maximum values defined in Table 8.1 for the different taxiway areas marked in Figure 8.3.
To calculate respective speed limits along curved taxiway segments, the maximum lateral
accelerations alat,max from Table 8.2 are used. Note that the model ‘vMax+RCT’ is closest to
that analysed in Chapter 6, which showed potential taxi time improvements of up to 30 %.
However, that model did not use calibrated speed limits and A-CDM milestones, and did
not assign the runway entries and exits based on the historical track data.

8.3.2 Impact on Taxi Times and Distances
Across all model variations, the effects on taxi distances remained insignificant. In contrast,
the model variations affect the taxi times in different ways, as discussed in the following.
To this end, Figure 8.22 shows the taxi time distributions per runway-strip for each of the
model variants.

In comparison to the baseline model, using the RECAT-EU scheme does not have
an impact on arriving flights. For departing flights, the average taxi times reduce by
approximately 10 %. Furthermore, the taxi times vary notably less, as indicated by the
decrease of the interquartile range marked by the boxes in Figure 8.22.

Both models with progressive speed limits showed coherent reductions in taxi times
of arriving flights by approximately 25 %. When combined with ICAO-WTC (model
‘vMax+WTC’), similar taxi time reductions of departing flights are achieved as the shift
from ICAO-WTC to RECAT-EU under unchanged speed limits (model ‘vMed+RCT’).
However, the impact of increasing the speed limits is highest for runway 18R/36L due to
its far distance from Schiphol’s centre, with average taxi times decreasing by 18%.
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Figure 8.22: Box-and-whisker plots of taxi time distributions for arriving and departing flights per runway-strip

Combining the RECAT-EU scheme with progressive speed limits (model ‘vMax+RCT’)
shows the largest benefits. In comparison to the baseline model, the average taxi time
reduces by 20 % to 25 % across the different runways. Like ‘vMed+RCT’, the taxi times also
vary less between flights.

8.3.3 Impact on Infrastructure Occupancies
Figure 8.23 shows the occupancy rates over time for departing flights on runways, traffic on
inner and bay area taxiways, as well as the combination of all stands. Like Figure 8.16, all
lines represent moving averages with symmetric 30min window sizes, and are smoothed
using a linear Savitzky-Golay filter. In the following, we discuss the impact of the model
variations with respect to the baseline model, which was compared to the historical
operations in Section 8.1.3.

In line with expectations, when shifting from the ICAO-WTC to the RECAT-EU
separation scheme, the required minimum time separation reduces from up to 90 % to 70 %,
and thus decreases the occupancy rates of the runways. In contrast, changing the speed
limits has a negligible impact on the occupancy rates. The runway throughput is thus
primarily determined by the necessary separation between takeoffs, while the required taxi
time to arrive at runways does not play an important role.

In contrast, the largest effects on the occupancy rate of the inner taxiways is visible
for the model variants with progressive speed limits. In the model ‘vMax+RCT’, the inner
taxiways are generally less occupied throughout the 48 h simulated operations than the
baseline model. Interestingly, the occupancy rate reduces especially on the second day, and
remains thus closer to that of the first day, with maximum values remaining below 8%.
While switching the takeoff separation scheme has a negligible effect on the occupancy
rate of the first day, especially the peaks visible during the second day are reduced in the
models using the RECAT-EU scheme with respect to those that use the ICAO-WTC scheme.
In comparison, the occupancy rates of the bay areas and the stands show only small and
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Figure 8.23: Comparison of occupancy rates in different areas of the airport across the simulated model variations
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negligible changes, respectively, across the simulated model variations. This indicates that
improvements to both the takeoff separations as well as the average taxi speeds lower the
congestion of the main taxiways, while the use of stand holding to deconflict trajectories
remains unaffected.

8.3.4 Discussion on Model Variations and Future Work
The results indicate that reducing minimum takeoff separations has a pronounced
effect on runway occupancy rates and, consequently, on the upstream queues on the
connected taxiways. At airports where stands are located close to the active runway, such
improvements could substantially mitigate local congestion and stabilise taxi-out flows.
These findings underline the strong coupling between departure-sequencing policies and
surface-movement performance, suggesting that even modest adjustments to separation
rules can lead to system-wide benefits.

The analysis also shows that enabling aircraft to operate closer to the feasible speed
limits of different taxiway areas offers further performance gains. Supporting pilots
through tailored 4D trajectory guidance or real-time speed advisories could help achieve
these higher, yet operationally realistic, speeds. Nevertheless, any form of advisory or
trajectory-based guidance must be designed to preserve safety margins under varying
visibility, surface conditions, and traffic densities, highlighting the need for operational
trials and human-in-the-loop assessments. Moreover, future research should explore how
data-driven techniques could help to provide predictive digital-twin support to both pilots
and ATCOs.

Taken together, the variations analysed here illustrate that substantial efficiency gains
on the airport surface may be attainable through relatively targeted adjustments. However,
translating these results into operational practice requires careful evaluation of safety
constraints, human factors, and implementation feasibility.

8.4 Conclusion
This chapter calibrated and extended the multi-agent system model for airport surface
movement operations defined in Chapter 3, addressing key realism gaps identified by
operational experts. Using Amsterdam Airport Schiphol as a case study, we projected
historical trajectories to calibrate aircraft dynamics, incorporated towing movements,
and examined selected operational variations related to takeoff separations and taxi
speed limits.

The findings highlight that runway processes remain the dominant constraint on
airside operations at Amsterdam Airport Schiphol: even with reduced takeoff separations,
runway occupancy rates stay high relative to those on taxiways, bay areas, and stands. In
contrast, connected stand capacity can be increased effectively through additional towing.
Notably, under the simulated centralised coordination scheme, even large volumes of
towing movements did not degrade taxiing performance. The projected trajectories further
indicate that higher taxi speeds are achievable in many areas of the airport, and both
progressive speed limits and improved takeoff separations showed performance gains of
around 10% each.
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Collectively, the results demonstrate how combining detailed trajectory analysis
with a high-fidelity MAS model can reveal where operational bottlenecks arise, which
adjustments offer meaningful efficiency gains, and where common assumptions may
overstate system-level impacts. Although the study focused on Schiphol, the insights
regarding runway dominance, towing effectiveness, and realistic speed profiles are relevant
to other major airports seeking to enhance the efficiency and predictability of their
airside operations.

This chapter concludes the validation phase of the thesis (Chapters 6 to 8) by
addressing RQ 6 through model calibration based on historical trajectory data
and RQ 7 through the explicit representation of towing operations. The next
chapter turns to the exploration phase by exploring human–automation interactions.
Building on the validated capabilities of the MAS model developed throughout
the thesis, it explores how interaction mechanisms and interface concepts can be
embedded from the technical point of view into the MAS model to enable operator
involvement. As such, these demonstrations are intended to establish technical
feasibility and to outline directions for future human-in-the-loop evaluation, rather
than to provide validated evidence of human performance effects.



9
Towards Human–Autonomy Teaming

EASA and SESAR JU have published complementary roadmaps for a transition towards
an increasingly automated (and, where appropriate, AI-enabled) air traffic management
system. Their long-term vision of advanced automation aligns with the work reported
in the preceding chapters, which investigated multiple operational concepts for
fully-automated airport surface movement operations (ASM Ops) using the multi-agent
system model introduced in Chapter 3. Real-world deployment, however, requires such
automation to be embedded in a socio-technical context in which human operators can
interact with the system effectively.

In the context of the SESAR JU project ‘ASTAIR – Auto-Steer Taxi at Airport’, workshops
and interviews with operational stakeholders were conducted to elicit operational
requirements and preferred interaction patterns for automation-supported surface
operations. Building on these inputs, this chapter explores how such requirements
can be represented and implemented within the MAS model to enable effective
human–automation interactions. In the first part, a conceptual agent-based framework
is presented in which a set of interactive tools allows human operators to query,
inspect, and influence the automated planning process. Selected interaction use cases –
derived from the stakeholder workshops and historical data – are then demonstrated
through the lens of a fictitious air traffic controller at Amsterdam Airport Schiphol.
The resulting demonstrations provide an implementation-oriented basis for discussing
broader considerations of human–automation interactions in next-generation ASM Ops.

169
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This chapter is based on the following publication:

M. von der Burg and A. Sharpanskykh, ‘Exploring human-automation interactions in next-generation
airport surface movement operations: An agent-based modelling approach’, in SESAR Innovation Days
2024, Rome, Italy, 2024, pp. 1–9. doi: 10.61009/SID.2024.1.11.

https://doi.org/10.61009/SID.2024.1.11
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T he air transport industry faces the dual challenge of rising passenger demand and the
requirement to reach net-zero emissions by 2050 [161]. At large airports that play a

vital role in the air transport system, these challenges are exacerbated as infrastructural
expansions are insufficient to facilitate the predicted growth [8]. Rising airport congestion
may reduce the predictability of an aircraft’s taxi time, i.e. the duration an aircraft spends
travelling over the airport surface between the runway and its stand. This may impact
not only the individual flight but may also cause knock-on effects on the network [10].
Moreover, the workload for Air Traffic Control Officers (ATCOs) may increase [9], which
can in turn reduce the operational efficiency.

Increasing the level of automation is seen as one viable solution: towards 2050 and
beyond, both EASA and SESAR JU define a vision and roadmap to eventually reach
highly-automated air traffic management, i.e. Level 3 in EASA’s AI roadmap [18], or
Level 4–5 in the roadmap of SESAR JU [145]. Previous SESAR projects investigated how
to increase the efficiency and predictability of taxiing operations through automation
[139], [140]. Furthermore, aircraft manufacturers are developing technology for allowing
airplanes to taxi autonomously [181].

In the preceding chapters, a detailed, computational multi-agent system (MAS) model
for fully-automated airport surface movement operations (ASM Ops) was created. The
model and its underlying path planning algorithm were implemented and tested in
Python (Chapters 3 to 5). Furthermore, the operational consequences for different
concepts of fully-automated ASM Ops were assessed (Chapters 6 to 8). However,
in real-world implementations of automated systems, humans will nonetheless play
a crucial role: the automation needs to be maintained and extended by developers,
and human operators must oversee that it continues to function as expected and
intervene if necessary. Human operators and automated systems must thus interact with
each other seamlessly and effectively, motivating EASA’ Level 2 which is centred on
human–autonomy teaming (HAT).

HAT can be viewed as a specific class of human–automation interaction (HAI),
comprising the observable exchanges through which operators and automated systems
share information and authority. As such, HAI provide the foundational mechanisms
upon which human–autonomy teaming can be built. Teaming, however, is not implied
by interaction alone – it emerges only when these mechanisms support higher-order
properties such as shared goals, mutual predictability, and coordinated decision-making
[182], [183]. In the context of ASM Ops, this interaction layer, i.e. how controllers
access, interpret, and influence automated planning, is particularly critical: effective
teaming presupposes interaction mechanisms that enable transparency, predictability, and
appropriate allocation of authority between human and automated agents [23], [24].

In comparison to current ASM Ops, the tasks of human operators will change:
the horizon of decision-making moves towards the tactical and strategic levels, as the
operational level is managed foremost by automation, like sending 4D trajectories and
clearances automatically to (auto-)pilots. The interaction must be designed to reduce
the cognitive load on human operators by automating routine tasks and providing
decision support. However, it must also ensure that operators remain engaged and
informed to prevent skill degradation and ensure quick, effective intervention when
necessary [31], [184].

The SESAR JU project ‘ASTAIR – Auto Steer Taxi at AIRport’ aims to develop interactive
tools and adaptive AI algorithms to enhance the efficiency, safety, and sustainability of
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ASM Ops [35]. In the project’s context, workshops and interviews with human operators
from three different airports (IATA: AMS, CDG, FRA; ICAO: EHAM, LFPG, EDDF) were
carried out to determine requirements and desirable interactions between humans and
automated systems within ASM Ops. Despite the different characteristics of the taxiway
networks of the respective airports, the experts recognised the benefits that higher levels of
automation (Levels 2–3) would bring for their operations, some of which being:

• to increase the shared situation awareness [185] between multiple human
operators as well as their interactions with automated systems, e.g. by providing
better estimates of the engine-start times, or by keeping track of as well as
managing clearances;

• to optimise e.g. the selection of a suitable holding point, the time point to cross an
active runway, or the pushback procedures;

• to improve safety, e.g. by prohibiting accidents between service vehicles and aircraft
at intersections.

Based on the discussions, regular occurring and characteristic situations were synthesised
into use cases that are further studied in the project [63].

This chapter explores how the findings from the stakeholder workshops and interviews
can be embedded into the automated multi-agent system and its path planning algorithms.
Importantly, and consistent with the thesis-wide scope, the explored cases aim to illustrate
their technical implementation into the MAS model, rather than to provide validated
evidence from human-in-the-loop studies. Moreover, although human–automation teaming
is acknowledged as a motivation and long-term goal, it constitutes a research area in its own
right and therefore lies beyond the scope of the explorations presented in this chapter.

In the following, the conceptual agent-based framework to enable human–automation
interactions is introduced, and the related interactive tools are outlined that allow human
operators to examine and manipulate the planned paths (Section 9.1). In Section 9.2,
different exemplary interactions between ATCOs and the MAS are presented, motivated
by the workshop results. After introducing each case, the interaction is described in terms
of how it was modelled and implemented in the multi-agent system context, followed by a
discussion of its broader applicability within ASM Ops.

The cases are based on the 48 h of historical data that was analysed and used in the
studies of the preceding chapters. The interactions were embedded into the MAS model
and executed in scripted simulations by injecting operator inputs at predefined time steps
during runtime, rather than disclosing them to the agents in advance. This enabled to verify
that the MAS model can accommodate such interventions and respond effectively to ensure
operational efficiency and safety. Under the assessed cases and simulation conditions, no
closed-loop instabilities were observed.

Nonetheless, the presented cases remain exploratory. Many issues such as the
aforementioned instabilities, appropriate scope of shared information in accordance
with the urgency of a given situation, and runtime limitations of the decision-support
algorithms can only be investigated in dedicated human-in-the-loop experiments. Given
the breadth of open questions, only selected directions for future work are motivated at the
end of this chapter.
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9.1 Agent-based Model of Human–Automation
Interactions

This section outlines the schematic agent-based framework of human–automation
interactions in the context of ASM Ops, which is visualised in Figure 9.1. As main operator
roles within ASM Ops, the ATCO and the Pilot are shown on the left-hand side in the
figure. These human operators communicate with others, e.g. ground personnel and airline
staff, to maintain shared situation awareness and to make time-critical decisions. While
the ATCOs act as supervisors in the system, the pilots carry out the commands provided
by the MAS from the preceding chapters of this thesis. The MAS automatically receives
the position and speed of all surface movements, and sends the planned, conflict-free
4D trajectories to the flight decks. To carry out the path planning, the MAS requires
data input such as the flight schedule (FS) and runway configuration (RMO) from the
ATCOs, and provides informative data like the estimated taxi time to them. To separate the
MAS-internal functionalities from the interactive elements, we introduce the Interaction
Agent that handles the interaction between human operators and the MAS. The roles and
tasks as well as the interactive tools are further outlined in the following.

Cockpit

ATCO

MAS

data IO

radio 
communication

Interaction 
Agent

queries for 
reasoning

interactive 
tools

information 
exchange

4D-trajectory
+ monitoring

Figure 9.1: Schematic agent-based framework of human–automation interactions for airport surface movement
operations

9.1.1 Role of the Human Operators
In general, human operator refers to any person acting within the ASM Ops, such as
ATCOs, pilots, airline staff, or ground personnel. While human operators interact among
each other, they can obtain relevant information from the MAS model, and interact with
the Interaction Agent to get an overview of the upcoming traffic situation, update data
inputs and predictions, or seek decision-support. The ATCOs interact most extensively and
with varying degree of complexity with the Interaction Agent to fulfil their responsibility of
ensuring safe and efficient ASM Ops. Accordingly, this chapter focuses primarily on their
interactions with the MAS model.
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In contrast, the (auto-)pilots primarily carry out the commands given by theMAS.While
pilots will likely remain in control of the aircraft during taxiing in the mid-term, auto-pilot
systems may eventually take over the nominal control of the aircraft to follow the 4D
trajectories, which the MAS sends via an appropriate datalink system to the flight decks. In
general, the pilots can obtain any relevant information by interacting with the Interaction
Agent. Likewise, they can update aircraft-related data like the required engine-start time,
which the MAS then accounts for when planning the aircraft’s trajectory.

The pilots shall contact the ATCOs via radio for urgent matters, and can also pose
non-critical requests. Allowing for such direct communication between ATCOs and pilots
within the interaction framework does not only ensure quick response times in urgent
situations, but was also seen as providing job satisfaction in interviews with operational
experts. In the long term, the non-critical human-to-human communication could shift
further towards human–automation interaction, provided that the deployed AI system will
have gained the required additional capabilities to process such context-specific requests.

9.1.2 Role of the MAS

Based on the A-CDM milestones as well as the data provided by the ATCOs, the
MAS calculates conflict-free 4D trajectories for all surface movements using the routing
algorithm outlined in Chapter 4. The multi-agent motion planning algorithm sets priorities
between the aircraft to deconflict their concurrent routes, and accounts for their shapes and
kinematic properties. The 4D trajectories are sent to the flight decks, and are automatically
updated if necessary. Based on the automatic position and speed updates of all surface
movements, the MAS also monitors that the planned trajectories are executed as instructed.
When deviations occur, the MAS adjusts the routes where possible to minimise the impact,
and alternatively replans the routes of the affected aircraft.

In the non-nominal case that it cannot find a viable solution, it requests the ATCOs to
step in and resolve the situation, for which the MAS provides any decision-support needed.
Besides the regular path planning according to the flight schedule, the MAS can also provide
decision-support by calculating paths between specific points in the taxiway layout of a
single or multiple aircraft. As such, it can be queried to obtain alternative routing options
for one aircraft, or to test the effects that pending decisions would have on the overall traffic.

9.1.3 Interaction Agent and its Interaction Tools

The Interaction Agent acts as intermediary between any human operator and the MAS
by providing interfaces and interactive tools. Rather than requiring operators to select the
appropriate tool for a given situation, the Interaction Agent is designed to infer the intended
functionality from their inputs, with the tools ensuring ease-of-use. The Interaction Agent
as well as the MAS are assumed to work reliably so that human operators have sufficient
trust in them. Furthermore, human operators are assumed to have sufficient training to
use the interactive tools effectively. The relevant tools used in the interaction examples in
Section 9.2 are outlined in the following, for which Figure 9.2 provides an overview.
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Figure 9.2: Overview of interaction tools for co-design of routes and decision-support provided by the Interaction
Agent

Updating Flight Schedule
Aircraft start and goal locations, as well as start times, are obtained from the flight schedule
(FS), based on the A-CDM milestones and inputs from human operators. The ATCOs can
update FS entries when new schedule information becomes available.

Modifying Activity Sequence
Per aircraft, the MAS creates an activity sequence to account for the different operations,
e.g. following a specific path for pushback, travelling to and holding at a holding point, etc.
The ATCOs can adjust this sequence and its elements: they can for instance change the
pushback path that must be followed, or the required holding duration. Likewise, data such
as the estimated engine start-up duration is stored within the activity sequence and may be
altered by human operators.

Adjusting High-level Parameters and Setting Constraints
The ATCOs can set and adjust various high-level parameters. These affect the path planning
of all, a group of, or certain aircraft, and are valid for an extended period of time.
Examples are:

• adjusting the conformance level to ATC procedures, further discussed in Section 9.2.1;

• blocking certain taxiway segments for maintenance work;

• adjusting the speed limits in general or in certain areas such as bay areas e.g. due to
adverse weather conditions;

• setting general priority levels between aircraft groups, e.g. between arriving and
departing aircraft.

Moreover, ATCOs can set constraints for specific aircraft that have a direct impact on their
route. While some are valid for the entire taxiing, others are timed, i.e. issued for a specific
duration. Examples are:
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• constraining the start or goal location in case an aircraft shall leave before or arrive
after a certain time point;

• selecting a certain location to be passed during taxiing, affecting the aircraft’s activity
sequence;

• assigning a specific priority relation between two aircraft, i.e. one has right of way
over the other.

Fast-forward Simulation with/without Change-overlay

The MAS plans the 4D trajectories ahead of time, and deconflicts all routes within a
pre-defined planning window. Thus, the ATCOs can inspect how the traffic will evolve
in the upcoming period through a fast-forward simulation. The aircraft are categorised
into one of six ICAO-types with coloured circles indicating the associated type sizes as
shown in Figure 9.3 a). A cyan-coloured tug symbol indicates that a pushback tractor is
coupled to the aircraft. A colour scheme is used to indicate the predicted engine status, with
the aircraft colour being green when engines are switched off, orange during engine-start,
and red when they are running. These symbols and colours are illustrated in Figure 9.3 b).
As additional functionality, any aircraft path can be overlaid on the visualisation, with
the executed segment shown in a darker shade and the remaining segment in a lighter
shade of the same colour as the circle surrounding the aircraft whose route is displayed. As
example, Figure 9.3 c) shows the blue and orange trajectories. Furthermore, the differences
between two routing plans can be highlighted with a change-overlay: one or multiple
previous/inferior route alternatives are depicted by ‘shadow-aircraft’ that are connected
with a grey line to the new/superior solution.

Calculation of SAMP Routes

The MAS can calculate single-agent motion planning (SAMP) routes to quickly assess
different routing options. These routes show the fastest possible paths that account for all
relevant constraints, but are not yet coordinated with other traffic.

Calculation of MAMP Routes

Like the regular path planning, the MAS can also calculate alternative multi-agent motion
planning (MAMP) routes based on altered input data, updated activity sequences, or
changed high-level parameters or constraints like those mentioned above. However, to
generate conflict-free trajectories for the selected set of vehicles, more computational time
is needed than for calculating alternative SAMP routes.

Adjusting Support Level

The ATCOs can adjust the level of the notifications and decision-support provided by the
Interaction Agent. With a high support level, the Interaction Agent carries out various
analyses (see second example in Section 9.2.3) and prompts the ATCOs to take action.
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Figure 9.3: Illustration of fast-forward simulation with a) providing an overview of the symbols and colours, b)
example without change-overlay, and c) example with change-overlay
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9.2 Modelling and Implementation of Human–MAS
Interactions

In the following, the abilities of the MAS to engage in interactions with humans using
its interaction tools are demonstrated. A general motivation is provided, followed by
illustrative use cases and a technical description of how such interactions can be modelled
and implemented in the multi-agent system context. To make the cases more tangible, the
narrative follows the fictitious air traffic controller Anne through her shifts at Amsterdam
Airport Schiphol. Anne is assumed to be an experienced ATCO who has received sufficient
training to use the interaction tools effectively. In addition to the technical elaboration,
the broader applicability of the presented interaction mechanisms for any human operator
within ASM Ops is discussed.

9.2.1 Case ‘Conformance to Taxiway Procedures of ATC’
Motivation
In present-day operations, ATCOs use procedures and rules to create aircraft flows through
the taxiway system. At Amsterdam Airport Schiphol, the main taxiways TWY-A, TWY-B,
TWY-C, and TWY-D are used primarily in one direction as marked in Figure 9.4. However,
ATCOs may deviate from these taxiway procedures on their own discretion. In historical
data, most aircraft indeed follow the standard flow direction, with a few exceptions, for
example to pass another aircraft that is holding on a taxiway to start its engines. For
fully-automated operations, adhering to such procedures is not necessary, and paths could
be optimised without such constraints, increasing the operational efficiency. However, such
free-flow routes may not be comprehensible for human operators, especially when the
traffic is dense. Furthermore, should the automation fail, the human operators may not be
able to resolve and continue the operations. As previous studies showed, the conformance
to procedures can improve ATCO acceptance, especially during the introductory phase
of a new decision-support tool [186]. Accordingly, to enable meaningful routing support
provided by the MAS model, the ATCOs must be able to adjust the conformance level to
taxiway procedures of the path planning, as explored in the following.

Figure 9.4: Standard taxiway flow directions as part of ATC procedures at Amsterdam Airport Schiphol
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ATCO–MAS Interaction
Anne starts her shift in low traffic levels, and feels comfortable overseeing the operations
with path planning having a low conformance to ATC procedures, and thus sets a
low conformance level. A couple of hours later, with traffic increasing, she raises the
conformance to a high level, and the MAS takes the new setting into account in the
subsequent planning rounds. The trade-off between conformance level and solution quality
is discussed below.

Technical Elaboration
The standard taxiway flow directions visualised in Figure 9.4 must be known to the MAS.
The conformance to these taxiway procedures of ATC can then be adjusted by changing the
associated cost of traversing a taxiway segment cseg during path planning, by multiplying
it with a cost factor cTWY,seg :

cseg = (ttaxi + cd · dtaxi)seg · cTWY,seg (9.1)

with the taxi time ttaxi and taxi distance dtaxi along that segment. cd = 0.1 s/m to convert
the distance to unit time. For example, when cTWY = 5, it is five times more expensive
to traverse that taxiway segment in comparison to one with cTWY = 1 for identical taxi
time and distance. Since the sum-of-cost is minimised during path planning, non-standard
taxiway flow directions that are assigned higher values for cTWY are less likely chosen.

To analyse the impact of cTWY on the conformance level, its sensitivity is analysed by
varying cTWY between 1 to 5 with the two days of operational data used in the preceding
chapters. As shown by the red lines in Figure 9.5, the number of traversing taxiway
segments in the non-standard direction sharply decreases for higher values of cTWY. With
cTWY > 1.2, the path planning of the MAS adheres more to the standard taxiway flow
directions than the paths taken in the historical operations (black lines). However, higher
values of cTWY cause the path planning to be more constrained, leading to a slight increase
in taxi times as shown by the box-and-whisker plots per runway in Figure 9.6. Nonetheless,
the delay patterns presented in Chapter 6 remain unaffected by changes in the adherence
to the taxiway procedures.

Discussion
In the future, instead of letting the ATCOs set the conformance level manually, they could
opt for letting the MAS do so dynamically, e.g. based on the number of flights to be routed
in each planning round and the learned preferences of ATCOs. Moreover, other high-level
routing parameters could be adjusted as well, for example:

• Setting default priorities, e.g. between arrivals and departures or between aircraft
and ground vehicles: giving higher priorities to a certain group will tend to decrease
their taxi times. Nonetheless, the ATCOs can deviate from these default priorities by
assigning a specific priority-value to any vehicle.

• Setting the general speed limit for the entire taxiway system or certain areas like the
bay areas, foremost dependent on the weather situation. Potentially, a data-driven AI
subsystem could pose recommendations based on historical weather patterns.

• Setting the minimal or maximal duration that an aircraft holds at a remote holding
location. This will impact the decision-support provided by the MAS, e.g. for arriving
aircraft whose stand is still unavailable for a certain duration.
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9.2.2 Case ‘Departing Aircraft is Delayed’
Motivation

In real-world airport operations, delays frequently arise out of various reasons, and must be
dealt with. When planning the taxi routes of aircraft, delays occurring prior to the predicted
start of the route can be counteracted by updating the prediction and replanning the route
accordingly. Many delays may remain unknown to automated systems, and updating the
predictions may require coordination among human operators as well as their expertise
and problem-solving skills. Therefore, to achieve effective human–automation interactions,
such changes and prediction updates must be steadily supplied to the MAS. In the following,
one such example is explored.

ATCO–MAS Interaction

Ten minutes prior to the planned pushback time of AC-1, ATC is informed by the ground
handler that multiple passengers have not boarded yet, delaying the ready-time by at
least six minutes. Anne updates the flight schedule of AC-1 accordingly, and the MAS
automatically replans all affected routes.

Technical Elaboration

All routes of aircraft are based on the flight schedule: per flight, the respective start point
and time as well as the goal location are extracted from it when forming its activity
sequence. The corresponding activities are updated when flight schedule entries change.
The updates are then accounted for when the MAS replans the routes of all flights that
are or will be taxiing within the planning window. If necessary, the replanning can also be
triggered rule-based or manually. In the example, the target off-block time as start time of
the route is updated.

Discussion

In a similar way, any adaptations to the flight schedule are handled, e.g.:

• Assigning a new stand to an arriving aircraft: the goal location in the activity
sequence is adapted.

• Allocating deicing to a departing flight in winter conditions: intermediate activities
are inserted into the sequence that demand the aircraft to taxi to one of the deicing
locations at which it has to hold for a specific time to receive the deicing.

• Changes to the takeoff slot assigned by Eurocontrol (i.e. CTOT-slot): the constraining
time to be at the runway is adjusted, potentially also affecting the holding time at the
stand and/or remote holding location.

In general, any flight schedule change may lead to knock-on effects, e.g. trigger a stand
conflict (i.e. the delayed departing flight is blocking the stand that an arriving aircraft is
assigned to) that have to be resolved as well. This may entail further interactions between
the MAS and the human operators. However, as such interdependent effects occur mostly
after the original cause, there is likely more time for the human operators to request and
act upon recommendations from the MAS or make informed decisions to resolve them.
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9.2.3 Case ‘Alternative Pushback Path’
Motivation
At Schiphol, the standard pushback and push-pull paths dependent on the aircraft types are
defined in the airport manuals for all stands (see [153]). We integrated these paths in the
airport layout and use them as part of the activity sequence for outbound flights. However,
based on the historical data as well as on interviews with operational experts, it can be
concluded that the ATCOs deviate from these standard pushback procedures in around 20%
to 30 % of times to further optimise the flows and taxi times of the involved aircraft. Thus,
the MAS must accommodate to receive and process such informed changes based on the
experience of the ATCOs. In the following, two examples are explored that showcase how
such ad-hoc changes are dealt with in the MAS model.

ATCO–MAS Interaction – Part 1
The amount of traffic is low, and Anne decided to lower the level of support provided
by the Interaction Agent. Using the fast-forward simulation, she checks how the traffic
will likely evolve around bay area D. She notices that in around 5min the departing
aircraft AC-2 will start its engines in a location that blocks the stand entry for the arriving
aircraft AC-3 for multiple minutes, with another aircraft at the neighbouring stand likely to
request pushback clearance (Figure 9.7a). From her experience, she knows that a longer,
non-standard pushback of AC-2 further into the bay area is unproblematic, allowing
AC-3 to enter the stand faster. In turn, the bay area would be freed faster, which might
also allow the other aircraft to start its pushback earlier. Thus, she is confident that the
longer pushback of AC-2 will improve operational efficiency, and she manually adapts its
pushback path. She then queries the MAS to compute alternative MAMP routes for all
involved aircraft. After reviewing the pending changes to the aircraft trajectories using the
fast-forward simulation (Figure 9.7b), she accepts the proposed new routing plans.

Technical Elaboration – Part 1
By specifying a longer pushback path, the activity sequence is automatically updated:
during the pushback activity, the aircraft must follow the new path. While the changes are
still pending the acceptance by the ATCO, the Interaction Agent keeps the original MAMP
solution, and the original as well as the new activity sequences in cache. When queried
by the ATCO, it replans the potential routes of all agents using the new activity sequence
of the departing aircraft AC-2. Once the new solution is accepted by the ATCO, the MAS
automatically sends the new routes to the affected aircraft.

ATCO–MAS Interaction – Part 2
With higher traffic load, Anne has increased the level of support provided by the Interaction
Agent. She receives a notification from it to review upcoming routing plans for aircraft
departing from bay area D/E as visualised in Figure 9.8: by following the standard pushback
path, AC-4 (blue route) will be trailing AC-5 (green route), followed by AC-6 (orange
route). This will cause delays for both AC-4 and AC-6. Since other traffic is not involved
as validated with the fast-forward simulation, Anne changes the pushback path of AC-4
so that the aircraft can leave the bay area directly after engine start. She lets the MAS
calculate the adaptedMAMP routes (Figure 9.8b). The Interaction Agent notifies Anne that
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Figure 9.7: Fast-forward animations of a) the original trajectories for which the stand entry is blocked for AC-3,
and b) the adapted routes when AC-2 uses a longer pushback path allowing AC-3 to enter the stand

the alternative routes result in an improved runway sequence (Figure 9.8d), reducing the
taxi times of AC-4 by 2:40 and AC-6 by 1min. Anne accepts the changed routes.

Technical Elaboration – Part 2

By increasing the provided level of support, the Interaction Agent automatically carries
out various analyses of the concurrent routes to find those that likely profit from manual
changes. In the case above, the two aircraft AC-4 and AC-6 are delayed in the same bay
area due to having lower priority than AC-5, which hints at a possibility to improve the
flow by manual changes. Akin to Part 1, the input of the ATCO leads first to an update
of the activity sequence and second to a recalculation of the trajectories. The Interaction
Agent then identifies the core changes as described above and lets the ATCO validate the
new routes by animating the changes.

Discussion

The MAS stores the non-standard pushback paths per stand. Over time, and dependent on
the chosen level of decision-support, the MAS can then automatically suggest a limited
number of pushback alternatives, after having analysed that the impact on other traffic is
minimal. Still, the ATCO will need to validate and accept the suggested change. Eventually,
when a high level of automation is chosen, the MAS can incorporate these alternative
pushback paths directly in the route optimisation, reducing the workload of the ATCO to
review the suggestions.
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9.2.4 Case ‘Unavailability of Stand’
Motivation

The stands form one of the bottlenecks in the capacity of airports, and the aircraft stand
allocation is a manifold problem of its own. Due to delays, arriving ahead of time, or
allocation constraints among others, a stand may still be occupied by another aircraft
at the time that an arriving aircraft could enter it. The route of the arriving aircraft
must thus be adapted. Such cases are visible in the historical data, but were also raised
in interviews with experts as both a common operational challenge and interesting use
case for airside automation. In the following, an interactive example is presented to
illustrate how stand unavailability can be resolved using the agent-based framework of
human–automation interactions.

ATCO–MAS Interaction

Shortly before the flight AC-7 is landing at Schiphol’s runway 06, Anne is informed by the
ground handler that the chosen stand D04 is blocked / unavailable for another 20min. Since
the aircraft is landing soon, the MAS has already planned a conflict-free route. The ATCO
displays the planned route (path displayed in Figure 9.9a), and notices that the aircraft
would arrive approximately 15min too early at the stand. First, Anne places a pending
goal-constraint at the stand D04 for the blocked time period, and requests the Interaction
Agent to compute initial alternatives without accounting for other traffic, i.e. SAMP routes.
The Interaction Agent displays three initial solution strategies: (1) assign an alternative
stand to the aircraft (path b), (2) let it hold at one of the remote holding points (path c),
and (3) let the aircraft take a detour along TWY-B and TWY-A with minimum taxi speed
(path d).

a) c) d) e)b)

holding
     point

holding point

Figure 9.9: The stand of an arriving aircraft is unavailable: SAMP paths of a) original route, b) rerouting to
a different stand, c) holding at a remote holding point, d) detour with minimum speed, and e) holding at a
non-standard holding point

With these options in mind, Anne uses the fast-forward simulation to get an
impression of the traffic situation in the upcoming 30min. In turn, she disregards all three
options: the alternative stand (1) is in another bay area and will likely not be acceptable for
the airline, all remote holding points (2) are already occupied and would require extensive
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changes to the routes of other aircraft, and she deems (3) to be impractical given the amount
of traffic in the upcoming period. From her experience, Anne knows that the aircraft could
alternatively hold in bay area C/D¹. She selects the chosen point as non-standard holding
location at which AC-7 shall hold for 15min, and lets the MAS compute the SAMP route
(path e). After checking her resolution option using again the fast-forward simulation, she
accepts the changes to the activity sequence of aircraft AC-7. The MAS carries out partial
replanning of the MAMP routes and notifies Anne that the changes have taken effect.

Technical Elaboration
Through the goal-constraint, AC-7 is not allowed to arrive at the stand prior to the end
time, which is taken into account as strict requirement during path planning by the MAS.
The Interaction Agent uses a set of options such as rerouting to another stand, or holding at
a remote holding location among others to create appropriate activity sequences and let the
MAS determine the corresponding SAMP-paths. As none of these route alternatives appear
suitable to the ATCO, another activity sequence is created from the inputs provided by the
ATCO: the chosen holding location is added as intermediate goal at which the aircraft must
wait for the selected duration. The MAS carries out a partial replanning by deconflicting
the routes of all aircraft that are affected by the new route of AC-7.

Discussion
In a similar manner, the ATCOs can add further constraints as well as additions to the
activity sequence such as passing specific waypoints or waiting durations to any aircraft
route. This enables a co-design of the routes that are then deconflicted by the MAS
using alternative, unconstrained paths and/or speed adjustments. When such non-standard
routing and resolution strategies are used more frequently, the Interaction Agent can learn
to provide these alternatives automatically, and eventually use them to already adapt the
original planning where possible.

9.2.5 Case ‘Emergency demands Aircraft to Return to Stand’
Motivation
Non-nominal situations may occur infrequently, but often require non-standard resolution
strategies. Especially in such situations, the MAS model must provide flexibility in its
provided support as well as its control decisions. In the following, a scenario is assessed
in which a departing aircraft must return to its stand due to an emergency. To stress-test
the path planning algorithm, an example is selected with heavy surrounding traffic near the
bottleneck of TWY-Q (Figure 9.4).

ATCO–MAS Interaction
Aircraft AC-8 is following TWY-Q on its way to runway 36C, when the pilots declare an
emergency via radio call to ATC. They request to be guided back to the stand as fast as
possible. Anne quickly assesses the situation. She updates the activity sequence of the
aircraft and adjusts the priority assigned to the aircraft. The MAS recalculates the MAMP
routes of AC-8 and all affected aircraft accordingly.

¹In the analysed historical data, aircraft frequently hold for multiple minutes at certain taxiway locations.
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Figure 9.10: The blue-circled aircraft declares an emergency: a) shows the original route to the runway, b)-d) its
route back to the stand with the effects on other traffic shown by shadow-aircraft

Technical Elaboration

The activity sequence must be redefined so that the aircraft is not routed further to the
runway, but instead back to the original or alternative stand. Dependent on the emergency
and general traffic situation, the ATCO can adjust the priority of the aircraft in comparison
to other traffic: a high priority yields a fast return route while potentially more traffic is
affected, whereas a low priority potentially lengthens its taxi time but creates minimal
nuisance to the routes of other aircraft. In a range of tested emergency situations, changing
the priority of the emergency-declaring aircraft did not have a significant impact on its own
as well as the trajectories of affected aircraft. This suggests that the routing algorithm is
able to recover to the desired level from such situations. For the default priority, Figure 9.10
shows the original route of AC-8 (a) as well as its route back to the stand (b–d). The effects
on other traffic with respect to the original planning are visualised by shadow-aircraft.

Discussion

In urgent situations, ATCOs could also deviate more extensively from the regular
procedures. For instance, they could let the aircraft turn immediately from TWY-A back
to TWY-B which is usually not allowed since no taxiway centreline exists for this turn.
Moreover, they could let the aircraft stop immediately, order emergency response teams to
it, and reroute all surrounding traffic. We leave the further elaboration of such non-nominal
scenarios to future work.
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9.3 Discussion and Future Work
Presumably, more reoccurring cases will emerge in further discussions and continued
validation with operational experts, likely leading to the identification of new interaction
tools. These as well as other non-nominal situations can then further improve the
decision-support provided by the Interaction Agent and the MAS. Moreover, we plan to
incorporate different degradation modes into the MAS model to handle failures of the
automation and conflict-free routing. A thorough analysis will be necessary to assess the
system’s resilience, to explore how to relay critical information to ATCOs to handle such
failures effectively, and to ensure safe operations in any situation.

As emphasised in the introduction of this chapter as well as the thesis-wide scoping
in Section 1.3, the explored cases aim to illustrate how the interactions between human
operators and the MAS model can be embedded into the decision-support algorithms. As
such, the explored interactions are intended to demonstrate conceptual feasibility rather
than to provide validated evidence from human-in-the-loop experiments. Furthermore,
systematically evaluating the impact on human factors such as workload, stress, situation
awareness, trust, and susceptibility to potential biases constitutes a research area in its own
right, and therefore falls outside the scope of this exploratory work.

Besides observability, the advanced automation concepts underlying the explored
use cases can also facilitate assessment by incorporating transparency and explainability
mechanisms that render the system’s intent, constraints, and reasoning observable by
the operator and, in turn, assessable by researchers. Such mechanisms have been widely
linked to operators’ situation awareness, mental model formation, and appropriately
calibrated trust – particularly when designed to provide the right information without
imposing excessive workload [187], [188]. At the same time, discussions with operational
experts suggested that the time-critical nature of the operational phase in ASM Ops
may leave limited cognitive bandwidth for detailed explanations in the moment. Instead,
once sufficiently trained, operators may prioritise concise, actionable guidance and
consult additional rationale primarily on demand (e.g. during anomalies, handovers, or
when outcomes deviate from expectations). This motivates the need to establish, in the
context of ASM Ops, which forms of transparency are operationally usable and which
are necessary to support human–autonomy teaming in the long term, especially under
non-nominal conditions.

More broadly, we acknowledge that human factors can significantly influence the
decision-making in real-world settings. Thus, future research should also focus on creating
a cognitive and behavioural model of the human operators within the Interaction Agent so
that it can better predict and respond to the mental state of the human operators interacting
with it. With such a model, the Interaction Agent could also aid in keeping the human
operators better engaged and support in maintaining and honing their skills.

9.4 Conclusion
This chapter explored how human–automation interactions in airport surface movement
operations can be modelled and integrated algorithmically into the MAS model on
fully-automated ASM Ops used in the preceding chapters. For this purpose, a schematic
agent-based framework was specified to enable human–automation interactions in
ASM Ops. The interactions between human operators and the MAS model are facilitated
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by the Interaction Agent providing interactive interfaces and tools. By examining use cases
derived from workshops and interviews with stakeholders, this chapter demonstrated how
ATCOs can oversee, influence, and co-design the conflict-free 4D trajectories computed
by the MAS model, ensuring operational safety and efficiency. While the framework
does not yet enable the envisioned human–autonomy teaming, it establishes the essential
interaction architecture upon which such teaming concepts for ASM Ops can later be built.
Nonetheless, as motivated above, substantial further research is required – particularly
through real-time human-in-the-loop experiments – to advance the realisation of effective
human–autonomy teaming in ASM Ops.

Building on the validated modelling and planning capabilities developed throughout
the thesis, this chapter explored how human–automation interaction mechanisms
can be embedded into the MAS to enable operator involvement (addressing RQ 8),
providing an outlook towards EASA Level 2 concepts. The next chapter concludes
the thesis by synthesising the main findings across all research questions, reflecting
on limitations and implications for future ASM Ops, and outlining directions
for further research and development, including dedicated human-in-the-loop
experiments of the interactions presented in this chapter.
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Conclusions

This chapter summarises how the research questions of the thesis have been addressed,
and reflects on the main findings. The discussion revisits the multi-agent system
framework, the AS-MAMP algorithm, and their application to simulation studies at
Amsterdam Airport Schiphol. The chapter also considers the resulting operational
insights and exploratory work on human–automation interactions, before relating the
findings to the overarching research objective and outlining directions for future work.
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A irside operations at major airports are under increasing pressure as traffic demand
grows, environmental constraints tighten, and expectations for safety remain

uncompromised. As emphasised in the introduction (Chapter 1), this thesis concentrates on
airport surface movement operations (ASM Ops). Here, increasing congestion, uncertain
taxiing behaviour, and expanding operational complexity place additional demands on
ATCOs and raise the risk of inefficiencies, increasing workload, and human error. At
the same time, the transition towards more sustainable ground operations, such as the
emergence of engine-off taxiing techniques, require a fundamental rethinking of existing
concepts of operations.

Against this backdrop, advanced automation has been identified by regulators,
researchers, and practitioners alike as a key enabler for future operational improvements
[18], [64], [65], [189]. Yet, no existing modelling framework sufficiently captures the
interrelated processes, heterogeneous actors, and fidelity requirements necessary to
evaluate next-generation concepts for ASM Ops in a realistic and systematic way. The
limitations of current models, which are often tailored to isolated subsystems, specific
operational concepts, or based on simplifying assumptions, create a gap between
innovative approaches and operationally viable solutions. To address this gap, the
overarching objective of this thesis was to design models, methods, and tools to investigate
next-generation concepts of operations for automated and sustainable airport surface
movement operations.

With this goal in mind, the thesis first entered a development phase, in which
a generalised multi-agent system architecture, a MAS model instantiation based on
centralised path planning, and the dedicated Multi-Agent Motion Planning on Airport
Surfaces (AS-MAMP) algorithm were designed. This phase established the conceptual and
computational basis of the proposed modelling framework and evaluated its performance
and sensitivities through fast-time simulations (Chapters 3 to 5).

Building on this foundation, the MAS model was applied in a series of operational
studies, subsumed in the validation phase. These investigations examined the implications
of fully-automated multi-engine taxiing, tug-enabled taxiing, aircraft towing movements,
and used historical trajectory data to calibrate the model so that it closely replicates the
operational conditions (Chapters 6 to 8).

Finally, in the exploration phase, it was investigated how the modelling framework
could support future concepts for human–autonomy teaming. The MAS model was
embedded into a schematic interaction framework, and selected use cases within ASM Ops
were used to demonstrate how such interactions can be represented and probed in the
model (Chapter 9).

The following sections present a reflection on the research questions (Section 10.1),
discuss the findings in relation to the overarching research objective (Section 10.2), and
outline directions for future work (Section 10.3).

10.1 Review of Findings
In this section, the research questions corresponding to the three phases of this thesis are
reviewed and their main findings are discussed.
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10.1.1 Research Questions in Development Phase

In the development phase, the thesis focused on designing and evaluating the underlying
modelling framework (RQ 2) with embedded path planning logic (RQ 3), guided by
modelling requirements for studying next-generation ConOps of ASM Ops (RQ 1).

RQ1 Modelling Requirements

Which modelling requirements must be met when investigating next-generation
concepts of operations using a high-fidelity simulation of real-world airport surface
movement operations?

main findings

• The system model shall:

– accommodate multiple actors with varying but interrelated tasks, complying
with safety standards;

– support differing airport environments, operational goals, and deal with
operational uncertainties;

– use decision-support algorithms that are effective and efficient.

• To allow design freedom, the model architecture must:

– be modular and extensible to support ConOps across varying degrees of
technological maturity, automation, and control centralisation;

– have a hierarchical element, even within distributed system designs, to meet
the strict safety standards of air transport operations;

– support fast-time and real-time simulations, enabling both large-scale
algorithmic studies and human-in-the-loop experiments.

The modelling framework must capture the full operational richness of airport surface
movements to allow drawing meaningful conclusions and recommendations through
model-based decision-support and design-support tools. Models that restrict themselves
to simplifying assumptions or isolated subsystems lack the fidelity needed to evaluate,
compare, and contrast next-generation ConOps across varying degrees of technological
maturity, automation, and control centralisation. Since future ASM Ops will likely
evolve through iterative design cycles, the simulation framework must be modular and
adaptable. At the same time, the safety-critical nature of airport operations requires
hierarchical oversight to guarantee operational integrity, even when exploring distributed
decision-making structures. Combined with the need for both fast-time and real-time
execution, these insights motivated to develop a modelling architecture following the
multi-agent system paradigm, which led to the second research question.
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RQ2 Multi-Agent System (MAS) Model

Using the multi-agent system paradigm, how can the modelling requirements
be addressed to design a realistic simulation model for studying next-generation
concepts of operations?

main findings

• A multi-agent modelling architecture with a flexible, hierarchical-distributed
structure provides a suitable basis for satisfying the modelling requirements and
exploring next-generation ConOps. The proposed generalised architecture offers
design freedom to develop more elaborate and tailored models, while allowing to
reuse the overall simulation environment as well as model components.

The proposed generalised multi-agent architecture is illustrated in Figure 10.1. The
four agent categories (Scheduling Agents, Routing Agents, Guidance Agents, and Moving
Agents) are organised in hierarchical layers. Within each category, multiple agents may
operate and engage in centralised and/or distributed control mechanisms, informed by
communication and coordination within and across the hierarchical levels. Through their
perception, all agents can potentially receive relevant data from environmental objects to
inform their decision-making processes.

MULTI - AGENT SYSTEM

SCHEDULING AGENTS

agent 1 agent N…

ROUTING AGENTS

agent 1 agent N…

GUIDANCE AGENTS

agent 1 agent N…

MOVING AGENTS

agent 1 agent N…
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Figure 10.1: Generalised hierarchical-distributed multi-agent system modelling architecture to study diverse
concepts for next-generation airport surface movement operations
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Based on the generalised architecture, a large variety of MAS models can be instantiated
that are tailored to a specific ConOps, while retaining the overall system structure. In turn,
the system-level performance of models representing varying ConOps can be compared
with each other, and iteratively refined in fast-time simulations and human-in-the-loop
experiments with stakeholders. Nonetheless, significant gaps remain in demonstrating
how such control system models could be adapted to the constraints of live operations,
as discussed in Section 5.2. Therefore, the generalised architecture should be seen as a
research tool to structure and analyse models of future operational concepts, rather than
a deployable solution in its present form.

So far, several model instances were developed and used in research projects with
both low [34] and high levels of automation [35]. In this thesis, one model instance
based on a ConOps with centralised planning and a fully-automated control system was
elaborated. The centralised Routing Agent issues conflict-free trajectories by assigning
priorities between the agents that move concurrently over the airport surface. It shares the
routing plans with the distributed Guidance Agents that subsequently instruct the Moving
Agents which in turn execute the commands accordingly. The backbone of this MAS
model is the centralised decision-logic of the Routing Agent. Since off-the-shelf multi-agent
path planning solvers did not satisfy the modelling requirements, substantial algorithmic
development and evaluation were required, thereby motivating the third research question.

RQ3 Multi-Agent Motion Planning

Which algorithmic developments are necessary for multi-agent motion planning
algorithms to generate safe, efficient, and computationally scalable trajectories in
realistic airport environments?

main findings

• The two-level AS-MAMP solver was developed to generate conflict-free
trajectories for heterogeneous agents, incorporating realistic shapes, separation
requirements, and kinodynamic constraints while coordinating all concurrent
surface movements efficiently. With dynamically constructed priority orders,
AS-MAMP shows approximately quadratic time complexity, which reduces to
almost linear complexity with predefined (fixed) orders.

• The SIMP algorithm, a SIPP-based kinodynamic single-agent solver, was
introduced to handle finite accelerations and bounded speeds, enabling the
computation of kinodynamically feasible trajectories in complex, graph-based
airport environments. The runtime of SIMP scales almost linearly with the number
of explored states.
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To meet the modelling requirements, the path planning algorithm representing
the centralised decision logic must accommodate heterogeneous agent shapes
and kinodynamics, enforce strict spatial-temporal safety constraints, and remain
computationally tractable for the traffic levels of large hub airports. This led to the
development of the Multi-Agent Motion Planning on Airport Surfaces (AS-MAMP)
algorithm. AS-MAMP is a two-level solver that uses windowed prioritised planning to
compute conflict-free 4D agent trajectories. As ASM Ops are a safety-critical system, the
AS-MAMP algorithm is designed to return a solution only when it is certainly conflict-free.
Moreover, as key contribution to the MAPF-field, Chapter 4 outlined how the SIPP
algorithm [60] can be enhanced to work with finite accelerations as well as upper and
lower speed restrictions of agents. These algorithmic enhancements led to the novel
Safe Interval Motion Planning (SIMP) algorithm. Despite being used as low-level solver
in AS-MAMP, it can also serve as single-agent planner for other graph-based problem
instances under kinodynamic constraints.

The AS-MAMP algorithm was benchmarked across multiple scenarios using both
synthetic and real-world airport layouts, demonstrating that it meets the required
performance envelope. Even in traffic scenarios representative of Amsterdam Airport
Schiphol, including cases with extensive tug-enabled taxiing, as well as high volumes
of aircraft towing movements, the algorithm provided safe, conflict-free trajectories.
Simulations on a synthetic layout further pushed AS-MAMP to its limits, showing that it
can cope with taxiway occupancy levels well above those currently experienced at busy
European airports. These results provided the basis for the subsequent operational studies
in the validation phase, where AS-MAMP served as the core planning component of the
MAS model.

When constructing the priority order dynamically in AS-MAMP, it scaled with
approximately quadratic time complexity. On standard hardware, deconflicting the
trajectories of 100 agents took around 120 s. When using a fixed priority order such as
FCFS, the runtime of AS-MAMP is determined largely by SIMP, whose computational
complexity scales almost linearly. In turn, the required runtime to compute conflict-free
trajectories for up to 100 agents remained below 30 s.

The windowed planning approach enables AS-MAMP to handle operational uncertainty
by limiting replanning to a small, relevant subset of agents, thereby enhancing the
algorithm’s overall robustness. Moreover, it allowed to reduce the number of agents
involved in each planning step to fewer than 50, thereby substantially lowering the runtime
required for AS-MAMP to compute a solution. Potential runtime enhancements were
discussed in Section 5.2, suggesting that sub-second runtimes may be attainable, which
would constitute a major step towards real-time deployment.

10.1.2 Research Questions in Validation Phase

In the validation phase, the developed MAS model was applied to realistic case studies
at Amsterdam Airport Schiphol, assessing fully-automated multi-engine taxiing (RQ 4),
tug-enabled taxiing (RQ 5), calibrating the model parameters using historical ground track
data (RQ 6), and aircraft towing operations (RQ 7).
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RQ4 Multi-Engine Taxiing (MET)

Using the MAS model, how do fully-automated multi-engine taxiing operations
compare to the present-day, real-world operations in dense flight traffic at
Amsterdam Airport Schiphol?

main findings

• The conducted simulations indicate that higher levels of automation can improve
operational efficiency and predictability, enabling airports to accommodate the
rising traffic demand. Though to a more limited extent, these improvements also
contribute to reducing emissions associated with ASM Ops.

• The scale of the observed benefits is highly sensitive to the underlying
operational parameters, particularly aircraft kinematics and takeoff separations.
This sensitivity motivated to recalibrate the model parameters (addressed in RQ 6,
Chapter 8), underscoring that the use of realistic parameters is essential when
evaluating new ConOps.

• Higher, yet operationally feasible, taxi speeds and smoother flows become
achievable when aircraft follow conflict-free 4D trajectories generated through
priority-based coordination schemes. Such deconflicted trajectories also help
mitigate stop-and-go movements typical of present-day operations.

The simulations of fully-automated multi-engine taxiing at Amsterdam Airport
Schiphol showed – within the scope of this thesis – that higher levels of automation
can substantially improve the efficiency and predictability of ASM Ops compared with
current operations. Using conflict-free 4D trajectories in dense traffic, the MAS model
reduced taxi time variability and enabled accurate predictions of the remaining taxi
time to stand or runway. These findings are broadly consistent with earlier work on
surface trajectory-based operations (STBO), that highlighted smoother flows, reduced
stop-and-go behaviour, and improved predictability when conflict-free 4D trajectories are
used operationally [28], [190]. While the simulations also indicated a modest reduction
in associated emissions, larger emission cuts require complementary measures such as
engine-off taxiing, as discussed under RQ 5.

A second key insight is that the magnitude of the simulated benefits is highly sensitive
to underlying operational parameters, particularly the aircraft kinematics and takeoff
separations. In Chapter 6, the calibrated kinematics led to taxi time reductions of around
3min, equal to approximately 30 % compared with historical operations, which operational
experts judged as too optimistic. This motivated to adjust the model parameters to better
align with historical trajectories, as outlined in Chapter 8 and further evaluated under RQ 6.
Notably, previous literature on ASMOps frequently omitted key modelling parameters. The
findings underscore that the kinematic assumptions are not a minor modelling detail but
rather a central driver of reported benefits, and should thus be explicitly stated and critically
assessed in operational studies.
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The third main finding concerns the operational potential of coordinated 4D trajectories
with priority-based deconfliction. In the MAS model, higher taxi speeds remain feasible
because aircraft follow pre-planned, conflict-free 4D trajectories that are deconflicted
through priority assignment, which suppresses the stop-and-go patterns typical of current
ASM Ops. This is in line with NASA–DLR trajectory-based taxi concepts [29] as well as
the ‘Follow-the-Greens’ concept [191]. Moreover, as part of its decision logic to coordinate
the surface movements, the Routing Agent uses predicted taxi times to determine when
holding is required, whether for inbound flights awaiting a free stand or outbound flights
constrained by a CTOT-slot. When necessary, it directs aircraft to hold or detour via remote
platforms. The fast-time simulations showed that this rule-based mechanism effectively
resolves such situations: aircraft reach stands only when available and depart within
their CTOT windows. This transparency and reliability can also enhance operator trust in
automated decision-support systems, as further discussed under RQ 8.

RQ5 Tug-Enabled Taxiing (TET) of Outbound Flights

Using the MAS model, which operational consequences may result from requiring
all outbound flights to use tug-enabled taxiing under the assumption of fully-
automated operations in dense flight traffic at Amsterdam Airport Schiphol?

main findings

• TET operations substantially reduce taxi-out fuel consumption and shift emission
hotspots away from bay areas, lowering ground-level exposure of personnel to
exhaust emissions and particulates.

• When embedded in an automated planning framework, TET operations preserve
runway capacity and inbound performance, while outbound taxi times increase
only moderately and mainly on longer taxi routes due to tug speed limitations.

• The operational impact of TET is highly dependent on the airport taxiway
system, tug performance (e.g. maximum speed), and the underlying ConOps (e.g.
decoupling locations, resource allocation).

The fast-time simulations of tug-enabled taxiing (TET) for all outbound flights at
Amsterdam Airport Schiphol showed that TET can substantially reduce the environmental
footprint of taxiing with only limited impact on operational performance. In the MAS
model, towing aircraft from the bays to decoupling points near the runways reduced
fuel consumption during taxi-out by up to 69 %. Moreover, an evaluation of the emission
hotspots highlighted that the engines remain off especially in and close to the bay areas.
This leads to a pronounced reduction of emission hotspots in and around the stands,
implying lower exposure of ground personnel to the engine exhaust gases and ultra-fine
particles. These results are consistent with other studies, pointing out that engine-off
taxiing techniques such as the TaxiBot concept are the most effective options for reducing
taxi fuel burn and local emissions compared to multi-engine or single-engine taxiing
[11], [192], [193]. As additional benefit highlighted in a recent study, TET operations
substantially reduce noise emissions and thus lower the risks of hearing impairment for
ground personnel [194].
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In contrast, one position paper pointed out that TET operations would significantly
impact the procedures and workload of ATCOs [195]. While the posed concerns must
be addressed before implemented in real-world operations, much of the risks seem to
depend on the design of the control system rather than the technology enabling TET
operations. The observed sensitivity of outbound taxi times to tug speed and layout-specific
decoupling locations underscores that local airport characteristics and technological
choices (e.g. maximum tug speed, electric vs. diesel tugs) are critical for real-world
performance, and should be explicitly accounted for in future concept evaluations and
implementation studies.

RQ6 Calibration of MAS Model

How can historical aircraft ground tracks be used to calibrate the MAS model so that
it closely reproduces real-world taxi traffic, and what do they reveal about suitable
taxi speed limits for highly-automated operations?

main findings

• The developed trajectory projection method effectively reconstructs realistic
ground movements from historical tracks and is transferable to other airports,
provided a detailed taxiway graph and sufficient data quality.

• MAS simulations calibrated with parameters derived from projected tracks result
in taxi times that closely match historical values, underscoring the realism and
practical relevance of the calibrated model.

• The projected trajectories indicate that higher taxi speeds are achievable in many
parts of the airport. Introducing progressive, area-specific speed limits led to
performance gains of approximately 10 %.

• Reducing the minimum takeoff separations produced a similar performance
improvement, highlighting the strong coupling between departure-sequencing
policies and the performance of airside operations.

The analysis of historical aircraft ground tracks showed that the developed
trajectory projection method can reliably reconstruct realistic taxi movements along
the computational graph representing the airport taxiway network. This enabled to
determine more accurate A-CDM milestones and more detailed performance indicators
than the conventional estimates allow. Because the method mainly depends on the
availability of a sufficiently detailed network graph and sufficient surveillance data quality,
it is transferable to other airports and data sources such as ADS-B, in line with recent
work on data-driven A-CDM and A-CDM-lite concepts that derive operational milestones
directly from surveillance data [164], [166].

Using parameters obtained from the projected trajectories, the calibrated MAS model
reproduced historical taxi times closely, underscoring the practical realism of the model
and strengthening confidence in subsequent what-if analyses. At the same time, the results
highlighted the tight coupling between runway departure-separation rules and surface
performance: reducing minimum take-off separations lowered runway occupancy and
upstream taxiway queues and improved the operational performance by roughly 10 %,



10

10.1 Review of Findings | 201

particularly around bay areas located close to active runways. This is consistent with prior
work showing that departure management, taxi-time prediction, and surface planning are
strongly interdependent [146], [196].

Finally, the projected trajectories revealed that higher taxi speeds are operationally
feasible in many parts of the airport. Introducing progressive, area-specific speed
limits produced performance gains of a similar order (around 10%). Supporting pilots
through tailored 4D trajectory guidance or real-time speed advisories could help achieve
these higher, yet operationally realistic, speeds. Nevertheless, any form of advisory or
trajectory-based guidance must be designed to preserve safety margins under varying
visibility, surface conditions, and traffic densities, highlighting the need for operational
trials and human-in-the-loop assessments, as discussed further in Section 10.3.

RQ7 Aircraft Towing Movements

Using the calibrated MAS model, which impact do aircraft towing movements have
on the taxi performance of regular traffic?

main findings

• Even with substantial volumes of towing movements, the simulations showed no
significant system-level impact on taxi performance of regular traffic (e.g. taxi
times, delays, runway throughput) under the centralised coordination scheme.

• Local effects on individual trajectories of taxiing aircraft were observed, indicating
that towing movements can still influence the locally observed traffic density, and
should therefore be included when discussing replays of fast-time simulations or
conducting human-in-the-loop assessments with ATCOs.

• Using an appropriate coordination concept, aircraft towing operations can
effectively increase connected stand capacity without degrading taxiing
performance.

This research question was motivated by feedback from operational experts and ATCOs
at Schiphol who stated that aircraft towing movements likely influence taxiing traffic. The
calibrated MAS simulations with centralised path planning, however, indicate that the
system-level impact on regular taxi performance remained limited, even under scenarios
with considerable towing volumes. Average taxi times, delays, and runway throughput
were only marginally affected, suggesting that towing flows at Schiphol may be less
disruptive at the system level than commonly assumed.

At the same time, the results showed that towing movements do affect individual
trajectories and local interactions of taxiing aircraft. For this reason, towing operations
should be included whenever high-fidelity replays or human-in-the-loop experiments are
conducted with ATCOs, to preserve realism and to capture potential workload effects
that are not apparent in aggregated performance indicators. The analyses further suggest
that towing can be used to increase connected stand capacity without degrading taxi
performance, provided that it is embedded in a suitable coordination scheme. This
emphasises that aircraft towing operations could serve as an important design variable for
future concepts of operations aimed at more flexible stand and gate utilisation.
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10.1.3 Research Questions in Exploration Phase

In the exploration phase, the thesis introduced a schematic agent-based framework for
human–automation interactions in ASM Ops (RQ 8), providing a basis for exploring future
concepts of human–autonomy teaming.

RQ8 Human–Automation Interactions

How can human–automation interactions be embedded into the MAS model,
methods, and tools for next-generation airport surface movement operations?

main findings

• The MAS model was extended with an interaction schema that allows ATCOs to
oversee, influence, and co-design the conflict-free 4D trajectories generated by the
system model, evolving the MAS model from a pure optimiser into an interactive
decision-support tool.

• Rule-based mechanisms, such as the Routing Agent’s logic for coordinating
holding, stand availability, and CTOT compliance, sufficed to reliably
resolve operational situations. As such mechanisms are in general
transparent and explainable, they may support operator trust in automated
decision-support systems.

• Feedback from the ASTAIR real-time validation exercise highlighted that the
explored interactions are only a first step: some concepts aligned well with ATCO
responsibilities, whereas others belonged to different stakeholders, underscoring
the need for iterative, role-specific co-design.

The explorative cases showed that human–automation interactions can be embedded
into the MAS model by giving ATCOs the ability to inspect, modify, and request alternative
conflict-free 4D trajectories. In combination with the rule-based mechanisms developed
earlier, such as the Routing Agent’s logic for ensuring that aircraft only arrive at free
stands and depart within their CTOT windows (see RQ 4), the proposed agent-based
model exhibits behaviours that are transparent and easy to interpret. During the ASTAIR
validation exercises [197], real-time simulations of the considered use cases were conducted.
ATCOs emphasised the operational realism of the MAS model and described its behaviour
as transparent and predictable. Their feedback suggests that the model’s responses align
well with controllers’ expectations and support the development of trust in automated
decision-support tools.

On the other hand, the explored interaction concepts remain exploratory rather
than complete. The ASTAIR sessions made clear that some use cases were perceived as
meaningful and aligned with ATCO responsibilities, whereas others were considered
irrelevant or belonging to different stakeholders. The work on RQ 8 therefore
provides an initial, technically viable and conceptually coherent basis for embedding
human–automation interactions in ASM Ops. Building on the explorations, future research
can iteratively refine interaction concepts, formalise teaming requirements, and evaluate
their impact in high-fidelity human-in-the-loop experiments.
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10.2 Reflection of Research Objective

Having addressed the individual research questions, this section reflects on the overarching
thesis objective. It summarises how the main findings relate to the design and application of
the MAS framework for studying next-generation concepts of ASM Ops, and subsequently
elaborates on the points.

Research Objective

Design models, methods, and tools to investigate next-generation concepts of
operations for automated and sustainable airport surface movement operations.

main findings

• The designed high-fidelity models, methods, and tools are well suited for
investigating next-generation concepts of operations for automated and
sustainable airport surface movement operations, producing fruitful and
trustworthy results.

• The operational studies at Amsterdam Airport Schiphol show that calibrated
automation, refined procedures, and sustainable taxiing concepts can yield
meaningful efficiency and environmental gains without compromising safety or
system stability.

• The applications in SESAR projects, together with the exploratory interaction
framework developed in this thesis, demonstrate that the MAS model can
underpin trajectory-based decision-support tools and constitutes a suitable
starting point for future human–autonomy teaming in ASM Ops.

• The thesis showed that designing high-fidelity MAS models and efficient motion
planning algorithms demands labour-intensive, iterative development, which may
explain the scarcity of comparable models in current research.

To address the three challenges identified in Chapter 1, i.e. growing traffic demand,
stringent environmental targets, and uncompromising safety expectations, the proposed
generalised MAS architecture allows next-generation ConOps for ASM Ops to be studied
in a unified framework. The results from RQ4–RQ 7 demonstrate that the MAS model with
centralised planning consistently provided trajectories that are safe, efficient, predictable,
and environmentally friendly.

The conducted analyses demonstrate how combining detailed trajectory analysis with a
high-fidelity MASmodel can reveal where operational bottlenecks arise, which adjustments
offer meaningful efficiency and sustainability gains, and where common assumptions
may overstate system-level impacts. Although the study focused on Amsterdam Airport
Schiphol, the insights regarding runway dominance, towing effectiveness, and realistic
speed profiles are relevant to other major airports seeking to enhance the efficiency
and predictability of their airside operations. The findings also suggest that substantial
improvements can be achieved through relatively targeted changes to procedures and
parameters. Nonetheless, translating these results into operational practice requires a
careful evaluation of safety constraints, human factors, and implementation feasibility.



10

204 | 10 Conclusions

The practical relevance of the MAS model has been underscored by feedback
from operational experts and ground controllers during face-validation sessions, who
highlighted the level of detail and realism when viewing playbacks of the fast-time
simulations. Stakeholders involved in several master thesis projects [198]–[201]
emphasised the usefulness of the simulator for diverse applications. These ranged
from analysing infrastructure changes and tug task assignment to assessing the impact of
taxiway maintenance on ground-controller workload. Together, these studies illustrate the
versatility of the MAS framework as both a decision-support and design-support tool.

Adapted versions of the MAS model were also used in the European SESAR JU projects
AEON [34] and ASTAIR [35]. In AEON, the MAS model formed a central element of
the concept of operations for sustainable taxiing [36], [38], even though it could not be
employed in the final real-time simulations. The low level of automation and random
human inputs in those experiments risked overloading the AS-MAMP algorithm with
constraints and large deviations between planned and executed trajectories. In ASTAIR,
the MAS model provided the decision-support intelligence behind the investigated ConOps
for high levels of automation. In the real-time human-in-the-loop simulations, controllers
appreciated that the provided suggestions adhered to standard airport rules and routing
procedures. In turn, this reduced the need for continuous verification and allowed them
to focus on potential conflicts. Some ATCOs reported feeling underloaded in nominal
scenarios. Under higher traffic loads, however, they experienced the system more as a
collaborator and trusted it to generate conflict-free trajectories, while they concentrated
on non-routine events. Besides, pilot feedback from workshops indicated broad support
for datalink-based clearances, provided that instructions remain clear, timely, and well
integrated into cockpit systems to preserve situation awareness and compliance.

Throughout this thesis, the MAS model architecture and the AS-MAMP algorithm
were refined through iterative development and verification cycles. Prior work has
noted that multi-agent systems modelling is inherently labour-intensive and demands
extensive testing and validation [202]. This challenge equally applies to the design
and implementation of realistic yet computationally efficient path planning algorithms,
as evidenced by the substantial development effort required in this work. As a likely
consequence, only limited research addresses high-fidelity, operationally grounded MAS
models for airport surface operations, which is mirrored in the comparatively sparse
literature in this area.

Overall, the simulation results obtained throughout this thesis demonstrate that
the proposed MAS model for fully-automated operations with centralised planning
enables safe, efficient, and scalable surface movement operations under realistic
airport conditions. It thus provides a viable benchmark for studying diverse ConOps
for next-generation ASM Ops. Accordingly, the main objective of this thesis is
considered successfully achieved. At the same time, many research challenges
remain. Some directions for future work are outlined in the next section.
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10.3 Limitations and Research Directions
Following from the scope and assumptions listed in Section 1.3, this thesis has various
limitations. Some of these are listed below, and future research directions are pointed out.

Suggested Research Direction

Quantify various sources of uncertainty in the operations and novel operational
concepts, and how to deal with these in the MAS model.

Due to a lack of available historical data, not all operational parameters could be
sufficiently studied, with the engine-start durations and their variability across aircraft
types and turnaround times as examples of such. Moreover, a systematic quantification of
the primary sources of uncertainty during the operational phase of airside operations, i.e.
within the minutes leading to and during the taxiing phase, is missing, especially evaluated
on the basis of the future concepts of operations investigated in this thesis.

Examples of the various open questions are: how accurate are the TOBT predictions
within the 10min leading to the actual pushback from the stand, using e.g. smart camera
systems? How precise can various predictions of operational uncertainties as well as
the experience and situation awareness of human operators inform the path planning
of individual agent trajectories? To which extent can technical failures and their effects
be forecasted?

Answers to these questions could also determine whether the use of buffer times
in combination with partial or overall replanning of conflict-free trajectories as done
in this work suffice to deal with the predominant uncertainties likely to occur in
next-generation concepts of operations. Notwithstanding, future research should improve
the real-time adaptability of the MAS model, for example through local trajectory
adjustments issued by the Guidance Agents to counteract any deviations during plan
execution. Furthermore, stochastic models to represent and analyse uncertainties due to
sensor noise, communication delays, or operational deviations and disruptions should be
incorporated into the MAS model.

Suggested Research Direction

Address the shortcomings of the AS-MAMP algorithm as centralised decision-logic
for path planning.

The AS-MAMP algorithm assigns priorities between agents to resolve pending conflicts,
and returns conflict-free and efficient trajectories for all agents moving over the airport
surface concurrently. The conducted fast-time simulations highlighted its effectiveness.
However, as centralised path-planning mechanism, the AS-MAMP algorithm has several
limitations: its runtime should be optimised to allow for better performance in real-time
simulations, as discussed in detail Section 5.2.1. The effectiveness of the decision-making
on both local and global level should be compared to a baseline-model representing the
current working procedures of ground controllers in detail.
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Moreover, instead of centralised planning, other approaches could also be explored: for
instance, a distributed planning method with merely high-level coordination during path
planning, combined with local adjustments and decision-making during plan execution
could be developed. Such an approach would mitigate the single point of failure
that centralised methods pose, and minimise the computational runtime. Furthermore,
short-term changes, uncertainties, and disruptions would likely be easier to counteract and
deal with. Nonetheless, it needs to be assessed whether such distributed approaches can
fulfil all the modelling requirements from Section 2.2, and would lead to adequately efficient
and deadlock-free trajectories.

Suggested Research Direction

Showcase the ability of theMASmodel to generalise to the large variability in airport
layouts and sizes, operational contexts and concepts.

As noted in the list of assumptions underlying this thesis (Section 1.3), the fast-time
simulations are conducted either on a synthetic layout based on potential bottlenecks
in airport taxiways, or on a layout based on Amsterdam Airport Schiphol. Despite
showing promising results on these layouts, the question remains whether the MAS
model generalises to the large variability of taxiway networks of airports with different
operational contexts and needs. Furthermore, while the MAS model proved useful in
evaluating novel concepts of operations, there are many aspects of airport operations not
yet considered in the model that could be explored. Following from its modular design, the
MAS model should be extended with the relevant features and decision-making capabilities
needed to run the respective studies.

Suggested Research Direction

Carry out an in-depth validation through human-in-the-loop experiments, and
subsequently incorporate cognitive and behavioural models of human operators into
the agent-based framework of human–automation interactions.

Throughout this thesis, the strong influence is acknowledged that human factors such
as workload, stress, situation awareness, experience levels, and potential biases have on
real-world decision-making processes. To this end, the MAS model, together with the
explored agent-based framework for human–automation interactions, should be further
validated through human-in-the-loop experiments. Such studies should assess the efficacy
of the interactions explored in this thesis, and subsequently address follow-up questions
like: which level of automation in airport surface movement operations and its specific
tasks is desirable? Which allocation of tasks between humans and automated systems most
effectively ensures safe and efficient operations, while retaining effective oversight, active
involvement, and sustained job satisfaction of human operators?

One direction for future work is to develop cognitive and behavioural models of the
human operators in ASM Ops, and to incorporate these into the agent-based framework for
human–automation interactions. To illustrate this point, the conceived Interaction Agent
introduced in Section 9.1 could use such models to react to the mental state of humans, and
provide better and individualised assistance to them. In turn, the human operators might
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remain more engaged in the operations, and their specific skills could be preserved and
developed further. Such research could pave the way towards effective human-autonomy
teaming in future concepts of ASM Ops.

Suggested Research Direction

Address the real-world challenges of the automated and sustainable airport surface
movement operations studied in this thesis to pave the way towards deployment
of such next-generation concepts of operations and decision-support tools in
real-world airport operations.

The outcomes of any type of research should ideally end up being used in practice.
Following from the work presented in this thesis, the MAS model could eventually serve
as the basis for a control system or decision-support tools deployed in real-world airport
operations. However, such a systemic (r)evolution will not happen overnight – a long
transition period with many challenges to investigate and to resolve will ultimately be
necessary. Human operators need to be satisfied with the solution to result in a meaningful
advancement. Moreover, any liability concerns need to be resolved, certification is required,
and sufficient training for trust in and ease of use of the system will be necessary.

The above list of future research directions could be extended further with
many questions following from the work presented in this thesis. Therefore,
the goal of this thesis is also fulfilled when researchers, industry stakeholders,
and policy makers feel inspired by the results obtained and left with food for
thought for next-generation concepts of automated and sustainable airport surface
movement operations.
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