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Summary

Advanced Air Mobility (AAM) addresses future transportation challenges by extending networks into the air, helping cities
like Hamburg overcome infrastructural limitations. Ground-based infrastructures (GBIs) are crucial for integrating AAM,
connecting air and ground transport through subsystems like landing areas, gates, and terminals, tailored to local demands.
Our previous work identified necessary GBI subsystems and modeling methods, using scenario techniques to understand
influences and constraints in mission planning, topology, maintenance, repair, and energy management. This paper details
a simulation-based analysis of GBls, emphasizing topologies, maintenance, and energy management interactions. AAM
is modeled as a complex optimization problem within a simulation environment, using scenario analysis to set parameters
and objectives. Network optimization aims to strategically plan local capacities for parking, charging infrastructure, and
traffic flows, improving fleet operations. Infrastructure design integrates air and ground systems for VTOL vehicles, with
key performance indicators and the Vertiport Design Problem optimizing topology. Maintenance, Repair, and Overhaul
(MRO) Ports are designed to be demand-responsive, integrating ground-based infrastructure and mission management
systems. Energy management systems consider energy requirements, charging power, range, state of charge, and
electrical grid use. MATLAB Simulink models estimate drone energy demand across various scenarios. Subsystem
interactions are defined in a workflow for overall system simulation, divided into sub-workflows, exploring synergy effects
between parameters.
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methods [1], [7], [8]. These will lead to a transparent design

of requirements, conditions and targets functions in the
future AAM [6], [9], [10], [11].

1. INTRODUCTION AND STATE OF THE ART

Advanced Air Mobility (AAM) emerges as a pivotal solution
to forthcoming transportation challenges, not only within
Hamburg but also across major urban centers worldwide
[1], [2]. AAM, distinguished by its innovativeness and

1.1.1. Systems of Systems

adaptability to demand, extends the transportation network
into the aerial realm, mitigating existing infrastructural
constraints. Ground-based infrastructures (GBIs) assume a
crucial role in seamlessly integrating AAM, serving as
pivotal interfaces between airborne and terrestrial
transportation modalities. GBIls encompass diverse
subsystem areas (SSA) [3], [4]. These SSAs encompass
zones such as landing and departure areas, gates,
passenger terminals, and taxiways. The design of GBls
necessitates flexibility to accommodate varied local
demands and passenger volumes [5]. In a preceding
analysis conducted by our team, we delineated the
necessary subsystems for GBIs and -elucidated
methodologies for their modeling [6]. The employment of
scenario techniques and associated methodologies within
our study facilitated the objective, comprehensive, and
structured elicitation of influences and constraints pertinent
to specific technical advancements, including mission
planning, topology, maintenance, repair, and energy
management. Looking ahead, the potential for empirical
evaluation is evident, alongside the integration of the sub-
workflow into a holistic AAM framework, enabling
systematic identification of additional synergies.

1.1. Methodologies for Simulating AAM

To reduce uncertainties and to improve infrastructure
developments in the section of AAM, it is necessary to use
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The AAM can be defined as a System of Systems (SoS)
[12]. An SoS consists of multiple subsystems that
communicate and exchange system data through
interfaces. Each of these subsystems can be completely
delineated from the others. These include ground-based
infrastructure, propulsion systems, and onboard systems of
the Vertical Take-Off and Landing Aircrafts (VTOL).
Additionally, the consideration includes energy analyses
and the lifecycle of the systems, acceptance studies, and
meteorological conditions. Energy management systems
are crucial, incorporating data on energy requirements,
charging power, range, state of charge, charging duration,
and grid utilization. Each of these components plays a
critical role in the overall functionality of the system.
Including these factors provides a comprehensive
understanding of the complex interactions and
dependencies within AAM. In Figure 1, AAM is depicted as
an SoS. This illustration highlights the totality of subsystems
considered in this study. It shows how various subsystems
interact through interfaces.
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Figure 1: AAM as a SoS

Subsystem interactions are vital for optimizing the overall
Ground-Based Infrastructure (GBI) system. These
interactions are mapped in a workflow for system simulation
in Chapter 3. Ratei et al. and Prakasha et al. emphasize the
focus on subsystems within the modeling of ILM and their
interface descriptions using the SoS approach [12], [13].
The approach was adopted by Naeem et al., who divided
stakeholders into VTOL, Bl and airspace management,
passengers, ILM as a service, and society including
regulations [14]. Conrad et al. developed a simulation
platform for managing and optimizing Bls within a
multimodal transportation system [15], [16]. This platform
uses an agent-based model to represent passenger
interactions and the management of terminal, ground, and
air operations. It supports the integration of air, ground, rail,
and sea transport systems while considering intermodal
dependencies, including factors like electric vehicle
batteries, flight corridors, and micro-weather conditions.

1.1.2. Modularization of GBI

Modularity in product development is crucial for enabling
stakeholders to respond flexibly to changes. The
implementation of modular approaches is influenced by
factors such as compatibility with existing systems and
user-friendliness [17], [18]. By dividing a product into
various modules, individual components can be easily
replaced or updated without redesigning the entire product.
This allows for quick responses to technological
advancements by updating only the affected modules.
Modularization in product development is key to greater
future flexibility. It allows quick and cost-efficient responses
to changes, adaptation of products to different needs, and
development of innovative solutions. As an extension of the
SoS, the GBI and its interfaces can be described using the
Feedback-loop Method by Ploetner et al. [19]. Niklal3 et al.
expand this approach as Cause-Effect Relationships
(CER), arranging each subsystem diagonally, allowing for
forward and backward iteration loops [20]. This modularizes
Ploetner et al.'s approach, enabling expandability and
universality within the method application. In GBI, applying
CER defines the air and ground interfaces and their
influences on the GBI and the module setup within the GBI.

1.2. Building Models for AAM

Jiang et al. developed various simulation tools for ground-
based traffic and derived extensions for ground-air traffic for
ILM [21]. Besides demand-oriented approaches, solutions
can also be defined by geometric boundaries such as
administrative zones or national borders. Maget et al.
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developed a methodology to evaluate potential connections
within AAM based on their usability and demand [22]. The
state of Bavaria in Germany was used for this purpose, with
each municipality provided with an ILM location at its
center. Macias et al. created a model for the city of London,
England, which includes placement strategies for GBI [23].
This model focuses on administrative boundaries, such as
London boroughs, where centralized Bl nodes are placed.

1.3.

The energy supply for VTOLs at vertiports presents a
complex challenge, requiring sustainable and efficient
solutions. Hydrogen supply, battery loading, and battery
swapping are the leading technologies being discussed in
the literature. Hydrogen is a promising energy carrier,
offering high energy density and the potential for long-range
flights with relatively quick refueling times compared to
batteries [24]. However, the infrastructure for hydrogen
production, storage, and distribution is still in the early
stages of development, limiting its current feasibility [25].
Battery-powered VTOLs are more suitable for short-
distance urban operations, with electric batteries being
favored due to their low emissions and the growing
availability of renewable energy for charging [26]. Battery
loading, is a simpler solution but can result in significant
downtime due to charging duration. Battery swapping, in
contrast, allows the rapid replacement of empty batteries
with fully charged ones, minimizing turnaround time at
vertiports [27]. This approach, however, requires
standardization of battery designs and storage
infrastructure. The realization of the energy systems
depends on various framework conditions and parameters
at the locations of the vertiport networks and the locations
of the individual vertiports. A modular approach to build up
an energy supply solution space is also pursued for the
energy supply, the basis of which was described in the work
of [28], [29].

1.4.

In various studies, the optimal positions of vertiports have
been analyzed using a hotspot analysis of demand. To
achieve a reduction in total travel time through AAM, it is
advantageous to position the vertiports in proximity to
demand hotspots. In addition to the vertiport locations, it is
also essential in network planning to assign quantitative
values for each possible vertiport component at all
locations. For instance, based on the expected traffic
volume per time interval, such as inbound and outbound
flights per hour, the number of TLOFs, gates, and taxi lanes
must be defined. Simultaneously, numerous questions
arise regarding the requirements for charging
infrastructure, the necessary capacity for parking stands, or
the requirements for local infrastructure to conduct
technical checks and maintenance operations. These
questions are addressed in the network optimization
process, considering assumptions about vertiport locations,
vehicle characteristics, and traffic demand. Initial results
regarding the capacity design of parking stands and
charging infrastructure have been published in [27]. An
analysis on maintenance capacity planning is available in
[30]. This step consequently transfers the passenger
demand between various vertiport locations into site-
specific capacity requirements, allowing them to be
translated into detailed vertiport topographies in the
subsequent steps.

Energy Systems

Network Planning
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1.5. Vertiport Design Problem

The GBI includes subsystems like ground movements,
controls, maintenance planning, and loading. These
subsystems combine to form the topology of a GBI. The
arrangement of these individual areas is determined by
boundary conditions and objective functions. Due to the
lack of public data and guidelines for GBI in AAM, the
physical and temporal design emerges as a central
research question. A topology here is defined as the
arrangement of differentiable Sub System Areas (SSA) into
a GBIl. The literature differentiates between classical
topologies and variable approaches. Classical topologies
can be categorized into flow-based configurations (FBC),
centralized connectivity (CC), and multi-function
approaches (MFA) [4], [5], [31]. For the flow-based
configuration (FBC), each operation of the VTOL servicing
process is assigned a separate area. Additionally, a taxiway
is implemented to facilitate the transport of VTOLs between
these areas. The installation of differentiated supply and
maintenance systems is realized separately from the gates,
allowing compliance with required safety distances
between FATOs and terminals according to EASA, FAA,
and ICAO standards. However, the planning effort for
temporally differentiated servicing processes is a
disadvantage. Within the flow-based approach, linear, pier,
and satellite topologies can be distinguished. Linear
topology arranges all required SSA side by side. The pier
topology extends the linear arrangement with parallel SSA
placement and can include a central taxiway, enhancing
capacity with minimal VTOL transport effort. The satellite
topology arranges SSA in a curved layout around the FATO
area without closing the loop, ensuring obstacle-free flight
paths. Overlapping SSA cannot operate simultaneously
according to EASA, FAA, and ICAO regulations [32], [32],
[33], [34], [35], [36], [37], [38], [39], [40]. Centralized
connectivity (CC) involves placing terminals centrally on the
Bl ground, with FATOs at the edges. The placement of
gates is not well-defined in the literature and is shown in
examples. Instead of assigning each area a subfunction of
the VTOL servicing process, the multi-function approach
(MFA) defines a single area that supports multiple
functions, such as landing and takeoff within the same
space. This eliminates the need for gates and taxiways but
prevents simultaneous landings until the serviced VTOL
has departed. Classical topologies have fixed,
predetermined structures that are mainly manually
arranged. They often cannot meet the safety requirements
and constraints or the varying demands of the Bl due to
environmental changes. To address these issues, variable
approaches were developed. These methods typically use
a grid of defined basic shapes as a basis. The grid positions
are initially empty, and each cell is assigned a function from
the VTOL servicing process based on optimization criteria.
Park et al. developed the Design Optimization Integer
Programming (DOIP) for this purpose [3]. In the DOIP
method, the available area is divided into basic areas
(squares), and the side lengths are determined based on
the largest dimension of the largest VTOL in the fleet. This
creates a grid structure filled with the functionalities of the
SSA, forming the topology of a GBI. Decision variables
determine if a subfunction is in a specific cell, maximizing
net profit by balancing income from VTOL usage with the
lifecycle and operational costs of the Bl. The model also
includes constraints to ensure connectivity and safety, such
as taxiways connecting gates and FATOs and avoiding
dead-end taxiways. In summary, classical topologies like
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FBC, CC, and MFA have fixed structures, while variable
topologies use an optimization approach to adapt to varying
requirements and constraints, enhancing modularity and
modeling quality. Manual design processes for
infrastructure are inefficient and error-prone, with low
reproducibility. There is a need for a more comprehensive
approach that considers the entire handling process, not
just partial processes. Park et al.'s DOIP, combined with
approaches from Li et al. and Preis et al., offers a strategy
to optimize Bl topologies [3], [5], [41]. However, it currently
lacks areas for inspection, maintenance, repair, and fuel
supply for VTOLs, and does not ensure continuous
traversability. The use of only square cells limits flexibility,
and the DOIP focus on a single objective function does not
meet realistic needs [42]. Additionally, there is a lack of
scenario consideration and sufficient mathematical
boundary conditions, resulting in poor connectivity and
potential dead ends. Improving modularity and
development quality could enhance adaptability and reduce
long-term maintenance costs. In summary, the main
deficiencies in ground-based infrastructure development
and modeling stem from a lack of robustness and flexibility.

2. METHODOLOGICAL APPROACH

Herein, we will address the aspects and delineate the
methodological approach to developing a simulation-based
analysis of GBls. The focus lies on the technical
implementation and analysis of energy management for
VTOL, network planning of GBI and topologies with a closer
examination of the interactions between these subsystems.
AAM can be conceptualized as a complex optimization
problem, given the multitude of options stemming from
diverse stakeholder positions and environments. To model
this complexity, it is advisable to construct an AAM model
within a tool-assisted simulation environment. Assumptions
and constraints for this optimization problem arise from
scenario development analysis, with parameters
transformed into objective functions and input parameters.

21. Modeling Assumptions and Constraints

Herein, it is necessary to select suitable methods from the
current state of the art to develop a toolkit for future-proof
and flexible development of GBI for AAM. Predefined
evaluation criteria are used for this selection. Based on this
selection, a collection of methods will be created and
modified to meet the requirements of AAM. The focus is on
the product planning and development stages of the
product lifecycle. The evaluation criteria focus on
requirement compliance and quality management,
adaptability, and applicability with the inclusion of
experience. Requirement compliance and quality
management ensure that the method meets specific goals
and development requirements, supports effective risk and
quality management, and provides comprehensive
documentation. Adaptability ensures the method can
respond agilely to internal and external changes, integrates
feedback directly, and supports iterative and incremental
approaches. Applicability emphasizes that the method
should be easy to learn and implement, with minimal
reliance on special tools or extensive prior knowledge, and
encourages stakeholder involvement. The chosen methods
are then evaluated against these criteria to form a toolkit
that will address the deficiencies of classical topologies.
This approach ensures that the development of GBI within
AAM is robust, flexible, and future-proof, addressing current
deficiencies and optimizing for multiple criteria. The results
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of the utilization of the methods Dimensions of Uncertainty,
Morphological Analysis, Sociovision, Process Design and
Delphi-Method are the influence parameter of the domain
AAM on the GBI development. These are shown in Table
1.

Table 1: results of the utilization of the methods
Dimensions of Uncertainty, Morphological Analysis,
Sociovision, Process Design and Delphi-Method are the
influence parameter of the domain AAM on the GBI
development

Area Influence tasks on GBI in AAM
Fleet Composition
External Technical Changes
Changes
Maintenance Infrastructure
Duration
Energy Type of fuel supply
Supply infrastructure
Regulation Kind and Scope
Noise Kind and Amount
Special Regulation in the Area of GBI
Airspace Airspace Structure
GBI Size of Area
Parking Slots for VTOLs
Airspace Movements
Kind and Capacity of fuel supply
Quantity
Operation Operation concept and organization
Kind of transport and reason
Maximal Take-Off Weight
Addition into existing transport system
Individuality
Turn-Around Time
Number of Passengers
Possibilities for emergency landing
VTOLs Maximal Take-Off Weight

Energy demand
Battery Capacity
Kind of rotor

Approach and landing procedure
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2.2. Cause-Effect Relationships

In GBI, applying CER defines the air and ground interfaces
and their influences on the GBI and the module setup within
the GBI. These will be presented and integrated into a CER
matrix. The temporal dimension of a GBI relates to the
turnaround time for processing a VTOL. This time includes
all activities necessary to prepare a VTOL for the next flight,
which is critical for the overall performance of a GBI, as
shorter turnaround times increase the frequency of flight
movements, thus enhancing efficiency and throughput.
Both airside and groundside interfaces, as well as the
various modules of a vertiport, are integrated into this
process. The following sections will elaborate on these
aspects. Airside interfaces of a GBI include landing and
takeoff areas that are sufficiently dimensioned and
optimally located to ensure safe flight movements.
Navigation aids and communication systems play a central
role, providing precise navigation and secure
communication between aircraft and ground stations.
Weather monitoring systems are essential to provide real-
time information on meteorological conditions that can
affect flight operations. The airspace structure and
management are crucial for smoothly integrating AAM
flights into existing air traffic, including planning flight
altitude profiles and considering fleet composition. Noise
sources must be minimized to ensure public acceptance.
Groundside interfaces encompass passenger terminals
equipped with waiting areas, check-in counters, and
security checks. Seamless integration into the urban
transportation network is crucial to ensure door-to-door
connectivity, including links to individual and public
transport and other mobility forms. Charging infrastructure
is necessary to recharge electrically powered VTOLs.
Designing the network for GBI requires a flexible and
efficient route network to reduce travel time compared to
conventional mobility solutions. Strategic placement of GBI
locations should maximize demand for urban air mobility
and passenger accessibility, considering proximity to urban
centers, transport hubs, and key business or residential
areas. Interaction between GBI locations and potential
demand is a central factor. An effective network design
must account for varying traffic flows and peak times to
avoid congestion and promote even traffic distribution.
Real-time data and predictive models are helpful for
accurate demand forecasting and resource planning.
Ground movements of a GBI focus on the landing and
approach of VTOLs, supported by designated pathways
and suitable parking positions. Noise protection is a
significant factor, influencing both landing and takeoff
procedures and pathway design. Coordinated landing and
approach procedures ensure safety and efficiency,
requiring specifically marked and equipped landing areas to
facilitate aircraft maneuvers. Pathways should allow the
shortest and safest routes between landing areas and
parking positions, minimizing time spent on pathways.
Control systems are essential for the safety and reliability
of VTOLs, involving inspections and maintenance
programs to ensure proper functioning and safe operations.
Regular visual and technical inspections are conducted
before each flight, checking for visible damage and testing
electronic and mechanical systems. Condition monitoring
occurs continuously, with sensors transmitting operational
data to a maintenance management system for early issue
detection and maintenance action initiation. Maintenance
programs include preventive and reactive measures,
aiming to ensure the safe operation and longevity of
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VTOLs. Loading operations at a GBI involve passenger
transport and logistical operations, including ticket systems,
passenger checks, gates, energy supply, and storage. The
passenger loading process involves boarding and
disembarking, ensuring all security checks are completed.
Logistical loading includes loading freight for VTOL
transport, emphasizing quick and safe processes to
minimize delays. The ticket system should be user-friendly,
with online booking options and automated check-in
counters to optimize the process. Security checks include
identity verification and screening for prohibited items,
balancing efficiency with safety standards. Energy supply
encompasses charging stations for VTOLs and energy
storage systems to manage peak loads and ensure
continuous energy availability. Storage facilities include
space for freight and storage for spare parts and
maintenance equipment.

3. AAM MODEL AND WORKFLOW

AAM requires a comprehensive model and workflow to
integrate seamlessly into existing transportation systems.
The goal is to develop strategic planning processes to
optimize local capacities such as parking, charging
infrastructure, and ftraffic flows. This enhances fleet
operations, minimizes empty flights, and optimizes fleet
size, composition, and energy demand. Infrastructure
design considers both air and ground systems, particularly
for VTOLs. Key performance indicators (KPIs) and the
DOIP, treated as a variable topology, are optimized for goal
functions, e.g. capacity, through mathematical
formulations. Energy management systems are crucial,
incorporating data on energy requirements, charging
power, range, state of charge, charging duration, and grid
utilization. MATLAB models estimate the electric demand
of drones across various scenarios. Subsystem interactions
are vital for optimizing GBI.

3.1. Subsystem Interactions and Workflow for

Overall System Simulation

Mathematical formulations reflecting the interconnections
of AAM can be identified to ensure a comprehensive
analysis in line with the diverse formulation problem. We
outline current insights into network optimization,
infrastructure design, and energy management systems,
highlighting interactions among them. The goal of network
optimization is to develop and apply a strategic planning
process to determine minimum local capacities for metrics
such as parking spaces, charging infrastructure, and traffic
flows per minute. Efforts are directed towards efficient fleet
operations to minimize empty flights and optimize fleet size,
composition, and energy demand. Infrastructure design
must consider interconnected aspects of air and ground
infrastructure within the framework of VTOLs. Energy
management systems incorporate information such as
energy requirements, charging power, range, state of
charge, charging duration of individual vehicles, and
electrical grid utilization in each area. MATLAB Simulink-
based models are developed to estimate the electric
demand of drones and drone traffic, considering a wide
range of flight scenarios and dynamic start and endpoints.
The interaction of subsystems is defined in a workflow for
overall system simulation, divided into three serially
connected sub-workflows, which are represented in Figure
2. Interactions between subsystems are crucial for
optimizing the overall GBI system.
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Figure 2: AAM Workflow with connected sub-workflows
through application of the CER Methodology

In the following sections the three sub-workflows are
described in detail.

3.2. Energy Systems

To do suitable consideration of the variable parameters and
uncertainties, a solution space is created for the energy
supplies and the different variants of the energy system.
This can be used to create individual solutions and versions
of the energy system by configuring them according to the
requirements of possible different vertiports. The focus is
on the areas of hydrogen supply, vehicle charging and
battery swap. These variants and their functions are
described in individual pool diagrams. To describe the
solution space, the processes are recorded with all possible
characteristics using BPMN in the form of pools and swim
lanes in corresponding diagrams. In this way, all possible
functions of each process are documented.

3.21.

The energy supply modules are used as functions to span
a solution space. For the structure of the solution space and
the modules, the three areas already mentioned are
considered and further detailed. In the case of hydrogen
supply, for example, an additional distinction is made in the
functions as to whether the Vertiport is supplied via a
pipeline, i.e. a direct connection, or via tanker trucks and
variable storage. Furthermore, possible different working
pressures (and the associated tank durations and space
requirements) and the resulting modules are included in the
solution space. The relevant functions for charging the
vehicles and for a possible battery swap are also included.
Following the state-of-the-art method of function-based
design of solution spaces using BPMN, this is used to
create a database that enables the configuration,
adaptation and analysis of energy supply functions as well
as the processes and documentation directly and adaptably
(to other framework parameters). The functions and their
dependencies are stored in the database and
supplemented with additional parameters. For example, the
database also contains estimated space requirements,
possible personnel or security levels.

Energy Supplies Modules

3.2.2. Configuration Model

For the initial implementation of the configurator, the
database is transferred to Excel and extended by an
interface to the user. By entering possible design
parameters, such as the number of refueling
processes/charges/battery swaps (per day and per hour to
estimate the peak load), different variants can be
configured. Exemplary further input parameters are the
location of the Vertiport (urban or rural), available space
and possible spatial expansion, or the expected type of
vehicles operating in the network. The result of the
configuration is a comparison of the various energy supply
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systems and their specifications. This includes the modules
of the systems (tank, battery rack or piping systems), their
dimensions and the required number. Overview
parameters, such as the total space requirement of the
respective variants, are also displayed side by side for
direct comparison. The linking of the solution spaces
described here using the example of energy supply with
network planning can take place within the framework of an
AAM workflow with connected sub-workflows. This has
already been documented for other areas of the Vertiport in
existing publications (see also [30]).

3.3.

To quantify the local requirements for vertiports within the
framework of network optimization, a modeling approach
has been developed that takes various datasets into
account as input parameters, including vehicle
characteristics, traffic scenarios, and vertiport locations. A
crucial input of the model is the mission pool, which is
derived from the use case-specific demand scenario. The
missions are defined by their start and destination
coordinates, the number of traveling passengers, and the
desired departure time, covering a representative
operational day of the AAM network. For simplification, it
was assumed that all missions are known in advance and
that the entire operation runs without disruptions (such as
technical failures, weather phenomena, or similar events).
Under these conditions, an integrated step is performed in
which optimized operational plans are assigned to potential
vehicle candidates. These operational plans consider
vehicle characteristics, including speeds in different
operational phases, battery capacity, and seating capacity.
This ensures that each vehicle is assigned only missions
that are feasible within the given time and energy
constraints. Empty repositioning flights of vehicles within
the network are also considered. Once the potential
candidates for the fleet pool are generated, individual
vehicles are selected based on their efficiency and added
to the fleet, while other candidates with less optimal
operational plans are excluded by solving a linear
optimization problem. This process is repeated until all
missions in the pool have been assigned to a specific
vehicle.

3.3.1.

Based on the resulting operational plans for the entire fleet,
local analyses of vertiport utilization can finally be
conducted. In this step, the vertiports are analyzed
throughout the entire operational day in terms of their load
profiles. For example, to determine the local demand for
parking positions, it can be assessed at what times and how
many vehicles are parked at or require energy supply from
a specific vertiport. The peak value of the respective load
profile can then be used to determine the necessary
capacity for the metric under investigation. By using the
subsequent model for topology analysis, the number of
incoming and outgoing traffic movements can also be
translated into the required number of TLOFs, taxi lanes,
and gates, allowing the topology and the necessary area of
a vertiport to be determined.

3.3.2.

Network Planning

Strategic Planning and Local Capacities

Maintenance Capacity Planning

To determine the need for maintenance facilities as an
additional vertiport component, this workflow has been
expanded with further steps. First, analyses of the expected
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maintenance intervals were carried out to quantify the
vehicle-specific requirements in terms of the duration and
frequency of various checks [29], [43]. Based on these
results, a maintenance status is randomly assigned to each
vehicle in the determined fleet. Subsequently, a fourth
constraint is introduced to the vehicles' operational plans,
stating that the plan must also be feasible in terms of
maintenance status. If a check is required during the
missions throughout the operational day, the mission
sequence is adjusted so that the vehicle visits a
maintenance station before falling below a defined
threshold of remaining operational hours. If maintenance
can be completed before the end of the operational day, the
vehicle resumes its remaining missions in the operational
plan accordingly.

3.4. Topology Optimization

The development of adaptive, modular, and variable GBI
concepts involves understanding processes and translating
requirements into solution concepts. This includes ground
movements, controls, loading, boundary conditions of
subsystem areas for topological modeling, interface
considerations, and handling strategies. For ground
movements, controls, and loading, the focus is on
understanding the specific requirements and integrating
them into the overall system. The boundary conditions for
subsystem areas are crucial for accurate topological
modeling, ensuring that all elements function cohesively.
Interface considerations ensure seamless integration
between different subsystems, while handling strategies
optimize operational efficiency. The modeling of the entire
ground-based infrastructure system begins with the basic
model, defining input parameters, and selecting an
optimization algorithm.

3.4.1. Mathematical Formulations and

Interconnections

The GBI will be modeled in a comprehensive system
simulation. Initially, the system structure of the basic model,
its input parameters, objective functions, and the
relationships between the SSA will be outlined. Finally, a
modeling environment and an optimization algorithm will be
selected for the system simulation. The basic model of the
GBI consists of a series of identical shapes called cells.
Both the cell shape and size are crucial, and each cell is
assigned an SSA. The EASA recommends square or round
basic shapes for GBI, but not all SSA can be placed within
a round shape [40]. For squares, there are no undefined
areas due to overlaps or gaps, and the edges of the GBI
can be clearly defined, which simplifies neighbor definitions
and reduces implementation effort. The cell size should at
least match the largest SSA of the GBI to represent all types
of area. Each cell is assigned only one type of area, and
dummy cells are implemented to apply boundary and
connectivity conditions to the outer cells of the GBI. Input
parameters for the simulation are determined based on
existing method tool kit, aiming to keep the number of
parameters as low as possible. These parameters will be
used in the MATLAB environment. To perform topology
optimization, an appropriate modeling environment, such
as MATLAB, is selected due to its Optimization Toolbox and
Global Optimization Toolbox. This environment supports
reproducible results and integrates third-party applications,
ensuring consistent boundary conditions and libraries. The
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Optimization Toolbox provides solvers for various
mathematical problems, while the Global Optimization
Toolbox solves multi-objective optimization problems. The
optimization algorithm is selected based on criteria like
program usability, result reproducibility, and the ability to
handle numerous constraints using integer values. The
solver intlinprog from MATLAB's Optimization Toolbox is
chosen for its ability to solve deterministic and discrete

optimization problems. The implementation of the
optimization algorithm in MATLAB involves defining
variables and constraints, converting binary

representations back to SSA, and using symbolic
representation for constraints and objective functions. This
approach ensures a streamlined and efficient optimization
process. Objective functions are defined based on external
conditions such as location or mission assignment within a
GBI network. These functions are analyzed for their
presence in the literature and necessity for the handling
process. Capacity and throughput, noise reduction,
maximizing usable area, minimizing turnaround time,
maximizing control and parking areas and safety are critical
factors considered in the optimization. Each objective
function is represented in the MATLAB environment.
3.4.2. MATLAB-Based Model

Driveability includes connecting every VTOL-SSA with a
TW and avoiding dead ends. It ensures that all necessary
SSA are accessible from a FATO. Control areas are
considered drivable SSA. While Park et al. provide
mathematical formulations, their implementation in a
modeling environment is missing [3]. Wang et al. and
Rehfeldt et al. have addressed connectivity in IP, but
subgraph polytopes and optimization of connected
subgraphs are not applicable to this problem [44], [45].
Therefore, driveability must be examined, divided into
preventing dead ends and connecting TW to FATOs. Unlike
Park et al., dead ends are prevented by constraints. The
first input possibility is connecting at least one TW with
another TW cell or a FATO cell. In certain cases, the
implementation of the FATO-Taxiway relationship needs
iterative adjustments within the modeling environment.
Although the presented relationship offers design freedom,
it may be fulfiled even when multiple taxiway cells are
connected without a real connection to a FATO. Therefore,
the following two relationships are integrated and called
iteratively. In the second iteration step, the constraint is
adjusted if two or more taxiway cells are connected without
a link to a FATO. The third input possibility allows
connecting all FATOs and taxiways to each other. To
achieve this, blocking is prevented, as the connection works
only if no parallel taxiways are possible. All taxiway cells
should have two other taxiway cells as neighbors, except
those at the beginning and end of a taxiway. Safety on a Bl
is defined by overflight prohibitions for SSA with passenger
or staff presence and defining neighbor cells without such
presence around a FATO. Only taxiway and TV areas
should be near a FATO to minimize security risks. The
safety conditions are specified by the restrictions of the
neighboring areas of FATOs. Noise conditions are not
analyzed here concerning the number, thickness, or height
of noise barriers. The noise emission minimization objective
function introduces additional constraints, like restricting
area arrangements. Verification through checking boundary
conditions involves conditions that must be met for every Bl
verified automatically in MATLAB after input by the user.
The program sequence in the modeling environment is
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divided into a main script and sub-scripts. The main script
frames the program and acts as the executable for users,
while sub-scripts function as integrated functions called
during execution. Global variables or parameter passing via
structure arrays are used, with parameter passing preferred
to avoid variable overwriting. Input parameters include
VTOL and BI dimensions, objective functions, area
selection, and TW connection. These inputs generate
requirements. An optional matrix design can be inputted,
checked against boundary conditions, and used as a
reference. Finally, the number and positions of FATOs are
optionally entered. Topology optimization begins with
parameter passing and problem definition. Optimization
and helper variables are integrated, constraints applied,
consistent matrices generated, and area selections
implemented. Optimization options are set, and topological
optimization executed. If results are obtained, a plot of the
Bl matrix is created. The optimized topology is then
checked for driveability and general constraints. If checks
fail, optimization is repeated after adjusting constraints. If
successful, KPIs are calculated and displayed.

4. RESULTS AND DISCUSSION

4.1. Energy Systems

The extended Swimlane diagram approach to building a
solution space maps all potentially possible functions of the
vertiport's energy supply and enriches them with additional
information and parameters. It thus creates a
comprehensive database and a system solution space. In
addition to the functions themselves, this database also
contains information on the space requirements resulting
from the functions, which materials and devices are
required to implement the functions, which personnel
resources, which time resources (duration of the function
sequence) and possible automation variants. This
information can be used to configure the processes
(functional sequences) at the site based on the given
boundary conditions and requirements for the individual
site. In addition, the technical requirements and
specifications of the vertiport and its equipment can be
derived (configuration of products and hardware). This
information can be passed on to other areas such as
network planning and topology optimization.

4.2. Network Planning

In the conducted investigations, fleets were created and
analyzed for various ftraffic scenarios, along with the
resulting capacity requirements for parking positions,
charging infrastructure, and maintenance stations. For a
fleet of 275 vehicles, an estimated 422 parking positions
and a peak charging load of 11.1 MW were needed. It was
shown that the concept of fixed batteries versus battery
swap significantly impacts fleet size (275 vs. 225 vehicles)
and charging demand. While battery swapping can reduce
fleet size, it may lead to a significant increase in peak
charging loads. Maintenance needs were found to be
relatively low, with a fleet of 338 vehicles requiring a
maximum of 11 maintenance checks per day. As a result,
empty repositioning flights due to maintenance had little
impact, suggesting that for similar fleet sizes, a centralized
maintenance facility is preferable to a decentralized
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approach.

4.3. Topology Optimization

Based on predefined goals, the optimization quality is
assessed using general and specific metrics. The goals
include generating optimized topologies, optimization
duration, reproducibility, sensitivity to input parameters,
objective function influence, KPI analysis, scenario
representation, and advantages over classical and variable
topologies. Optimization parameters, boundary conditions,
and objective functions must be correctly implemented with
the optimization algorithm to generate optimized
topologies. Reproducibility must be 100% for result
comparability. Input parameters for optimization control will
be implemented in the modeling environment, with
sensitivity analysis being a key factor. Users can select and
weight objective functions to influence them directly.
Various scenarios regarding Bl size, area number, area
variation, and objective functions can be created, with
recommendations derived from optimization. Optimized
topologies will be compared to classical and variable
topologies from the literature, highlighting their benefits.
Necessary input parameters depend on implemented
boundary conditions and objective functions, entered
through MATLAB input fields. There are mandatory and
optional inputs. If no input is given, a predefined value is
used. Parameters related to the area size and maximum
VTOL diameter are mandatory, along with selecting a
primary and secondary objective function. Optional
selections include control and parking areas, and FATO
connection types. FATO numbers and positions can be
fixed, excluding these cells from optimization variables.
FATO positioning also depends on surrounding
infrastructure, as buildings may limit flight paths. Decisions
on parallel taxiways are also required. An initial topology
can be optionally entered for comparison with the optimized
one.

5. CONCLUSION

To address future ftraffic infrastructure challenges,
integrating a new mobility form that deviates from
conventional, overloaded routes is crucial for expanding
capacity. AAM offers such an expansion by incorporating
airspace into urban traffic infrastructure. VTOLs provide
demand-driven, air-based passenger transport, serving as
a mobility alternative through a ground interface connected
to conventional infrastructure. This interface, realized
through GBI, is essential for AAM integration, facilitating all
operational aspects of VTOLs and passenger handling.
Vertiports offer a customizable ground infrastructure variant
that meets AAM requirements.

5.1. Summary of Findings

The state of the art was reviewed, defining air-based
mobility. GBI were explained. Existing models and
topologies, including classic and variable ones, were
examined. MATLAB was chosen for modeling due to its
Optimization Toolbox, with intlinprog selected for integer
optimization to ensure reproducible and precise results.
Developing a consistent model specific to Vertiport
requirements yet adaptable by the user is essential. The
scope regarding area types and VTOLs was defined, and
input parameters were specified. Different objective
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functions were detailed, along with essential aspects of
boundary conditions.

5.2. Future Research Directions

Future work should include detailed examinations of inputs
and dimensions, including higher cell numbers and more
input combinations. The cell concept should be explored for
potential advantages. Another objective function integration
concept could allow implementing mathematical equations
as objectives, increasing goal diversity. Boundary condition
implementation should be specified for specific cell
numbers. Algorithm analysis suggests exploring other
modeling environments with more integer optimization
algorithms. Choosing a solver that integrates non-linear
boundary conditions and separate objective functions could
broaden applications. Using heuristics and cut generation
with intlinprog should be analyzed for their impact on
optimization and integrated if beneficial.
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