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Abstract

Urban Air Mobility (UAM) has emerged as a potential game changer for urban transportation, promising faster, more efficient
and affordable services. However, beyond the visionary concepts, it is crucial to explore and discuss the opportunities and
challenges of UAM and vertidrome operations also from a research perspective. The DLR research project HorizonUAM
aimed at a holistic research approach in which vertidromes and vertidrome networks play a significant role. This vertidrome
centered project report covers various aspects and methodological approaches addressing design and operation, UAM air-
space management, network optimization and the integration of air taxi operations into airport environment. Moreover, the
conceptual and temporary development of a modular 1:4 scale model city lays the foundation for future UAM flight trials.
Based on three years of dedicated research within HorizonUAM, we focus here on operational challenges, proposed solutions
and required frameworks to ensure safe and efficient vertidrome operations

Keywords Urban Air Mobility - UAM - Vertiport - Vertidrome design - Airspace management - Network optimization -
Model city - Airport integration

Abbreviations TLOF Touchdown and lift-off area
ATC Air Traffic Control UAM Urban air mobility

ATS Air Traffic Services UAS Unmanned aircraft system
ConOps  Concept of operations V-Lab Vertiport-in-the-lab

DLR German Aerospace Center VALoS  Vertidrome airside level of service
EASA European Union Aviation Safety Agency VFR Visual flight rules

eVTOL  Electric vertical take-off and landing VTOL Vertical take-off and landing
FAA Federal Aviation Administration W Wind speed

FATO Final approach and take-off area WA Wind-advisory

FRA Free route airspace WO Wind-operational

G Gust speed WS Wind-shutdown

LIEDT Linear Independent Expandable Drive-Through wWw Wind-warning
METAR Meteorological Aviation Routine Weather
Report

SBA Slot-based approach 1 Introduction
TBA Trajectory-based approach
"Joby Aviation’s first production air taxi cleared for flight
tests. It’s on track to start customer deliveries next year and
< Bianca I. Schuchardt run air taxis by 2025" [1]
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Urban Air Mobility: A World First in Summer 2024" [2]

Recent statements like these are not science fiction any-
more. Air taxi prototypes are already in production. To pave
the way for the future deployment, suitable infrastructure,
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new flight rules and air traffic management processes,
advanced urban communication and navigation capabilities,
successful certification, and finally passengers are required.
This leads us to the question: What about the status of
(UAM) ground infrastructure? The functional design and
the technical equipment of a vertidrome and a vertidrome
network are both a challenge and a key driver for the opera-
tional deployment of air taxis as well as the provision of
UAM services. Instead of introducing a modern version of
low-density helicopter services which currently represent
a niche market, UAM targets low ticket prices and high
throughput. Considering high traffic densities of air taxis
operating in urban environment and low level airspace, not
only vertical approach and departure procedures are of great
interest, but also strategic scheduling, tactical sequencing
and efficient ride matching are crucial to utilize the limited
capacities of a vertidrome network as efficiently as possible.
The coordination and allocation of each individual air taxi
within a vertidrome network operating under on-demand
characteristics requires a rather flexible, yet a safe and secure
framework. The framework needs to be easily adaptable
to changing operating conditions and sudden unexpected
events such as adverse weather. Furthermore, mixed air taxi
fleets with different flight performance characteristics and
vehicle dimensions, operational uncertainties and disrup-
tions, and vertidrome operations inside airport environment,
are just some of the operational conditions that need to be
considered. New approaches and solutions are required to
implement UAM and vertidromes successfully into urban
environment and airspace.

1.1 HorizonUAM: vertidrome aspects
and methodological approaches

The DLR research project HorizonUAM brought together
researchers from various disciplines to investigate UAM
holistically. This includes research on UAM vehicles, infra-
structure, operation and public acceptance [3]. The final
project outcome is an assessment of challenges and oppor-
tunities associated with UAM [4]. As part of the project, the
work package Vertidrome focused on investigating the oper-
ational characteristics and defining requirements of future
vertidromes from different perspectives and disciplines. This
paper summarizes the individual vertidrome related studies
conducted under HorizonUAM, relates the results and sug-
gests areas of remaining uncertainties for future research.
As shown in Fig. 1, this paper covers the design and
operation of individual vertidromes on a micro-level (1),
but also extended to the macro-level by addressing ver-
tidrome airspace network management (2) and network
optimization (3). Moreover, we studied the opportunities
and challenges of integrating air taxi services and verti-
drome operations into airport environment, thus controlled
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Fig. 1 Overview on HorizonUAM vertidrome research topics. (1)
Vertidrome design and operation, (2) Vertidrome airspace network
management, (3) Vertidrome network optimization, (4) Vertidrome
integration into airport environment and (5) UAM model city

airspace (4), and introduced the approach of developing
a UAM model city (5) to validate our concepts in scaled
flight trials.

For this purpose, we defined individual research tasks
and applied various methodological approaches to analyze
a future vertidrome from a micro- and macro-perspective:

e Development of a vertidrome simulation module and a
corresponding assessment framework to evaluate the air-
side performance of future vertidromes.

e Development of urban airspace network management
concepts for UAM considering different possible route
topology and structures.

e Development of a ride-matching algorithm to optimize
the distribution of vertidrome network capacities.

e Development of operational processes to safely integrate
air taxi operations into airport environment/ air traffic
control processes and implementation into a human-in-
the-loop simulation setup.

e Conceptual development of a 1:4 scale modular model
city to support scaled demonstration and validation flight
trials.

We provide a consolidated overview of our HorizonUAM
vertidrome research topics by focusing on three key aspects
in each section. First, we provide an introduction to the spe-
cific topic and highlight the operational challenges faced at
this stage of UAM and vertidrome development. Second,
we present our specific solutions and key findings towards
enabling a UAM framework to accommodate safely and
efficiently vertidrome operations in different operational
environments. Third, we discuss lessons learned and rec-
ommendations for the future direction of work in the field
of vertidromes.
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In the following project report, we start with the verti-
drome micro perspective in Sect. 2, which focuses on the
individual vertidrome design and operational concept. It is
followed by the macro perspectives of vertidrome network
airspace management in Sect. 3 and vertidrome network
optimization in Sect. 4. We continue the macroperspective
in Sect. 5 by investigating the integration of vertidrome
operations into airport environment thus controlled air-
space. Finally, we transition from a simulation-orientated
micro- and macro-perspective to the development of a 1:4
scaled modular model city to support scaled UAM flight
trials which is displayed in Sect. 6. We conclude this report
with a vertidrome-focused conclusion in Sect. 7.

1.2 Baseline for HorizonUAM'’s vertidrome research

In July 2020, we started the HorizonUAM vertidrome
research with a thorough literature review in cooperation
with Bauhaus Luftfahrt e.V. In total, we sighted 197 sources,
covering 49 scientific publications listed in Scopus from
2016 to 2021, (inter-) national regulations, standardization,
and general publications on vertidrome design and opera-
tions in the context of UAM. The literature review published
as [5] revealed, that up until recently, the classification and
characteristic of UAM ground infrastructure was not harmo-
nized at all. It led to terminologies such as vertiport, verti-
place, vtol port, vertihub, skypark or pocket airport, accom-
modating either air taxis and/or cargo drones, piloted and/or
un-piloted operations, and extreme variations in traffic densi-
ties. Since the publication of EASA’s Prototype Technical
Specification for the design of VFR vertiports [6] in March
2022 and FAA’s Engineering Brief No.105 on vertiport
design [7] in September 2022, the term vertiport has been
consolidated for the UAM community. However, the early
implementation approach of vertiports as prescribed in [6]
and [7] explicitly address VFR air taxi operations on existing
Vertical Take-off and Landing (VTOL) ground infrastruc-
ture such as heliports or early versions of vertiports with
reduced capabilities.

Therefore, in HorizonUAM we introduce the generic term
vertidrome to describe UAM ground infrastructure used by
VTOL aircraft as introduced in [8]. This includes also air-
side and landside jurisdictions as well as a designated air-
space surrounding the vertidrome. To reflect the limitations
of different operating environments, technical implementa-
tion possibilities and time horizons, we further distinguish
between vertiport, a fully equipped vertidrome with parking
and charging spots and a vertistop, which solely provides
safe take-off and landing capabilities. A vertiport might also
offer maintenance, repair and overhaul services or act as a
"hub" in a hub & spoke network. We must be aware that
tomorrow’s vertidromes need to accommodate long-term
developments of UAM. This means that UAM vertidrome

networks and vertidrome air, ground and landside operations
need to be scalable.

During the literature review which finished in mid 2022,
the vertiport community still lacked essential foundation,
especially in terms of standardization and regulation. This
started to change as of January 26, 2023 when the European
regulatory framework for unmanned aircraft system traffic
management U-space became applicable for all European
Union member states (see the Commission Implementing
Regulation (EU) 2021/664 [9]). Together with the Com-
mission Implementing Regulation (EU) 2021/665 [10],
2021/666 [11], and the acceptable means of compliance and
guidance material [12], a first reduced U-space framework
is now available.

Figure 2, an excerpt from [5], shows the systematic
approach into which categories the sighted literature was
categorized. In addition to regulation, the topics of security,
noise and weather were significantly underrepresented in the
sighted literature. Moreover, environmental factors such as
wildlife hazards, which did not even get listed, have received
little attention so far. In HorizonUAM, which aimed at a
holistic research approach of UAM, we were able among
others to address the underrepresented topics such as safety
and security [13, 14], social acceptance and noise percep-
tion [15, 16], weather in terms of wind and gusts [17], and
wildlife hazards potentially caused by advanced air mobility.

Future UAM airspace operation was widely researched
within HorizonUAM. The integration of air taxis as new air-
space users into the urban airspace is challenging. Depend-
ing on the airspace category, different operational require-
ments ranging from highly to least restrictive should be
considered. At the beginning of the project, various Concept
of Operations (ConOps) [18-23] were reviewed and used as
input for further analysis and enhancement. The analyzed
literature sources often provide frameworks that can serve as
a starting point for concept evaluations rather than providing
precise solutions for future operations.

Successful integration into the airspace and existing
air traffic flows is key to ensuring feasible and safe UAM
operations. The existing airspace concepts of [20—23] pro-
pose independent corridors for air taxis that can operate
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Fig.2 Vertiport-related topics discussed in scientific literature (49
Scopus-listed scientific publications 2016-2021). Adapted from [5]
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independently of existing traffic and without any inter-
action with Air Traffic Control (ATC). However, exist-
ing legislation mandates contact to ATC within control
zones such as at airports. In addition, control zones often
stretch out to city centers (e.g. Frankfurt, London, Paris),
which makes many of the European cities part of con-
trolled airspace. The European approach of accommodat-
ing drones and air taxis in European airspace is focused
on integration. This means that future U-space airspace
will be integrated into current airspace and where neces-
sary, ATC will be provided procedural and collaborative
interfaces [24]. Airservices Australia have evaluated the
challenges with regard to controller workload and situation
awareness within fast- and real-time human-in-the-loop
simulations[20]. Based on these results, a concept for the
operational air taxi integration has been developed within
HorizonUAM and tested in human-in-the-loop simulations.
Likewise, different airspace management concepts were
defined and tested within fast-time simulation. Further-
more, literature review and analysis did not only aim to
baseline new concepts, procedures, solutions and ideas
paving the way for UAM operations. We also elaborated a
comparison framework based on common UAM-tailored
metrics introduced by literature such as [25-31].

Another relevant design factor is represented by the
resource distribution in a UAM network, i.e. the allocation
of capacity requirements to each vertidrome, derived from
a demand scenario. In the planning and design phase, it is
crucial to ensure that the available resources are allocated
in accordance with the demand hot spots, such that ground
infrastructure is located in direct proximity to the demand
and provides sufficient capacity to handle all passengers. In
literature, the mapping of infrastructure to the demand hot
spots has mostly been investigated in the course of the ver-
tiport positioning problem, such as in [32] and [33]. In these
studies, optimized vertiport positions are derived depending
on the achievable time savings of the resulting networks,
respectively depending on reachability metrics resulting
from the networks. However, these investigations foremost
concentrate on optimal positions and density of vertidromes
in a network and the resulting benefits. Another optimiza-
tion approach examining the effects of network design on
demand satisfaction has been presented in [34]. While
research on derivation of vertiport networks from demand
predominantly concentrates on defining optimized positions,
the achievable time savings and the resulting monetary costs,
there is almost no research available on quantitatively defin-
ing vertidrome capacities based on the information gained
from demand scenarios. In [35] it is therefore pointed out
that the link between demand and resource allocation needs
to be examined taking single trips into account, which has
been identified as one of the challenges to cope with in
HorizonUAM.
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2 Vertidrome design and operation

According to the conclusions of [5], vertidromes are
expected to appear in different sizes and layouts, with
varying numbers of (FATO), gate parking positions, and
parking/charging stands. Vertidromes may have taxi route
systems, ground movement equipment responsible for
automatically moving the air taxi on the ground. Verti-
dromes are located in different operational environments,
must accommodate different (e)VTOL aircraft designs and
process different demand characteristics. All this, together
with the strategic scheduling processes, the performance
of an air taxi in terms of maneuverability, range, taxi-
ing and re-charging, the size of the air taxi fleet and the
number of seats available, determines how many of the
on-demand UAM requests can be accepted and executed.
Vertidromes are part of a system-of-systems operation but
need to be designed and evaluated individually for each
location, business case and demand forecast. Hence, there
is no one-size-fits-all solution for vertidromes. But how do
we develop and evaluate an operational concept for verti-
dromes when there is no blueprint for air taxi operations
in low level urban airspace, no regulatory guidance, and
no certainty about Electric Vertical Take-off and Landing
(eVTOL) aircraft performance and demand forecast?

As part of the HorizonUAM project, we collaborated
with Bauhaus Luftfahrt e.V., who provided us with their
demand estimates for the area of Upper Bavaria, which
were developed in the OBUAM project [36]. In a first step,
this dataset was used to evaluate the developed ConOps
for two vertiport designs in a fast-time simulation (V-Lab
[37]), meeting low to medium and high density demand
characteristics. In a second step, the vertidrome fast-time
simulation was implemented into the system-of-systems
workflow in which a UAM operation was simulated and
evaluated for the HorizonUAM reference city of Ham-
burg considering location specific demand forecasts
and vertidrome networks (see contributions such as [38]
made by HorizonUAM work package 1 "Overall System
Simulation").

We started the vertidrome design research by defining the
key elements of a vertidrome, thereby focusing on the airside
jurisdictions (see Fig. 3). The pad, consisting of the (TLOF),
FATO and safety area, is the only essential element required
for a vertidrome operation. Touchdown and lift-off proce-
dures are conducted here in obstacle-free and safe environ-
ment. However, stands and gates are necessary to release the
pad for the next incoming arrival, waiting departure or emer-
gency, which therefore increases a vertidrome’s throughput
and safety significantly. All vertidrome elements need to be
designed based on the maximum dimensions (D-value) of
the aircraft type intended to operate at the vertidrome [6].
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Fig. 3 Infrastructure Elements of a Vertidrome. Adapted from [5]

Fig.4 Vertidrome Layouts: LIEDT (left) [8]. PAW (right) [39]

The operational concept of a vertidrome aligns each verti-
drome element’s capabilities and capacities by defining clear
interactions and procedures. Within the project we devel-
oped two vertiport layouts. The Linear Independent Expand-
able Drive-Through (LIEDT) layout creates a one directional
flow in which arrival and departure streams are separated
and only share the gate parking infrastructure (see Fig. 4
left). Instead, the PAW layout operates a bi-directional traf-
fic flow and provides a smaller footprint (see Fig. 4 right).

Both vertidromes are surrounded by a terminal airspace
which accommodates arrivals and departures. Since the
LIEDT layout can operate both traffic streams indepen-
dently due to two separate approach and departure slopes
and FATOs, the terminal airspace can accommodate two
air taxis at a time, instead, the PAW layout which shares
one FATO for both operations, can only host one air taxi
at a time.

In [39] we showed that even though the LIEDT layout is
designed for higher throughput scenarios, the full vertidrome
capacity potential is only leveraged if strategic scheduling
methods are optimizing the harmonization between all infra-
structure elements, in our case, pads and stands. Consider-
ing an exemplary demand of approx. 1,400 operations per
day, the PAW layout was able to perform better on a tactical
level due to an optimized scheduling algorithm which set the
capacity of the single FATO in relation to the availability

of the gate parking positions. However, this resulted in an
extreme number of strategic cancellations already during
the booking process but prevented tactical gate shortages
and thus significantly reduced tactical airborne delay. Based
on these results, request cancellations should not become a
common practice to increase performance levels. Therefore,
demand and capacity must be efficiently balanced during
strategic and tactical phases.

The comparison of both vertidrome airside performances
was conducted through the (VALoS) framework [40]. Pro-
viding a performance assessment framework that evaluates
how well a vertidrome’s airside operation is performing from
different stakeholder perspectives, offers the opportunity to
quantify a qualitative vertidrome design in strategic planning
phases. For our use-case, we defined the air taxi operator, the
passenger, and the vertidrome operator as key stakeholders,
who define requirements in terms of delay and punctuality.
They may vary depending on the business/use case, opera-
tional environment and stakeholder objectives.

As shown in [17], the VALoS framework is also suitable
to evaluate the impact on the air traffic flow caused by chang-
ing wind and gust speed conditions during the final approach
and initial take-off phase at vertidromes (see Fig. 5). Focus-
ing on a case study of Hamburg and Munich, we analyzed
a decade (2011-2020) of historical METAR wind and gust
speed data, to determine the potential of a vertidrome opera-
tion with LIEDT layout located at Hamburg and Munich
airport. To conduct this analysis, we extended the vertiport
ConOps to meet wind-dependent requirements on a tactical
and strategic level and defined four wind categories prescrib-
ing the required minimum separation: (WO) W/G<17kts,
Wind-Advisory (WA) 17kts<W/G< 20kts, (WW) 20kts<
W/G<25kts and (WS) W/G>25kts [17]. Selecting one rep-
resentative year for both locations, 2019 for Hamburg and
2012 for Munich, we conclude that over 50% of the annual
flight cancellations occurred during the first quarter of the
respective year. Especially during midday and early after-
noon hours, the VALoS showed performance degradation
due to worsening wind and gusts speed conditions. In Fig. 5,
the VALoS dashboard for the arrival traffic stream of a verti-
drome located at Hamburg Airport is exemplarily displayed
for the week from 4-10 March 2019. The stakeholders ver-
tidrome operator, eVTOL operator, and passenger PAX are
depicted with their assigned performance metric punctuality,
delay, and average delay, respectively. Occurring wind cate-
gories are depicted in percent for each day at the bottom left.
Green indicates an acceptable VALoS, red a non-acceptable
VALoS, gray displays all cancelled flights, dark green and
dark red represents time windows with processed flights
and cancelled requests. In total, for a vertidrome located
at Hamburg airport, this resulted to 11.5 and 10.2 days of
cumulative annual operational shutdown due to arrival and
departure request cancellations, respectively.
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Fig.5 Weekly/24-hour distribution of the VALoS dashboard for the arrival airside traffic streams at a vertidrome at Hamburg Airport. Adapted

from [17]

To conclude our vertidrome design and performance
analysis, we investigated the impact of stochastic devia-
tions and short term disruption on the achieved VALoS. In
[37], we showed for our test case that the considered sto-
chastic deviations are not creating any significant impact on
the airside traffic flow, thus the achieved VALoS. However,
short-term disruptions, even if they occur in five to ten min-
ute ranges, are much more relevant in terms of disrupting
the airside traffic flow. Depending on the traffic volume and
the availability of backup vertidrome infrastructure such as
additional pads and stands, the variability of the achieved
VALOoS changes significantly.

Having concluded the micro-perspective of the verti-
drome design and operation, in the next step we enter the
macroperspective, where we address the perspective of the
vertidrome network airspace management, which connects
each vertidrome through an airspace network.

3 Vertidrome airspace network
management

A single vertidrome is not sufficient for a feasible UAM
operation. Therefore, a safe and efficient way to connect a
multitude of vertidromes is necessary. Moreover, due to the
predicted high number of simultaneous UAM operations,
i.e. air taxi and cargo flights in low level airspace, current
air traffic management procedures need to be re-evaluated.

@ Springer

And where necessary they need to be adjusted and opti-
mized. Therefore, potential management concepts and pro-
cedures for conflict-free airspace operations were investi-
gated. Within this project, two management approaches were
developed namely Slot-Based Approach (SBA) and Trajec-
tory-Based Approach (TBA) (see Fig. 6). These approaches
were inspired from today’s airspace management systems
namely fixed Air Traffic Services (ATS) route structure and
Free Route Airspace (FRA) [41]. While the TBA is based on
direct routes between vertidromes represented as 4D trajec-
tories, the SBA uses a rigid route structure and a time-slot
management approach.

The approach focused first on the development of both
operational concepts and second, the implementation into
in-house software tools. The elements are GridCity, func-
tioning as scenario generator [43], and NDMap, functioning
as conflict detection and resolution tool [44]. In the next step
we compared both approaches based on network-specific,
vertidrome-specific, and human-centered performance met-
rics [42, 45]. As part of HorizonUAM, a first iteration of
both approaches was conducted in nominal conditions. This
included, among others, the assumptions of constant speed
(15 m/s cruise speed, 3 m/s climb and descent speed), sim-
plified mission profiles (vertical take-off and landing, fixed
cruise altitudes), unlimited range and no disturbances and
disruptions due to weather or technical failure.

For the SBA, a customized route network was specifically
designed for the HorizonUAM reference use case Hamburg
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Fig.6 Vertidrome network
airspace management concepts:
SBA (left) and TBA (right).
Adapted from [42]

[42]. In its final version, the vertidrome network consists of
20 vertidromes. They are distributed across the city of Ham-
burg, encompassing residential and industrial areas, as well
as urban points of interest. We followed the objective, that
UAM is supposed to be an addition rather than a competitor
to the current public transport system. With that in mind, a
geographically independent method to design UAM route
networks has been developed. The workflow used in the net-
work design is following a 5-step plan. First, we identified
no-fly zones such as industrial plants, government build-
ings, nature reserves, and residential areas. The basis for
selecting an air taxi route as part of the route structure is
a potential time saving compared to public transportation.
Especially long connections with multiple transfers are best
suited to be supported by air taxi operations. Next, addi-
tional routes are added to the network, such as connections
to tourist attractions and transportation hubs, that are already
well-connected, high-performing in terms of travel times,
and therefore not previously considered. In the penultimate
step, the resulting network is formed by merging routes that
share the same destination vertidrome. The final step is to
analyze the resulting UAM network with its merging points
by comparing it to the public transportation network, and
make final adjustments to increase time saving.

For the TBA, the 20 vertidromes are directly connected
with each other (see direct comparison in Fig. 6).

After defining the network details and implementing both
concepts into the simulation framework, we focused, among
others, on the evaluation of the following four network-spe-
cific performance metrics to compare both approaches.

e Average flight time - the average flight time a UAM vehi-
cle is airborne.

e Network occupancy - the (median) amount of airborne
UAM vehicles in a defined time frame.

e Travel time saving to ground traffic - the time difference
between airborne and ground traffic on a route from ori-
gin to destination.

e Demand conformance - the difference between the pas-
senger demand (requested time) and the time slot allo-
cated.

The common metrics, as highlighted and described in
more detail in [42] were results of internal and bilateral
workshop sessions as part of the ATM-X NASA and DLR
collaboration.

To identify bottlenecks in both approaches, different use
cases have been considered. Those entail four demand sce-
narios, named high frequency, nominal, low frequency, and
very low frequency. They consider 2, 1, 0.5, and 0.2 sched-
uled take-offs per minute per vertidrome, respectively. With
a total of 90,000 simulated flights and ground trips. A sum-
mary of the nominal simulation results is displayed in Fig. 7.

The key observations and conclusions that can be drawn
from these first simulation runs are the following [46]:

e Air taxis are proven to potentially reduce the passenger
travel time (up to 50% reduction of the travel time). In
this way they are complementing or/ and supplementing
the current conventional public transport means. TBA and
SBA offer predominantly time savings.

¢ Depending on the overall considered traffic density, air
taxis could provide on-demand service even with SBA
with an average of less than 3 min deviation from the
passenger demand.

e The TBA showed a better average flight time due to direct
routing with lower network occupancy rate. With the
concept of free routing, the trajectory-based approach
offers significant potential for UAM. At the same time
raises challenges related to deconflicting process, trajec-

43.0
s 15.0 13.6
9.0 10.0

22 22
7

@ P\ = ©

Average Flight Airspace Travel time saving Demand
Time [min] occupancy to ground traffic conformance [min]
[air taxi/ min] [%]

Fig.7 Comparison of SBA and TBA under nominal conditions based
on a set of performance metrics. Graphic based on the results of [46]
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tories calculation complexity, integration with conven-
tional traffic, etc.

All in all, a standard solution to be implemented in all cit-
ies is not realistic and consequently not feasible. The most
adequate approach to be adopted should be tailored to the
specific needs of the concerned passengers. It should con-
sider a set of factors and targeted performances including
but not limited to the characteristics of the city, targeted traf-
fic density level, the connectivity already ensured by other
transportation means, etc. A combination of both approaches
could be feasible, seeking the maximum benefits from both
approaches, as per today’s airline operations. More exhaus-
tive conclusions and findings are summarized in [46].

Considering the simplified assumptions and the adopted
method to generate randomized flight plans, the results show
a rather positive outcome and tendency. However, for indi-
vidual routes such as highlighted in orange in Figure 6, time
losses of up to 53% are recorded. These differences occur
from the fact that the route network is not optimized for cer-
tain connections, especially between already well-developed
ground traffic routes, that were generated in the randomized
origin—destination pairing. With more significant and realis-
tic demand (still randomly generating but by excluding and
filtering trips which are not adequate for UAM operations),
the results could be even more enhanced and promising.
As a next step, and as part of the ATM-X cooperation, we
will re-iterate the network design for both SBA and TBA
concepts, as well as include realistic demand and capacity
restrictions, caused by disruptions or changing weather con-
ditions. Additionally, the simulated nominal use case could
serve as baseline for the investigation of further non-nominal
scenarios.

In addition to urban airspace, vertidrome network capac-
ity is a critical resource of the UAM network that, if opti-
mized, can reduce the required vertidrome infrastructure and
fleet size to a minimum. The next section provides a sum-
mary of the relevant parameters and methods considered for
an optimization.

4 Vertidrome network optimization

The aim of the network optimization was the development
and application of a strategic planning procedure, allowing
to derive the minimum local capacities required regarding
eligible metrics, like parking stands, charging infrastructure,
or the number of feasible traffic movements per minute. To
keep the required volume concerning fleet and infrastructure
as small as possible, efficient fleet operations are needed,
minimizing the share of empty rides and therefore opti-
mizing the fleet-size and -mix, as well as the energy con-
sumption. Therefore, a workflow has been developed and
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implemented providing a fleet composition and efficient
vehicle operating plans which are analyzed to derive the
local capacity requirements in the network. This method-
ology has been presented in [47], demonstrating a capac-
ity requirement analysis based on the use cases of parking
stands and battery charging infrastructure. In total, the
approach comprises four steps. At first, a UAM network is
defined by its vertidrome positions while each vertidrome is
initialized with indefinite capacity regarding the examined
categories. For the following fleet composition, vehicle types
are defined along with the necessary performance charac-
teristics, such as horizontal and vertical operating speed,
specific power consumption per mission phase, as well as the
battery capacity and the maximum number of passengers. In
a second step, a traffic scenario is implemented, setting up a
pool of requested revenue missions. Each mission is defined
by an origin and destination vertidrome, the number of trave-
ling passengers, and the desired time of departure. In the
third step, the fleet is successively generated while allocat-
ing entries from the mission pool to the vehicles. Therefore,
a graph-based optimization model has been implemented,
utilizing the mission pool for graph-generation. On this
graph, the Dijkstra Algorithm is applied for the derivation
of vehicle specific mission sequences. In this process, three
boundary conditions are considered:

e No vehicle can be set up with a mission, if it provides
insufficient seat capacity to transport all passengers
assigned to that mission.

e The feasibility of a mission sequence must be main-
tained with regard to time, ensured by the consideration
of individual vehicle performance with regard to operat-
ing speed. Therefore, time buffers for ground handling,
boarding and de-boarding of passengers, battery charging
times, and empty relocation flights are considered.

e The feasibility of a mission sequence must be maintained
with regard to energetic aspects, ensuring that the battery
of a vehicle operates within its boundary values between
0% and 100% of usable energy throughout the mission
sequence.

The number of covered passenger kilometers is used as an
optimization parameter for sequence generation, effectively
maximizing the total distance traveled by passengers per day
and implicitly rewarding sequences with fewer empty seat
kilometers. In the fleet generation process, all possible com-
binations of vehicle type and starting position of a vehicle in
the network are reviewed and possible mission sequences are
determined accordingly. In a concluding optimization step,
a linear programming problem is solved to select the most
efficient mission sequences while ensuring that each single
mission in the pool is allocated to exactly one vehicle. These
two phases, mission sequence generation and selection, are
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repeated until all missions are allocated and step three is
completed. In the last step, fleet size and fleet mix are ana-
lyzed, and the operating plans are derived specifically per
vehicle and per vertidrome, to assess the local load profiles
regarding each selected design parameter, namely battery
charging power and the number of parking vehicles. Finally,
the capacity requirements for each vertidrome can be derived
from the load peaks. In the scope of the investigations con-
ducted in [47] a network based in Hamburg City (Germany)
has been examined. This network consists of a set of 20
vertidrome positions and two different vehicle types [48]
with four and six seats, operating a commuter-based sce-
nario [49, 50] with 2,800 missions. The results showed that
a fleet of 275 vehicles is required to operate all missions
when assuming a fixed battery installation on board of the
vehicles and a constant battery charging power of 50 kW at
the vertidromes. When assuming exchangeable batteries, on
the other hand, simulations showed that the required fleet
size could be reduced to 225 vehicles, caused by a higher
achievable degree of vehicle utilization over the day.

The analysis of the daily peak loads finds a requirement
for 422 parking stands in the vertidrome network to conduct
the derived operating plans. At the same time, the appli-
cation of the battery swap strategy, resulting in a smaller
fleet, provides a potential reduction of ground infrastructure
requirements by —24%. Hence, only 322 parking stands are
required in the network (see Fig. 8). The investigation found
that the battery swap strategy, in comparison to conventional
charging of fixed batteries, may result in higher peak loads
regarding charging power. The results show that a fleet con-
sisting of 275 vehicles requires a maximum charging power
of 11.1 MW cumulated throughout the network while the
smaller fleet, based on battery swap strategy, results in higher
charging peaks of up to 16.7 MW throughout the network,
mainly caused by a more concentrated power consumption at
the vertidrome regarding time. Furthermore, the operational
efficiency of the fleet has been examined, quantifying the
load factor in comparison to the occupancy rate over the day.
In that context, it could be found that average load factors
of 45% are feasible while occupancy rates over the day can

f -
24%

less parking positions
necessary when air taxi batteries
are swapped instead of re-charged

h =
19%

smaller air taxi fleet
sufficient to operate the
same demand and

Fig.8 Savings potential regarding fleet size and ground infrastructure
when applying battery swap, caused by a reduction of vehicle down-
times. Graphic based on the results of [47]

take values of up to 80%. These first results allow estimating
the required fleet size and vertidrome capacity requirements,
exemplarily derived for one demand scenario. It underlines
the importance of battery charging management and vehi-
cle relocation management in the network to diminish peak
loads and therefore the required capacity limits.

5 Vertidrome integration into airport
environment

The concepts of operations published so far [20-23] foresee
UAM traffic to be performed independently of the current
air traffic network and with their own air traffic services.
However, in the context of current national legislation (e.g
[51]), the contact to ATC is mandatory within control zones
such as around airports. This is especially relevant for near-
term integration of UAM traffic and for the introduction of
one of the major UAM use cases such as airport shuttles.
ATC is responsible to ensure a safe and efficient traffic flow.
At the airport, this includes the control and coordination of
landing and departing traffic as well as supervising traffic in
the control zone. Adding air taxis to the traffic flow results
in additional airspace users with performance characteristics
rather different from conventional fixed-wing traffic. Hence,
providing them with take-off and landing spaces away from
the runway system and favourably with independent arrival-
and departure routes should be aimed at [52]. Moreover,
the control task itself should be designed in a way that the
responsible air traffic controllers can maintain their situa-
tion awareness and that the potential increase in workload
remains feasible. On an airport level, safety should not be
impaired and runway throughput should not be impacted.

Within HorizonUAM, an operational concept for air traf-
fic controllers was developed for the control of additional
UAM airspace users [53]. It includes a procedure to assess
requested trajectories for operational feasibility prior to
flight and communication options to transmit immediate or
delayed departure clearances. Tactically during the flight,
the tasks of monitoring and options to keep separation min-
ima to all kind of traffic users are defined. Moreover, right
of way priorities are presented depending on the opponents
involved, their flight performance as well as their current
flight phase. The tactical part of that process was tested
for feasibility in real-time human-in-the-loop simulations
in German Aerospace Center (DLR)’s Apron- and Tower
Simulator [54] with ten air traffic controllers for the refer-
ence use case Hamburg airport.

As shown in Fig. 9, the setup included a route network
for airport shuttles between a vertiport at the airport and
nine vertiports in the city, all of them within the control
zone [52]. In addition to conventional traffic in a peak hour
including 44 movements/hour, fifteen air taxis were added
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Fig.9 Route network of Ham-
burg including the vertiport
location at the airport
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per one-hour simulation run, since this number proved
feasible in terms of air- and vertiport capacity in fast-time
simulations [52]. The vertiport at the airport was located
on landside just east of the main terminal buildings. It is to
be approached independently from conventional air traffic
routes except for an alternative route across the extended
runway centre line of runway 23 to enable air taxis from
the north a substantial travel time reduction. Air taxi routes
were visualized and active routes were highlighted on the
radar screen to support controllers in their tasks. A detailed
description of the simulation setup and the results can be
found in [55].

Within the simulation trials, it proved to be feasible to
integrate air taxis into current airport operations [55]. Even
though the introduction of UAM traffic led to an increase
in reported workload by 44% while situation awareness
reduced by 18%, all controllers reported that the changes
were all within tolerable limits (see Fig. 10).

Moreover, they all agreed that the visualization of air taxi
routes supported their overview of the air traffic situation.
While the throughput of conventional fixed-wing traffic
decreased by 9%, the overall airport capacity increased by
75% in comparison to the baseline scenario due to the addi-
tion of air taxi services. Within a partnering study extending
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Fig. 10 Changes in situation awareness and workload of air traffic
controllers when introducing air taxis. Graphic based on the results
of [55]

the described set-up to present the controllers with informa-
tion about critical wildlife in the control zone (cf. [56], a
training effect was observed. Despite increased complexity,
the workload was reduced by 8 % compared to the scenario
including air taxis described here, while situation aware-
ness increased by 8 %. Moreover, a slight increase in overall
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throughput (conventional and air taxi traffic) was observed
while progressing through the scenarios of this as well as the
partnering study [56]. Therefore, it is expected that with a
well-structured training scheme to integrate air taxi opera-
tions into control procedures, workload can be decreased
to levels almost similar to regular operations for moderate
numbers of air taxis to be controlled. All controllers agreed
that in case of higher numbers of air taxis, it should be aimed
for an additional working position in charge of all general
aviation and UAM traffic, especially at times with high traf-
fic loads to ensure feasibility.

6 UAM model city

To support UAM (flight) testing, demonstration and vehicle
certification, a modular model city scale 1:4, representing an
exemplary European urban environment, has been conceptu-
alized. When completed, this model city will be an extension
of the DLR National Experimental Test Center for (UAS)
at Magdeburg-Cochstedt airport. It targets a variety of users
and customers including DLR institutes, external research
facilities as well as relevant stakeholders in the UAS and
UAM industry. The model city is intended to address the
lack of real urban environment testing opportunities due to
increased air and ground risk and therefore high regulatory
barriers. To offer a safe environment to test and validate
developed theoretical concepts, operational procedures and
technical features, the model city will provide a representa-
tive urban setup for all kinds of UAS and UAM applica-
tions, use cases and operational environments. Moreover, the
model city will offer ideal capabilities to conduct interdis-
ciplinary studies on, e.g. flight guidance procedures, flight
system requirements as well as environmental and public
acceptance. Regarding disciplines such as performance of
communication and navigation technologies the testing
possibilities could be limited since the propagation of elec-
tromagnetic waves does not scale in the aimed dimension.
However, this does not exclude these topics from the object
of research within the model city.

In general, it is not sufficient to simply re-build a specific
city in a scaled manner, but rather to represent typical areas
of a larger central European city.

Based on the analysis of representative European urban
areas, as conducted in [57], a concept for a model city was
developed. The analysis is based on the categorization of
building density, introduced in [58] and [59]. The relevant
main categories (single family houses, city apartment build-
ings and residential inner-city complexes) where arranged in
three different types (single, in line and positioning around
a courtyard).

Throughout the project HorizonUAM, we included a wide
range of stakeholders into the discussion determining what

features and capabilities a future model city needs to offer.
In addition, also external users/customers of the testing
grounds in Cochstedt were interviewed about their possible
needs for an urban test infrastructure. The variety of use
cases that might be addressed in a test facility for UAM,
requires a modular approach which allows adjustments and
variations rather than a permanent setup. The scale was set
to 1:4 to achieve a satisfactory ratio of building height and
street width on the intended building area at the test site. The
resulting dimensions of the defined basic building blocks are
shown in Fig. 11.

While the actual process of building the model city at
DLR site in Cochstedt is still ongoing, a temporary modular
city environment consisting of shipping containers was set
up on the airport’s apron (see Fig. 12 right). Also, FATO
markings were placed on the ground in the vicinity of the
temporary modular city. This enabled the project partners in
HorizonUAM to perform individual flight test campaigns for
their specific scenarios and use cases. This included, e.g. the
detection of people around a targeted FATO and navigation
of a single UAS through a street canyon using the modular
city as obstacles affecting the lines of sight [60-62].

During the individual and multidisciplinary flight cam-
paigns, it was possible to leverage successfully the model
city and its surroundings and the feedback was overall
positive.

7 Conclusion

From a vertidrome design and operation perspective, we
reached a level of certainty purely based on simulation. We
showed that it is possible to simulate air taxi traffic flows,
to determine operational repercussions due to non-nominal
conditions and leveraging different scheduling methods
and vertidrome layouts. The VALoS framework provides
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Fig. 11 Different building classes represented in the model city with
the respective scaled dimensions of the modular components (1:4)
[57]
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Fig. 12 Vision of a possible _—
urban test environment at DLR
UAS test center at the Magde-
burg-Cochstedt airport (left).
Temporary setup with container
modules,tarpaulins and FATO
markings used for HorizonUAM
flight trials (right)

an easy, self-explanatory and visual rating of the airside
traffic flow performance for the vertidrome of interest. Pre-
dominantly, it can be used on a strategic planning level, to
determine a future vertidrome’s bottleneck from a time (24-
hour/week/month/year) and traffic flow perspective, and to
evaluate operational capabilities and rate specific vertidrome
locations. In addition, it can also support vertidrome air-
side traffic management on a tactical and monitoring level.
However, the vertidrome simulation and assessment only
provides reliable conclusions if we have an accurate demand
forecast, an initial understanding of relevant performance
targets, and if all relevant stakeholders in the vertidrome net-
work share their information. This is the reason why flight
trials are, at this stage, rather complex in preparation and
implementation due to the magnitude of required interfaces
between different, currently independent stakeholders and
systems. This is even increased if vertidromes operate in
controlled airspace where additional stakeholders must be
involved in strategic and tactical phases of air taxi flights.
Each location, business/use case and operating environment
needs to be evaluated individually from a feasibility and per-
formance perspective. Therefore, there is no one-size-fits-all
solution for the design and the operational development of
a vertidrome, but with the VALoS we established a perfor-
mance assessment framework which is usable for all kinds
of UAM ground infrastructure.

In the context of optimizing a vertidrome network and
fleet design, a workflow was developed and implemented,
allowing the integrated design of operating fleets and the
derivation of ground infrastructure requirements from
resulting operation plans. The application of this workflow
quantified the fleet requirements for an exemplary scenario
based on a commuter use case. However, it is important to
note that the presented results do not give a final quantifica-
tion of future requirements in the City of Hamburg. Instead,
they demonstrate a novel approach how to transfer traffic
scenarios into demand-adapted vertidrome networks while
considering traffic load profiles. The investigations revealed

@ Springer

a significant potential for reducing the fleet and ground infra-
structure, depending on the battery charging time. However,
further aspects need to be examined in future work, such
as the availability of additional vehicle types with various
operating speeds, passenger capacities, and ranges. Future
use cases for this method include deriving and statisti-
cally analyzing fleet and ground infrastructure for multiple
demand scenarios. Considering the uncertainty regarding
future demand, the methodology could be applied to identify
fleet compositions and infrastructure distribution that pro-
vide potential for efficient operations across a wide range of
demand scenarios. As vertidrome networks are expected to
experience organic growth in cities, further improvements
of the method may allow for the derivation of optimized ver-
tidrome network expansion, considering predefined initial
capacities and accommodating growing or shifting traffic
flows. An essential aspect for future revisions will be consid-
ering spontaneous flight bookings and their impact on fleet
and infrastructure requirements.

From an airspace network perspective, it is not finalized
which vertidrome airspace network management approach
should be preferred. A hybrid approach utilizing a rigid route
structure (SBA) in the vicinity of vertidromes (i.e. within
the terminal airspace), and direct trajectories (TBA) during
the en-route phase could be considered. How both airspace
management approaches perform under advanced assump-
tions (e.g. static and dynamic no-fly zones, multi-level/lane
trajectories, tactical conflict detection, battery management)
and more realistic demand scenarios, will be part of the next
years of the ATM-X project collaboration between NASA and
DLR. According to the preliminary results developed under
nominal conditions, UAM shows the potential of travel time
savings, if the optimal airspace management approach is
chosen. As for the vertidrome layout, size and operation,
this will vary for the airspace network for each area and
business case. It should be noted that the current TBA and
SBA route networks need to be adjusted according to public
requirements in terms of privacy and noise.
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With regard to the integration of UAM traffic within
the ATC work processes, the real-time simulations
showed an increase in workload and situation awareness.
However, according to feedback of all involved control-
lers, they still felt comfortable considering both aspects.
In case of increasing UAM traffic, it is suggested to add
a working position dedicated to the handling of VFR and
UAM traffic. This should facilitate feasibility in higher
traffic densities as well.

Lastly, the DLR Experimental Test Center for
Unmanned Aircraft Systems in Cochstedt (Germany) is
an ideal test environment for future investigations, since
it also provides an active airport environment. The model
city was first implemented on the apron as a temporary
modular model city using shipping containers. This setup
was used for a series of flight tests within the project
HorizonUAM as well as for external users. During the
flight trials, the containers served as obstacles represent-
ing urban canyons, and two vertidrome pad markers were
used to allow drones to automatically detect objects and
land safely. As a next step, the scalability of the results
needs to be further investigated. This includes the prop-
agation of electromagnetic waves and other physical
aspects in narrow surroundings as well as on the sur-
faces of the buildings that at the moment might limit the
variety of testing possibilities. The modular approach of
the (temporary) model city allows a variable arrange-
ment of all building units, therefore scenarios like scaled
vertidrome operations in built-up environment as well as
public acceptance studies within the scaled city could be
aimed at in future trials. This can contribute positively
to future research and perhaps also to future certification
processes. The scaled model city should enable and sup-
port exactly these investigations. Therefore, it is planned
to complete the scaled model city in its entirety over the
next years to expand the capabilities at the test site at
Magdeburg-Cochstedt airport.

As part of HorizonUAM, the vertidrome research has
been carried out by observing the basic vertidrome prin-
ciples, developing operational concepts, performance
evaluation methods and optimization algorithms, which
resulted in the experimental validation by fast-time and
human-in-the-loop simulation. With the achievements in
HorizonUAM and the current global state of vertidrome
research, we have reached a good foundation in terms of
vertidrome (network) design and corresponding opera-
tional concepts. The next step in vertidrome (network)
research, is to move to the development and deployment
phase, which corresponds to a technology readiness level
of 4+. Only then can we assess the realistic feasibility of
our concepts, validate, adjust and fine-tune our simula-
tions accordingly.

8 Outlook

In the following, we conclude this report by summarize the
key uncertainties of current vertidrome research which must
be addressed in the future by the UAM community.

1) Demand forecast: The greatest uncertainty is the future
demand for UAM, which will drive the design of the
vertidrome network, resource distribution, throughput
and performance requirements. Since the urban imple-
mentation of vertidromes will be challenging, we need
to ensure that the operational concepts we develop are
scalable and therefore sustainable.

2) eVTOL aircraft performance data: Aircraft flight test
data are necessary to validate our operational concepts
and to adapt operational procedures on vertidrome
micro- and macro-level to the capabilities of the eVTOL
aircraft.

3) Weather: Varying weather conditions must be part of
future vertidrome network analyses to evaluate the
impact on vertidrome operation and usability, and thus
fleet management, network size and overall business
case.

4) Scaled vs. full scale flight tests: Detailed investigations
are necessary to determine the extent to which scaled
flight tests at vertidromes are scalable and representa-
tive of full-scale air taxi behavior and vertidrome per-
formance.

5) Vertidrome as part of a system-of-systems operation: A
single vertidrome is not sufficient to host UAM opera-
tions. Neither is a UAM network without a detailed rep-
resentation of each vertidrome node. To evaluate the
capabilities of a vertidrome network we need to deter-
mine details on micro- and macro-level and derive inter-
dependencies at both ends.

Acknowledgements We would like to thank Franz Knabe for his
insightful feedback and suggestions, which played a crucial role in
improving the quality and clarity of this project report and both Bau-
haus Luftfahrt e.V. and NASA for this fruitful collaboration. This work
was conducted as part of the DLR project HorizonUAM.

Author Contributions Conceptualization, K.S.; writing—original draft
preparation, K.S, I.M, EN., M.S., A.K., R.A.; writing—review and
editing, K.S; visualization, K.S, F.N, LM, A.K.; supervision, K.S; pro-
ject administration, B.S., K.S.; All authors have read and agreed to the
published version of the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability Data sets generated during the current study are avail-
able from the corresponding author on reasonable request.

@ Springer



K. Schweiger et al.

Declarations

Conflict of interest Author Bianca I. Schuchardt is also guest editor for
the special issue on the HorizonUAM project but has not been involved
in the review of this manuscript. The remaining authors have no Con-
flict of interest to declare that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Dent, S.: USJoby Aviation’s first production air taxi cleared for
flight tests. https://www.engadget.com/joby-aviations-first-produ
ction-air-taxi-cleared-for-flight-tests-093526681.html. Accessed
30 June 2023

2. Wang, Y.: Groupe ADP & Volocopter at Forefront of electric
urban air mobility: a world first in summer 2024. https://www.
volocopter.com/newsroom/volocopter-paris-routes/. (2023)
Accessed 25 June 2023

3. Schuchardt, B.I., Becker, D., Becker, R.-G., End, A., Gerz, T.,
Meller, F., Metz, 1.C., Nikla83, M., Pak, H., Schier-Morgenthal,
S., Schweiger, K., Shiva Prakasha, P., Siilberg, JD., Swaid, M.,
Torens, C., Zhu, C.: “Urban air mobility research at the DLR Ger-
man aerospace center — getting the HorizonUAM project started,”
In: enAIAA AVIATION: FORUM. VIRTUAL EVENT: American
Institute of Aeronautics and Astronautics. 2021,(2021). https://
doi.org/10.2514/6.2021-3197

4. Pak, H., Asmer, L., Kokus, P., Schuchardt, B.I., End, A., Meller,
F., Schweiger, K., Torens, C., Barzantny, C., Becker, D., Ernst,
J.M., Jdger, F., Laudien, T., Naeem, N., Papenful, A., Pertz, J.,
Prakasha, P.S., Ratei, P., Reimer, F., Sieb, P., Zhu, C.: Can urban
air mobility become reality? opportunities and challenges of uam
as innovative mode of transport and dlr contribution to ongoing
research,” enCEAS Aeronaut. J. (2024)

5. Schweiger, K., Preis, L.: enUrban air mobility: systematic review
of scientific publications and regulations for vertiport design and
operations. enDrones 6(7), 179 (2022). https://doi.org/10.3390/
drones6070179

6. European Union Aviation Safety Agency (EASA), Vertiports pro-
totype technical specifications for the design of VFR vertiports
for operation with manned VTOL-capable aircraft certified in the
enhanced category (PTS-VPT-DSN). (2022). https://www.easa.
europa.eu/downloads/136259/en

7. Bassey, R.: Memorandum subject to Engineering Brief No. 105,
vertiport design. (2022). https://www.faa.gov/sites/faa.gov/files/
eb-105-vertiports.pdf

8. Schweiger, K., Knabe, F., Korn, B.: An exemplary definition of a
vertidrome’s airside concept of operations. Aerosp. Sci. Technol.
(2021). https://doi.org/10.1016/j.ast.2021.107144

9. Commission implementing regulation (EU) 2021/664 of
22.4.2021 on a regulatory framework for the U-space (OJ L 139,

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

23.4.2021, p. 161-183). https://eur-lex.europa.eu/legal-content/
EN/TXT/PDF/?uri=CELEX:32021R0664 &from=EN
Commission implementing regulation (EU) 2021/665 of 22
April 2021 amending Implementing Regulation (EU) 2017/373
as regards requirements for providers of air traffic management/
air navigation services and other air traffic management network
functions in the U-space airspace designated in controlled air-
space. http://data.europa.eu/eli/reg_impl/2021/665/0j/eng
Commission Implementing Regulation (EU) 2021/666 of 22 April
2021 amending regulation (EU) No 923/2012 as regards require-
ments for manned aviation operating in U-space airspace.” http://
data.europa.eu/eli/reg_impl/2021/666/0j/eng

EASA, Acceptable means of compliance and guidance material
to regulation (EU) 2021/664 on a regulatory framework for the
U-space. https://www.easa.europa.eu/en/downloads/137405/en
Torens, C., Volkert, A., Becker, D., Gerbeth, D., Schalk, L.,
Garcia Crespillo, O., Zhu, C., Stelkens-Kobsch, T., Gehrke,
T., Metz, 1.C., Dauer, J.: HorizonUAM: safety and security
considerations for urban air mobility, In: AIAA AVIATION
2021 FORUM. plus VIRTUAL EVENT: American Institute of
Aeronautics and Astronautics. (2021). https://doi.org/10.2514/6.
2021-3199

Stelkens-Kobsch, T.H., Predescu, A.-V., Contribution to a secure
urban air mobility, In: IEEE/ATAA 41st Digital Avionics Systems
Conference (DASC). Portsmouth, VA, USA: IEEE. 2022, 1-5
(2022). https://doi.org/10.1109/DASC55683.2022.9925845
EiBfeldt, H., End, A.: Sound, noise, annoyance? Information as a
means to strengthen the public acceptance of civil drones, INTER-
NOISE and NOISE-CON congress and conference proceedings,
vol. 263, no. 4, pp. 2076-2086. (2021). https://doi.org/10.3397/
IN-2021-2045

EiBfeldt, H., Biella, M.: The public acceptance of drones - chal-
lenges for advanced aerial mobility (AAM). Transp. Res. Procedia
66, 80-88 (2022)

Schweiger, K., Schmitz, R., Knabe, F.: Impact of wind on eVTOL
operations and implications for vertiport airside traffic flows: a
case study of Hamburg and Munich. Drones 7(7), 464 (2023).
https://doi.org/10.3390/drones7070464

BOEING, Concept of operations for uncrewed urban air mobil-
ity, 2022. https://www.boeing.com/resources/boeingdotcom/innov
ation/con-ops/docs/Concept-of-Operations-for-Uncrewed-Urban-
Air-Mobility.pdf

Lascara, B., Lacher, A., DeGarmo, M., Maroney, D., Nils, R.,
Vempati, L.: Urban air mobility, airspace integration concepts,
operational concepts and exploration appoaches, (2019). https://
www.mitre.org/sites/default/files/2021-11/pr-19-00667-9-urban-
air-mobility-airspace-integration.pdf

Australia, A., Center, E.B.I.: Urban air traffic management concept
of operations version 1, (2020). https://daflwcl3bnxyt.cloudfront.
net/m/3dc1907d3388ff52/original/PPJ016561-UATM-Concept-
of-Operations-Design_D11-FINAL.pdf

Federal Aviation Administration, Urban air mobility (UAM). Con-
cepts of operations. (2020), v1.0. https://nari.arc.nasa.gov/sites/
default/files/attachments/UAM_ConOps_v1.0.pdf

Deloitte, National aeronautics and space administration (NASA)
UAM vision concept of operations (ConOps) UAM maturity
level (UML) 4, (2020). https://ntrs.nasa.gov/api/citations/20205
011091/downloads/UAM%20Vision%20Concept%200f%200pe
rations%20UML-4%20v1.0.pdf

Roosien, R.J., Bussink, F.: Urban air mobility current state of
affairs. (2019), nLR-TP-2018-233. https://reports.nlr.nl/server/api/
core/bitstreams/be9e710e-79d-424d-8458-9e6cc4912679/content
CORUS, SESAR concept of operations for U-space. (2019).
https://www.sesarju.eu/node/3411


http://creativecommons.org/licenses/by/4.0/
https://www.engadget.com/joby-aviations-first-production-air-taxi-cleared-for-flight-tests-093526681.html
https://www.engadget.com/joby-aviations-first-production-air-taxi-cleared-for-flight-tests-093526681.html
https://www.volocopter.com/newsroom/volocopter-paris-routes/
https://www.volocopter.com/newsroom/volocopter-paris-routes/
https://doi.org/10.2514/6.2021-3197
https://doi.org/10.2514/6.2021-3197
https://doi.org/10.3390/drones6070179
https://doi.org/10.3390/drones6070179
https://www.easa.europa.eu/downloads/136259/en
https://www.easa.europa.eu/downloads/136259/en
https://www.faa.gov/sites/faa.gov/files/eb-105-vertiports.pdf
https://www.faa.gov/sites/faa.gov/files/eb-105-vertiports.pdf
https://doi.org/10.1016/j.ast.2021.107144
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0664%20&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0664%20&from=EN
http://data.europa.eu/eli/reg_impl/2021/665/oj/eng
http://data.europa.eu/eli/reg_impl/2021/666/oj/eng
http://data.europa.eu/eli/reg_impl/2021/666/oj/eng
https://www.easa.europa.eu/en/downloads/137405/en
https://doi.org/10.2514/6.2021-3199
https://doi.org/10.2514/6.2021-3199
https://doi.org/10.1109/DASC55683.2022.9925845
https://doi.org/10.3397/IN-2021-2045
https://doi.org/10.3397/IN-2021-2045
https://doi.org/10.3390/drones7070464
https://www.boeing.com/resources/boeingdotcom/innovation/con-ops/docs/Concept-of-Operations-for-Uncrewed-Urban-Air-Mobility.pdf
https://www.boeing.com/resources/boeingdotcom/innovation/con-ops/docs/Concept-of-Operations-for-Uncrewed-Urban-Air-Mobility.pdf
https://www.boeing.com/resources/boeingdotcom/innovation/con-ops/docs/Concept-of-Operations-for-Uncrewed-Urban-Air-Mobility.pdf
https://www.mitre.org/sites/default/files/2021-11/pr-19-00667-9-urban-air-mobility-airspace-integration.pdf
https://www.mitre.org/sites/default/files/2021-11/pr-19-00667-9-urban-air-mobility-airspace-integration.pdf
https://www.mitre.org/sites/default/files/2021-11/pr-19-00667-9-urban-air-mobility-airspace-integration.pdf
https://daflwcl3bnxyt.cloudfront.net/m/3dc1907d3388ff52/original/PPJ016561-UATM-Concept-of-Operations-Design_D11-FINAL.pdf
https://daflwcl3bnxyt.cloudfront.net/m/3dc1907d3388ff52/original/PPJ016561-UATM-Concept-of-Operations-Design_D11-FINAL.pdf
https://daflwcl3bnxyt.cloudfront.net/m/3dc1907d3388ff52/original/PPJ016561-UATM-Concept-of-Operations-Design_D11-FINAL.pdf
https://nari.arc.nasa.gov/sites/default/files/attachments/UAM_ConOps_v1.0.pdf
https://nari.arc.nasa.gov/sites/default/files/attachments/UAM_ConOps_v1.0.pdf
https://ntrs.nasa.gov/api/citations/20205011091/downloads/UAM%20Vision%20Concept%20of%20Operations%20UML-4%20v1.0.pdf
https://ntrs.nasa.gov/api/citations/20205011091/downloads/UAM%20Vision%20Concept%20of%20Operations%20UML-4%20v1.0.pdf
https://ntrs.nasa.gov/api/citations/20205011091/downloads/UAM%20Vision%20Concept%20of%20Operations%20UML-4%20v1.0.pdf
https://reports.nlr.nl/server/api/core/bitstreams/be9e710e-f79d-424d-8458-9e6cc4912679/content
https://reports.nlr.nl/server/api/core/bitstreams/be9e710e-f79d-424d-8458-9e6cc4912679/content
https://www.sesarju.eu/node/3411

Horizonuam: operational challenges and necessary frameworks to ensure safe and efficient...

25.

26.

217.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Performance review commission, ‘“Performance review report
(PRR) 2019,” (2020). https://www.eurocontrol.int/archive_downl
oad/all/node/12148

“KPI OVERVIEW,” (2019). https://www4.icao.int/ganpportal/
ASBU/KPI

Platform of rail infrastructure managers in Europe, “PRIME key
performance indicators for performance benchmarking,” (2017)
CANSO, Recommended key performance indicators for measur-
ing ANSP operational performance. 2015. https://canso.fral.digit
aloceanspaces.com/uploads/2020/08/RecommendedKPIforMea
suringANSOOperationalPerformance.pdf

Oliver W, Airports council international, guide to airport perfor-
mance measures (2012)

“Aviation intelligence unit portal .” https://ansperformance.eu/
EU, Eurocontrol, FAA, Comparison of air traffic management-
related operational performance: U.S./Europe, 2017. 2019, 3rd
edition. https://www.eurocontrol.int/archive_download/all/node/
11210

Maget, C., Gutmann, S., Bogenberger, K.:Model-based evalu-
ations combining autonomous cars and a large-scale passenger
drone service: the bavariancase study. IEEE 23rd international
conference on intelligent transportation systems, ITSC 2020,
(2020)

Wu, Z., Zhang, Y.: Integrated network design and demand fore-
cast for on-demand urban air mobility. Engineering 7(4), 473-487
(2021). https://doi.org/10.1016/j.eng.2020.11.007

Venkatesh, N., Payan, A.P., Justin, C.Y., Kee, E., Mavris, D.:
Optimal siting of sub-urban air mobility (sUAM) ground archi-
tectures using network flow formulation. In: AIAA AVIATION
2020 FORUM. plus VIRTUAL EVENT: American institute of
aeronautics and astronautics. (2020). https://doi.org/10.2514/6.
2020-2921

Sun, X., Wandelt, S., Husemann, M., Stumpf, E.: Operational con-
siderations regarding on-demand air mobility: a literature review
and research challenges. J. Adv. Transp. 2021, 1-20 (2021).
https://doi.org/10.1155/2021/3591034

Ploetner, K.O., Al Haddad, C., Antoniou, C., Frank, F., Fu, M.,
Kabel, S., Llorca, C., Moeckel, R., Moreno, A.T., Pukhova, A.,
Rothfeld, R., Shamiyeh, M., Straubinger, A., Wagner, H., Zhang,
Q.: Long-term application potential of urban air mobility com-
plementing public transport an upper Bavaria example. CEAS
Aeronaut. J. (2020). https://doi.org/10.1007/s13272-020-00468-5
Schweiger, K., Knabe, F.: Vertidrome Airside Level of Service:
Performance-based evaluation of vertiport airside operations.
MDPI Drones (under review)

Naeem, N., Ratei, P., Shiva Prakasha, P., Asmer, L., Jaksche,
R., Pak, H., Swaid, M., Pertz, J., Niklall, M., Schweiger, K.,
Velieva, A., Naser, F.: An Overview of the collaborative systems
of systems simulation of urban air mobility. In: Proceedings of
3rd urban air mobility symposium, Cochstedt, Germany, (2023).
https://elib.dlr.de/196031/

Leib, S.: Ausarbeitung und Implementierung eines UAM Vertiport
Layout Designs mit zugehorigem Betriebskonzept in eine Verti-
portsimulation,” Bachelorthesis, Technical University of Applied
Sciences Wiirzburg-Schweinfurt

Schweiger, K., Knabe, F., Korn, B.: Urban air mobility: verti-
drome airside level of service concept. In: enATAA AVIATION
2021 FORUM. plus VIRTUAL EVENT: American institute of
aeronautics and astronautics (2021). https://doi.org/10.2514/6.
2021-3201

J. Kraus, Free route airspace (FRA) in Europe. 2011, number 5,
Volume VI. https://pernerscontacts.upce.cz/index.php/perner/artic
le/view/908

Abdellaoui, R., Naser, F., Stasicka, 1., Lee, H., Moolchandani,
K.A.: Building a performance comparison framework for urban

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

air mobility airspace management concepts. To be published at
DASC 2023 Conference. (2023)

Peinecke, N., Kuenz, A.: Deconflicting the urban drone airspace.
IEEE/AIAA 36th digital avionics system conference (DASC),
(2017)

Kuenz, A.: High performance conflict detection and resolution
for multi-dimensional objects. https://www.repo.uni-hannover.de/
handle/123456789/8553

F. Naser, N. Peinecke, B. I. Schuchardt, Air Taxis vs. Taxicabs:
a simulation study on the efficiency of UAM. In: ATIAA AVIA-
TION: FORUM. VIRTUAL EVENT: American institute of aero-
nautics and astronautics. 2021,(2021). https://doi.org/10.2514/6.
2021-3202

Abdellaoui, R., Naser, F., Velieva, A., Peinecke, N., Moolchan-
dani, K.A., Lee, H.: Comparative performance assessment of
different airspace management concepts for urban air mobility.
CEAS Aeronaut. J. (under review)

Swaid, M., Pertz, J., Niklass, M., Linke, F.: Optimized capac-
ity allocation in a UAM vertiport network utilizing efficient ride
matching. ATIAA Aviation 2023 Forum. (2023). https://doi.org/10.
2514/6.2023-3577

Ratei, P.,, Naecem, N., Shiva Prakasha, P.: Development of an urban
air mobility vehicle family concept by system of systems aircraft
design and assessment. 12th EASN International Conference,
Barcelona, Spain, Oct. (2022)

Pertz, J., Liitjens, K., Gollnick, V.: Approach of modeling passen-
gers’ commuting behavior for UAM traffic in Hamburg, Germany.
25th ATRS world conference. Symposium conducted at the meet-
ing of ATRS, Antwerpen, Belgium (2022)

Pertz, J., Liitjens, K., Gollnick, V.: Evaluation of business travel
as a potential customer field of a local AAM market. 26th ATRS
world conference. Symposium conducted at the meeting of ATRS,
Kobe, Japan. (2023)

Bundesministerium der Justiz, “Luftverkehrsgesetz,” 1922, ver-
sion of 10 May 2007. https://www.gesetze-im-internet.de/luftvg/
BJNR006810922.html

Ahrenhold, N., Pohling, O., Schier-Morgenthal, S.: Impact of air
taxis on air traffic in the vicinity of airports. Infrastructures 6(10),
140 (2021). https://doi.org/10.3390/infrastructures6100140
Metz, 1.C., Schier, S.: An operational concept for the integration
of urban air mobility vehicles into the air traffic control processes.
33rd ICAS 2022, (2022)

Schier, S., Rambau, T., Timmermann, F., Metz, 1., Stelkens-Kob-
sch, T.: Designing the tower control research environment of the
future. Deutsche Gesellschaft fiir Luft-und Raumfahrt-Lilienthal-
Oberth eV, (2013)

Schier, S., Metz, I.C.: Impact of air taxi operations in the control
zone on air traffic controllers. CEAS Aeronaut. J. (under review)
Metz, 1.C., Schier, S.: Extending air traffic control tasks to con-
trol air taxis and to warn of critical wildlife- an impact analysis.
CEAS Aeronaut. J. (accepted for publication)

Wendt, K., Konig, A., Naser, F., Development of a Modular
model city for unmanned aircraft vehicle experiments — a vision-
ary concept. In AIAA AVIATION,: Forum. Chicago, IL & Vir-
tual: American Institute of Aeronautics and Astronautics, Jun.
2022,(2022). https://doi.org/10.2514/6.2022-3653

Troger, E.: Dichteanalysen. Walter de Gruyter GmbH, Basel
(2014)

Troger, E.: Dichtekatalog. Walter de Gruyter GmbH, Basel (2014)
Torens, C., Juenger, F., Schirmer, S., Schopferer, S., Zhukov, D.,
Dauer, J.C.: Ensuring safety of machine learning components
using operational design domain. In enAIAA SCITECH 2023
Forum. plus National Harbor, MD & Online: American Insti-
tute of Aeronautics and Astronautics. (2023). https://doi.org/10.
2514/6.2023-1124

@ Springer


https://www.eurocontrol.int/archive_download/all/node/12148
https://www.eurocontrol.int/archive_download/all/node/12148
https://www4.icao.int/ganpportal/ASBU/KPI
https://www4.icao.int/ganpportal/ASBU/KPI
https://canso.fra1.digitaloceanspaces.com/uploads/2020/08/RecommendedKPIforMeasuringANSOOperationalPerformance.pdf
https://canso.fra1.digitaloceanspaces.com/uploads/2020/08/RecommendedKPIforMeasuringANSOOperationalPerformance.pdf
https://canso.fra1.digitaloceanspaces.com/uploads/2020/08/RecommendedKPIforMeasuringANSOOperationalPerformance.pdf
https://ansperformance.eu/
https://www.eurocontrol.int/archive_download/all/node/11210
https://www.eurocontrol.int/archive_download/all/node/11210
https://doi.org/10.1016/j.eng.2020.11.007
https://doi.org/10.2514/6.2020-2921
https://doi.org/10.2514/6.2020-2921
https://doi.org/10.1155/2021/3591034
https://doi.org/10.1007/s13272-020-00468-5
https://elib.dlr.de/196031/
https://doi.org/10.2514/6.2021-3201
https://doi.org/10.2514/6.2021-3201
https://pernerscontacts.upce.cz/index.php/perner/article/view/908
https://pernerscontacts.upce.cz/index.php/perner/article/view/908
https://www.repo.uni-hannover.de/handle/123456789/8553
https://www.repo.uni-hannover.de/handle/123456789/8553
https://doi.org/10.2514/6.2021-3202
https://doi.org/10.2514/6.2021-3202
https://doi.org/10.2514/6.2023-3577
https://doi.org/10.2514/6.2023-3577
https://www.gesetze-im-internet.de/luftvg/BJNR006810922.html
https://www.gesetze-im-internet.de/luftvg/BJNR006810922.html
https://doi.org/10.3390/infrastructures6100140
https://doi.org/10.2514/6.2022-3653
https://doi.org/10.2514/6.2023-1124
https://doi.org/10.2514/6.2023-1124

K. Schweiger et al.

61. Schuchardt, B.I., Devta, A., Volkert, A.: Integrating vertidrome
management tasks into u-space. CEAS Aeronaut. J. (under
review)

62. Crespillo, O.G., Simonetti, M., Lee, W., an Hao, Young-Hee, Ger-
beth, D., Zhu, C.: Multisensor navigation concept and architecture
considerations for urban air mobility. CEAS Aeronaut. J. (under
review)

@ Springer

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	HorizonUAM: operational challenges and necessary frameworks to ensure safe and efficient vertidrome operations
	Abstract
	1 Introduction
	1.1 HorizonUAM: vertidrome aspects and methodological approaches
	1.2 Baseline for HorizonUAM’s vertidrome research

	2 Vertidrome design and operation
	3 Vertidrome airspace network management
	4 Vertidrome network optimization
	5 Vertidrome integration into airport environment
	6 UAM model city
	7 Conclusion
	8 Outlook
	Acknowledgements 
	References


