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Abstract

With the emerging industry of Urban Air Mobility (UAM), a multitude of ideas and concepts are being explored and
elaborated to deliver an integrated and harmonized UAM ecosystem. These ideas and concepts are involved in all
aspects of the UAM ecosystem, including vehicle technology, airspace system design, infrastructure, and gov-
erning regulations. Along with the significant progress on the different UAM research topics, comparative assess-
ment frameworks are also being proposed to objectively compare them. Before UAM deployment, stakeholders
need to compare the different approaches and determine which one is the better fit to specific needs. This paper
focuses on assessing concepts related to UAM airspace management. It aims to apply a comparative assessment
framework to three concepts, namely Slot Based Approach (SBA), Trajectory Based Approach (TBA), both devel-
oped by DLR within the HorizonUAM project, and Corridor Based Approach (CBA) developed by NASA under the
Air Traffic Management — eXploration (ATM-X) project. This paper describes an initial comparative study while
delivering the first key findings. The applied methodology is based on simulation runs conducted in different
urban areas, Hamburg and Dallas/Fort Worth, using two simulation platforms namely a DLR Simulation using the
Remote Component Environment (RCE) and the NASA-developed simulation platform called TestBed. The col-
lected results shed light on the advantages and disadvantages of each airspace management concept and help
to identify key distinctions between the concepts. Solutions and concepts are often tailored to a specific city,
making it difficult to replicate and scale. Indeed, there is no one-size-fits-all concept. This study demonstrates the
general applicability of the proposed performance assessment methodology and can serve as the basis for further
comparison studies of future airspace management concepts for UAM.
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DLR German Aerospace Center

EASA European Union Aviation Safety Agency
ETA Estimated Time of Arrival

FAA Federal Aviation Administration

FL Flight Level
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RCE Remote Component Environment
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STA Scheduled Time of Arrival
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MSL Mean Sea Level

NASA National Aeronautics and Space Administration
P2P Peer-to-Peer Network

UAM  Urban Air Mobility
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1. INTRODUCTION AND CHALLENGES

Traffic jams, long commutes, noise, and pollution de-
grade the quality of urban life [1]. In addition, the steady
growth of global population and the increased urbaniza-
tion make novel solutions for urban mobility a pressing
need. Several studies and market analyses have shown
that Urban Air Mobility (UAM) is seen to be one of these
solutions and will enhance transportation and urban mo-
bility [2]. UAM is defined by the European Union Aviation
Safety Agency (EASA) as a new safe, secure, and more
sustainable air transportation system for passengers and
cargo in urban environments, enabled by new technolo-
gies and integrated into multimodal transportation sys-
tems [3]. The transportation is performed by electric air-
craft taking off and landing vertically, remotely piloted or
with a pilot on board. Several entities and stakeholders
(regulators, manufacturers, etc.) predict that commercial
operations in European cities are expected to be a reality
in a few years (around 2025) with delivery of goods by
drones or transport of passengers by piloted aircraft
[3][4][5][6]. UAM brings the opportunity to unlock a third
dimension of mobility (the air) in the lower airspace
above cities. This might revolutionize the future of trans-
portation as it can overcome the impact of overburdened
ground infrastructures such as those in cities. To imple-
ment UAM services at scale, a fully-developed multi-
layered ecosystem of UAM-specific aviation technolo-
gies and services is essential [6]. One of these layers is
the integration of the air taxi in the airspace while ensur-
ing safe, efficient, and sustainable flights in an urban en-
vironment. Several airspace management concepts
have been suggested and defined worldwide by govern-
ments and industry-led initiatives including but not limited
to: Federal Aviation Administration’s (FAA) Concept of
Operations [7], SESAR U-Space initiated by the Euro-
pean Commission [8], MITRE airspace integration con-
cept [9], Airbus [10], and Boeing [11]. These concepts
aim to ensure collision-free routings and safe operations
while delivering an efficient alternative to the current
transportation means. Depending on the city under con-
sideration, air taxis will fly in controlled, uncontrolled, or
U-Space / Unmanned Aircraft System Traffic Manage-
ment (UTM) / UAM airspace [6]. Given the forthcoming
UAM operations and the multitude of proposed solutions
and concepts, it is important to help stakeholders and
governments assess which concepts and solutions are
the most suitable approaches to be adopted and imple-
mented in a given city. This paper addresses this issue
and provides an assessment of a few airspace

management concepts that can serve as a benchmark
for further analysis and comparison of other concepts
and ideas. It focuses on analyzing the physical network
structure of urban airspace including number, position
and size of airspace elements such as flight trajectories,
corridors, and layers, as well as their associated rules of
operations. In particular, this paper identifies the
strengths and weaknesses of each concept for the de-
fined context and, under the considered assumptions,
points out next steps and makes recommendations for a
more holistic approach for assessing UAM concepts.

2. VARIOUS AIRSPACE MANAGEMENT
CONCEPTS FOR UAM

Generally speaking, a transport network denotes either
a permanent track (e.g., roads, rail, and canals) or a
scheduled service (e.g., airline, public transit, train). It
can be extended to cover various links between points
along which mobility can occur [12]. In the context of
UAM, the proposed airspace management concepts aim
to define a traffic management system and a route net-
work connecting different locations, here called “verti-
ports” or vertidromes. According to EASA, “Vertiport” is
defined an area of land, water, or structure used or in-
tended to be used for the landing and take-off of VTOL
aircraft. Different terminologies such as vertiport, verti-
place, vertidrome, VTOL port, vertihub, skypark or
pocket airport, could also be used to describe UAM
ground infrastructure. Their definitions can be found in
[13]. In HorizonUAM, the generic term “vertidrome” to de-
scribe UAM ground infrastructure used by VTOL aircraft
was introduced [14]. However, in this paper, both terms
"vertiport" and "vertidrome," are used interchangeably.

Designing an efficient and safe urban airspace is both
crucial and challenging, especially when targeting multi-
ple objectives, namely: maintaining safety, ensuring en-
vironmental sustainability, maximizing capacity, reducing
noise, and protecting privacy. DLR and NASA, in collab-
oration under the HorizonUAM and ATM-X projects, re-
spectively, have developed three airspace management
concepts: Slot-Based Approach (SBA), Trajectory-
Based Approach (TBA), and Corridor-Based Approach
(CBA). These concepts have been documented in detail
in [15]. A comparison between these concepts based on
building blocks is also provided within [15]. Therefore,
the following sections provide only a brief overview of the
three approaches.

2.1. Slot-based approach

The Slot-Based Approach (SBA) is one of the two air-
space management approaches developed by DLR. The
approach is developed based on a fixed route structure
where defined timeslots are assigned per route. The
most prominent characteristic is its built-in separation
functionality per design, with temporal separation on oc-
cupied routes. This is comparable to other public trans-
portation means such as tramway, bus, or metro and in-
spired from fixed Air Traffic Service (ATS) route struc-
tures in aviation. When designing the fixed route net-
work, special attention was paid to airspace that may be
restricted or prohibited. Within the HorizonUAM project,
SBA was defined as a complementary transportation
means to enhance the currently existing traffic system,
rather than replacing it.



2.2. Trajectory-based approach

The Trajectory-Based Approach (TBA) is the second of
the two DLR-developed airspace management con-
cepts. As opposed to the previously mentioned SBA,
TBA is a 4D management concept, allowing direct flights
between origin and destination vertiports. Per design, a
Flight Level (FL) separation is implemented, such that
vehicles in opposing directions are on different flight lev-
els. This was inspired by the Free Route Airspace [16]
concept where airspace users may freely plan their
routes between an entry point and an exit point without
reference to the ATS route network. In addition, the free
airspace concept that underlies the TBA approach holds
the immense advantage of providing an on-demand ser-
vice to customers, enabling them to travel at any time to
any desired destination, subject to vehicle availability
and vertiport capacity.

2.3. UAM Corridor-based approach

The UAM Corridor-Based Approach (CBA) is the air-
space management approach developed by NASA, ac-
cording to the UAM corridor concept introduced by the
Federal Aviation Administration (FAA) [7]. The UAM Cor-
ridors are performance-based airspaces of defined di-
mensions in which aircraft abide by UAM-specific rules,
procedures, and performance requirements such as sep-
aration and speed range. The UAM corridors are de-
signed to minimize the impact on Air Traffic Control
(ATC) services and to deconflict from conventional flight
operations.

3. SIMULATION SETUP & VALIDATION
METHODOLOGY

3.1. High-level framework for network simu-
lations

The different management approaches operate in inher-
ently different ways. However, the coarse simulation
framework for all approaches is quite similar. FIG 1
shows the general approach for simulation, collecting all
relevant inputs that need to be provided on the left. The
outputs that are generated by the Network Management
Approach tool block are given on the right.
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FIG 1 High-level framework for network simulations.

Depending on the network management approach used,
different inputs are required and outputs generated. A
more detailed flow chart is given for each approach in the
following chapters.

3.2. Simulation using Remote Component
Environment (RCE)

3.21. RCE simulation platform description

The Remote Component Environment (RCE) is a work-
flow-driven integration environment for connecting dis-
tributed simulation components located at remote sites
[17]. RCE is designed by DLR to meet the requirements
of engineers and scientists to analyze and optimize com-
plex systems (e.g., aircraft, ships, or satellites) or sys-
tems of systems (e.g., traffic networks, or air traffic man-
agement systems). It provides a framework of middle-
ware to enable communication and data exchange be-
tween heterogeneous simulation modules that can be lo-
cated remotely. RCE allows consideration of heteroge-
neous infrastructure: Each module (known as a tool)
communicates exclusively with an RCE instance running
on the local host machine. The distributed RCE in-
stances are then connected via a peer-to-peer network.
Using RCE’s integrated graphical editor, the tools are
collected in workflows. The execution of the individual
workflows is controlled by RCE centrally. It manages the
execution of tools, as well as the communication be-
tween individual tools. A single tool's resulting data to-
gether with diagnostic outputs are gathered by RCE and
can be presented in appropriate views and browsers at
one place.

3.2.2. Simulation methodology

The simulations performed by DLR for TBA and SBA are
quite similar. Both can be represented in a high-level
simulation outline that can be seen in FIG 2.
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FIG 2 Simulation outline for the trajectory-based and the slot-based approaches.

The workflow shows the exchanged data between the
different tools in the RCE chain in a very simplified way
to ease understanding. Input data are presented in grey,
outputs in orange. The interconnected tools are mainly:
Demand tool, Mode Choice tool, Vehicle Design tool, Ve-
hicle Allocation tool, Vertidrome tool, Trajectories tool,
Cost and Revenue Tool, Airspace dataset, and Flight
Plan database. Within this paper, only the Trajectories
tool implementing the SBA and TBA is presented in de-
tail. The other tools are described in [18]. The process
starts with the inputs which are structured into external
and section parameters. The scenario inputs comprise:

e The demand to be addressed including origin /
destination vertidromes and the desired depar-
ture time,

e The aircraft performance parameters, including
cruise speed, climb, descend and turn rates.
These are similar to the well-known BADA
(Base of Aircraft Data) definitions [19] but in a
special format [20] suitable for Unmanned Air-
craft System (UAS) and UAM,

e The list of all active flights. This contains the 4D
aircraft trajectories (exact aircraft position at
discretized times along the route),

e The airspace dataset, which includes way-
points, the route network, no-fly zones, etc.

These inputs are fed into the Vertidrome Tool. First, the
availability of a vehicle at the origin vertidrome with the
desired departure time is checked. If a vehicle is availa-
ble, this information is transferred to the Trajectories
Tool. Otherwise, the information of a requested flight is
fed into the Vehicle Allocation Tool. Here, the nearest
available vehicle is requested to be transferred to the de-
sired origin vertidrome, and then the availability check of
the route with the desired departure time is conducted.

For SBA, the network management tool calculates x dif-
ferent trajectories (x>1) with the corresponding departure
time connecting the specified origin and destination loca-
tions. Usually, x = 3 is set, but other values for x can be

selected. These trajectories represent the x shortest tra-
jectories through the network. They are calculated using
a variant of Dijkstra’s algorithm [21]. For the TBA, only
one trajectory is calculated (x = 7). Since there is no route
structure, the trajectory represents the unique direct
route without detours. Regardless of the calculated num-
ber of trajectories, a check is applied to each trajectory
to see if there are any conflicts with active or planned
flights. Therefore, it is necessary to keep track of all the
active and planned missions in the airspace. Detected
conflicts in the scenarios were solved using one of three
methods: Standard Time Shift, Recursive Time Shift and
Vertical Resolution [22]. Conflicts are resolved in a first
step of the algorithm by assigning a dedicated flight alti-
tude based on the initial heading of the direct flight. This
solves a major proportion of the potential conflicts. All re-
maining conflicts are solved by changing the correspond-
ing departure time of the flight using the Standard Time
Shift algorithm [22]. The used temporal and/or spatial
minima are also reported in [22]. Based on this, the arri-
val time of each trajectory is calculated and returned to
the Vertidrome tool.

The Vertidrome tool in turn checks for the availability of
an arrival slot / parking lot at the destination vertidrome
for the x different arrival times and selects a suitable tra-
jectory with a free slot / parking lot. The trajectory that
satisfies the conditions is then suggested to the cus-
tomer.

The customer can then decide whether to accept or re-
ject the flight. If accepted, the flight will be booked and
the post processing begins, updating the occupancy sta-
tus of the airspace and vertidromes, the list of planned
trajectories, the fleet availability, etc.

3.2.3. Scenario setup

With the general simulation flow having been estab-
lished, a scenario needs to be defined. The same sce-
nario is used for both TBA and SBA to ensure compara-
bility. A total of 21 vertidromes across the city of Ham-
burg are defined; FIG 3 shows their positions.
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FIG 3 Location of the vertiports in the Hamburg area

For an initial assessment of the two UAM network man-
agement concepts, a simple simulation setup is used: a
total of 1,000 flights, with a frequency of 1 departure per
minute (in the nominal case) over the city area of Ham-
burg with a network of 21 vertidromes. The vertidrome
placement has been heuristically chosen due to spatial
restrictions and an analysis of points of interest [23]. A
number of places were identified within the area that
would be suitable for vertidromes. These places are of
interest for nearby infrastructure, e.g., in the vicinity of
airports, train stations or similar interfaces with the over-
land traffic network. Additional vertidromes are located at
nearby places of commercial interest, such as sports are-
nas, recreational parks, and business centers. The other
metrics like income and population density have not
been considered. A similar approach as in [25] or [26]
that includes multiple layers of parameters and weight-
ings could be used in the future in order to refine vertiport
locations in Hamburg.

Two runs are performed, respectively with TBA and SBA,
with the same flight plan as basis for a fair comparison.
Each run is repeated 10 times with randomly chosen
origin and destination (OD) pairs each time to gain a re-
liable statistical basis. To show effects of higher and
lower demands on the capacity and flight delays, three
additional schedules (high frequency: two departures per
minute; low frequency: one departure every two minutes;
very low frequency: one departure every five minutes)
are simulated, each repeated ten times as well. Regard-
ing the schedules considered, it can be easily calculated
that for 1,000 flights:

e The high frequency scenario accounts for about
8 hours of real-time traffic,

e  The nominal scenario shows about 16 hours of
real-time traffic,

e The low frequency scenario displays about 33
hours of real-time traffic, and

e The very low frequency scenario expands to
about 83 hours of real-time traffic.

Therefore, we assume the nominal use case to be the
most probable because it shows realistic UAM traffic,
which has a traffic volume of the “higher hundreds” or
“low thousands” on a regular day with nighttime break,
i.e., no flights between 10PM and 6AM. Internal discus-
sions and DLR-internal preliminary traffic demand data
[27] indicate an average flight schedule frequency of
about 30 seconds, which is equal to the high frequency
scenario.

For the initial simulations, it is assumed that all vertiports
are operable at maximum capacity with infinite parking
space so as to focus on the impact and performance of
the designed route network and its impact on the air-
space capacity independently from the capacity limita-
tion induced by the ground infrastructure.

For the slot-based network, routes between the 21 ver-
tidromes are defined (see FIG 4). The trajectory-based
network approach operates in free airspace; it therefore
does not need a set of pre-defined routes. The prohibited
and restricted areas are considered only for SBA, as
shown in FIG 4.
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FIG 4 Application of SBA over Hamburg.

The scenario includes exclusively electric Vertical Take-
Off and Landing vehicle (eVTOL) operations. All ver-
tidromes have been placed under the condition that the
vehicle is able to take off and land vertically on the facil-
ities. However, electric Short Take-Off and Landing ve-
hicle (eSTOL) operations might be included in future sim-
ulations. Flight mechanical data of the vehicles are as
follow:

e Cruise speed 25...30 m/s
e Climb rate 3m/s
e Sink rate 2m/s

e Maximum range 35 km (on a single battery
charge, without transit stops)

The eVTOL are of the same type with different speed se-
lectable per simulation run. No wind is considered in this
first simulation. The vehicle can carry a total of four pas-
sengers. Passengers travelling to or from the airport are
set as equipped with luggage. One passenger with one
piece of luggage equals a mass of 100 kg (80 kg PAX +
20 kg luggage).

The minimum cruise height is set to 300 m AGL, based
on the highest building in the reference city.

For the first iteration, the general flight profile is set to be
approximately rectangular. The climb to the minimum
cruise height is vertical to avoid collision with surround-
ing buildings. Likewise, the descent from the minimum
cruise height is vertical. Any vertical movement above
the minimum cruise height can be combined with a lat-
eral motion.

3.3. Simulation using TestBed

3.3.1. TestBed simulation platform descrip-
tion

TestBed is an air traffic simulation platform developed by
NASA. It is designed to conduct high-fidelity, real-time,
human-in-the-loop and automation-in-the-loop simula-
tions of current and proposed future air traffic concepts
[28]. The TestBed platform consists of six main ele-
ments, which include 1) Support Services to enable ex-
panding and sharing of capabilities and simulation arti-
facts, 2) Data Warehouse to permit concurrent high-fidel-
ity simulations, 3) Lab Infrastructure to connect geo-
graphically distributed capabilities, 4) Live Data and
Flight Assets to integrate live, virtual, and constructive
operations, 5) ATM Automation to incorporate fielded
ATM and ATC systems, and 6) Real-Time National Air-
space System (NAS) Concepts to simulate current and
alternative NAS-wide concepts.

The TestBed has a flexible, scalable, and extensible pub-
lish-and-subscribe design architecture. Users can de-
velop their own components and integrate them into the
TestBed platform. Component Adapters functions as a
bridge between the Component and the TestBed system
by translating component input and output messages
and mapping data. The TestBed provides several Core
Services to support the lifecycle of a simulation, such as
Scenario Generation, Architecture Generation, and
Command, Control, and Monitoring service, as well a set
of Core libraries.
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FIG 5 Simulation outline for the UAM corridor-based approach.

3.3.2. Simulation methodology

FIG 5 shows the conceptual simulation outline for the
UAM Corridor-based approach. The base of this simula-
tion system architecture is NASA’s TestBed simulation
environment [28], within which an autonomous opera-
tions layer has been developed [29]. Several standard
services such as Trial Planning (for trajectory genera-
tion), Flight Surveillance, and Simulated UAM aircraft are
added to the autonomous operations layer. This autono-
mous operations layer augments TestBed capabilities for
modelling enhanced data communication and maintain-
ing a synchronized clock between services. The Sched-
uling and Separation Services are integrated into this
layer and interact with each other, allowing modification
of the flight schedule for safe and efficient operations and
evaluation of complex scenarios.

The simulation process starts with the inputs which are
structured into four external parameter groups. These
parameters consist of:

e The traffic demand that is pre-defined in the
traffic scenario, including flight ID (callsign),
origin and destination vertiports, and desired
departure time,

e The vehicle model that describes aircraft char-
acteristics to meet the performance require-
ments needed to operate in UAM Corridor, in-
cluding cruise speed, speed range, climb and
descend rate, turn rate, and bank angle,

e The airspace structure information that defines
the location of active vertiports, waypoint data
(latitude, longitude, altitude, and waypoint
type), pre-defined route network based on the
given waypoints, and no-fly zones (if applied),

e The airspace capacity and constraints infor-
mation, such as capacity at vertiports and in air-
space, temporal separation between flights,
and flow rate constrained at waypoints.

These inputs are fed into the services run in the TestBed
simulation platform. First, Trial Planning service gener-
ates the four-dimensional trajectory (4DT) data for a
flight by calculating the Estimated Times of Arrivals
(ETAs) at the waypoints along the given route. Then,
Scheduling Service calculates the Scheduled Times of
Arrivals (STAs) and updates the 4DTs of the pre-depar-
ture flight on the ground to meet the capacity constraints
and separation requirements at airspace resources like
vertiports and waypoints. In this study, pre-departure de-
lay is applied to resolve any potential violations of the
constraints from the ETAs and satisfy the temporal sep-
aration requirements.

Once the simulation clock reaches the scheduled depar-
ture time, the flight is activated for takeoff. Simulated
UAM module simulates and controls multiple flights,
while Flight Surveillance service monitors them and de-
tects any potential conflicts during the simulation. As a
tactical separation provision function for airborne flights,
Separation Service updates the STAs and modifies the
4DT whenever any potential loss of separation or conflict
is identified. Various tactical maneuvers such as speed
control, path stretch, and altitude change can be applied
to maintain required separation. Note that the Separation
Service is turned off in this study to focus on the strategic
conflict management capability provided by Scheduling
Service.

While running the simulation, all the simulation data and
logs are recorded and archived for post data analysis.

3.3.3. Scenario setup

For an initial assessment of the UAM Corridor-based ap-
proach, a simple route structure was defined for Dal-
las/Fort Worth (DFW) metropolitan area in Texas. In the
route network shown in FIG 6, five vertiports starting with
the “DF” tag are shown as black disks, which were se-
lected considering the potential demand for UAM ser-
vices and the flight distances among candidate vertiport
locations marked in green circles. Then, those vertiports



were selectively connected to make 10 origin-destination
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FIG 6 Route network in Dallas/Fort Worth urban area

The UAM corridors are carefully constructed to account
for the restrictions for traditional airlines operations at
major airports in this metropolitan area, similar to the
SBA’s application over Hamburg. All corridors in DFW
include bidirectional tracks that are separated laterally by
1,500 ft, and 750 ft from the edge of the corridor, making
the width of the corridor 3,000 ft. Corridors and tracks are
designed only for Class B (shaded in light orange) and D
(shaded in light blue) airspace. For operations within
Class E and G airspace, a predefined UAM airspace
construct is not required, but potential routings between
vertiports are created for the simplicity of simulation. In
this route network, there are 13 constraint waypoints in
total, which include two crossing waypoints, three merg-
ing waypoints, and eight entry or exit points at the bound-
ary of controlled airspace (Class B and D).

A 100-min long scenario with one demand peak is devel-
oped corresponding to low density traffic, and this sce-
nario has 40 flights in total. The departure times are dis-
tributed to have a peak in the middle of the scenario and
the trip demand is evenly divided over 10 routes (i.e., 4
flights per route). Then, the departure times and routes
are randomly assigned to each flight.

As input parameters, full flight trajectories are pre-de-
fined along the given OD pair routes within UAM corridor.
In the cruise phase, it is assumed that all the flights are
operated at the altitude of 1,100ft MSL with a cruise
speed of 120 knots (= 61.7 m/s) to meet the performance
requirements in the initial UAM corridors. Climbing and
descending routes near vertiports for takeoff and land-
ing, respectively, are also defined [30] & [31].

In this study, some scheduling constraints are assumed
in the UAM Corridor-based approach. They are ad-
dressed by Scheduling Service to provide sufficient sep-
aration between flights in the flight planning phase and

minimize the need of tactical separation provision to air-
borne flights. These constraints consist of capacity con-
straint for demand-capacity balancing and temporal sep-
aration constraint for metering as follows:

e Capacity at vertiports and constraint waypoints:
4 operations per 12 minutes

e Temporal separation at airspace constraint
waypoints: 1 minute spacing

Other assumptions like including no uncertainties in the
scenarios as described for RCE simulations in Section
3.2.3 are also applied for this simulation.

3.4. Commonly used simplified assumptions

For the first runs and to start with, simplified assumptions
are considered for instance:

e No disturbances such as bad weather, emer-
gency, and bird strike are included in the sce-
nario.

e A vehicle shortage is not expected.
e A parking lot unavailability is not considered.

However, fleet and parking lots management is sup-
posed to be implemented into simulation at some point
in the future.

Furthermore, a commonly defined set of performance
metrics is used to ease the comparison of the collected
results from both simulations.

4. RESULTS ON THE SELECTED METRICS

Throughout the project lifetime, an extensive yet unex-
haustive list of metrics has been developed. A detailed



description of the methodology, as well as an overview,
is given in [15]. For the sake of brevity, only a selective
subset of metrics will be used in this article.

The metrics highlighted in grey are calculated based on
the defined topology of the network structure. In general,
they are constant and independent from the simulation
setup. They provide basic information about the network

characteristics and thus the first idea about how densely
or sparsely connected a network is, its connectivity level,
and efficiency.

A comprehensive set of metrics is presented in [15], but
this analysis is limited to the subset highlighted in blue in
TABLE 1. The other metrics will be addressed in the fu-

ture works.

TABLE 1 Network performance metrics identified to assess and compare the different approaches

conformance [min]

time) and the time slot allocated.

SBA TBA CBA
Ref. Metric name Description/ indicators (applied to Ham- (applied to Ham- (applied to Dal-
burg) burg) las/Fort Worth)
1 Network size Number of vertiports and routes | 21 vertiports, 60 21 vertiports, 210 5 vertiports; 10
in the network. routes routes routes
The total length of a transport | 2476' 1317" 236!
2 it (el 4] network (all ro?Jtes). i
The number of routes relative to | 28.5% 100% 50%
. the maximum possible number of
0,
2 MBI el ey ] routes in a network with n
vertiports.
4 Air traffic  density | The average simultaneous flights | 0.80? 0.452 0.0042
[ops/ km?] per square kilometer.
5 Connectivity® Degree of completeness of the | Not assessed* Not assessed* Not assessed*
routes between vertiports.
6 Average flight time | Average time of flight over a time | 16.54 9.05 13.30
[min] period. (11.74...21.56)° (6.42...11.92)° (7.80...18.47)°
R . The maximum number of | Not assessed* Not assessed* 30
7 oute capacity vehicles that can travel a given
[ops/hr] ) - ;
route in a given amount of time.
The maximum amount of traffic | Not assessed* Not assessed* 300
8 Airspace  capacity | an airspace volume will safely
[ops/hr] accept under normal conditions
in a given time period.
. Total number of vehicles entering | Not assessed* Not assessed* Not assessed*
Airspace throughput . . . .
9 : an airspace in a given period of
[ops/min] time.
. The average number of vehicles | 15 10 5
10 SFZ‘;;?% OCCUPANCY | \iithin an airspace in a given | (14...17)° (9...11)° 3.7y
P period of time.
Relative deviation of route length | 2.4 1.0 1.5
11 Detour factor vs. great circle (haversine)
distance.
. . Flight planned route distance | Not assessed? Not assessed* Not assessed*
Filed flight plan route :
12 extension [%] compared to a reference ideal
° trajectory distance.
Actual route Actual route distance flown | Not assessed* Not assessed* Not assessed*
13 Lo compared to a reference ideal
extension [%] distance
14 Network  workload | Ratio of network throughput over | Not assessed* Not assessed* Not assessed*
[%] maximum network capacity.
Combination of network | Not assessed* Not assessed* Not assessed*
. topology, the number of nodes
5 Network complexity and intersections, and related
network structure attributes.
Relative travel time Relative (time) difference | 13.59 43.10 67.85
16 | saving to  around between airborne and ground | (-52.83...34.23)° (35.65...49.63)° (54.18...72.00)°
: go g traffic on a route from origin to
Lt 2] destination.
17 | Flight delay [min] Average delay per flight. Not assessed® Not assessed® Not assessed®
Demand The difference between the | 2.17 217 0.00
19 passenger demand (requested | (0.17...6.17)° (0...5.67)° (0.00...1.18)°

' Calculated by summing up each distance of each OD pair.
2 Airspace management concepts with a value of less than 1 ops/km? are considered to be of “low density”, according to [32].
3 Several indices could be used for measuring connectivity i.e., beta, gamma, alpha indices and cyclomatic number.

4 This metric will be assessed in further works.
5 The first value is the median value of the parameter, whereas the values in parentheses show the interquartile range.
¢ Not assessed as no disturbance is considered.
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In the following sections, the preliminary results for the
simulation of the German use case (Hamburg with SBA
and TBA) will be reported and analyzed. The selected
metrics to be further assessed in this section are the av-
erage flight time, the network occupancy, travel time sav-
ing to ground traffic, and demand conformance (high-
lighted in blue in TABLE 1).

Hamburg Use Case

4.1.1. Average flight time

Definition as per [15]: The average flight time is the av-
erage of all air taxi flight times over a given time period.

Results for average flight times of SBA and TBA are
shown in FIG 7. The average flight times are 16.54 min
and 9.05 min for SBA and TBA, respectively.
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FIG 7 Average flight time.

As can be seen in FIG 7, the interquartile range of flight
times range from 11.74 min to 21.56 min for SBA, and
from 6.42 min to 11.92 min for TBA. Compared to SBA
with the street-like network, TBA allows direct Peer-to-
Peer Network (P2P) connections and thus shorter routes
/ flight times. This was confirmed by the collected simu-
lation results which shows that the median flight time for
TBA is about 7.5 min shorter which is approximately one
third of the maximum recorded flight duration.

As has been described in section 3.2.3, the flight plans
used for the simulation runs are the same for both man-
agement concepts, which makes the direct comparison
possible. FIG 8 shows the results of a direct comparison.
The blue points in the figure display the SBA-TBA flight
time pairs, and the solid black line shows where the SBA
and TBA have the same flight time. Out of the 10,000
flights, 97 flights (<1%) show the lower flight times when
using SBA, in comparison to TBA. The highest time sav-
ing of SBA over TBA equals about 10 seconds. As it is
an insignificant time saving, this phenomenon is not fur-
ther investigated.
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FIG 8 Comparison of SBA and TBA Flight Time

From both analyses, it can be concluded that TBA shows
lower flight times in the majority of compared trips.

4.1.2. Airspace occupancy

Definition as per [15]: Airspace occupancy [ops/min]:
The average number of vehicles within an airspace in a
given period of time.

The airspace occupancy gives a hint on how “tightly
packed” the airspace can be. When comparing TBA and
SBA management approaches, some differences can be
seen, as shown in the box plot diagram in FIG 9.
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FIG 9 Average number of airborne vehicles

Throughout all scenarios, the SBA shows a median value
of 15 aircraft/min that are simultaneously airborne. The
TBA, however, shows a lower value of 10 aircraft/min.
This might be explained by the fact that the P2P connec-
tion of TBA shows a higher route density (“cluttering”),
especially in the middle of the network. The SBA has a
more regulated route system that allows for more vehi-
cles to be airborne at the same time. It could be also ex-
plained by the fact that the travel time for TBA is shorter
than SBA which means that the vehicles are freeing the
airspace quicker, leading to fewer vehicles simultane-
ously flying.

This phenomenon is shown from a different point of view
in FIG 10. Here, the number of airborne vehicles is



shown over time. As can be seen, for SBA (blue dots)
and TBA (orange triangles), the maximum number of ve-
hicles simultaneously airborne that can be reached is re-
spectively 23 and 17. Excluding the beginning and the

Number of arborre vehicles

FIG 10 Number of airborne vehicles over time

4.1.3. Travel time saving compared to ground
traffic

Definition as per [15]: Travel time saving to ground traffic
is calculated as the travel time difference compared to
conventional ground traffic.

The comparison to ground traffic, in particular, the time
saving that could be achieved when choosing a UAM ve-
hicle instead of a ground vehicle, might be one of the
most obvious decisive parameters for the future custom-
ers of this mobility service. In the simulations, the de-
confliction was not realized for the simulated ground-
based taxicabs. Although given speed limits and one-
way restrictions were obeyed, ground taxicabs were as-
sumed to use every available road without considering
other ground traffic present. A box plot diagram has been
created to showcase the median of the data points for
the relative time saving (see FIG 11). From the data, it
can be deducted that for SBA, the span of the interquar-
tile ranges is [—52.83%, 34.32%] with a median value of
13.59%. For TBA, the range is [35.65%,49.63%] with a
median value of 43.10%.
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FIG 11 Travel time saving compared to conventional
ground traffic

end of the scenarios, SBA shows a minimum value of 6
vehicles/min, whereas TBA shows 4 vehicles/min. Re-
sults shown in FIG 9 and FIG 10 may indicate a more
efficient use of the airspace when following TBA.

Timestamp [min]
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BA Mumber of airborne veh

The most outstanding characteristic is the extreme neg-
ative time saving, i.e., a longer air travel time than ground
time, of -656.57% resulting from the SBA. This result
could be explained by the following:

¢ Inthese simulation runs, the selection of the OD
pairs to be tested is randomly done. Neverthe-
less, it is obvious that UAM is not adequate for
short distances, especially when considering
that UAM travel will most likely cost more than
taking public transport, driving, walking, or tak-
ing the bike. UAM seems to be most feasible for
longer distances (more than 10 km). Therefore,
to reach more significant results, the random list
of ODs should have been filtered in order to
consider only the relevant ones for UAM ser-
vice.

e The SBA is designed as a complimentary trans-
portation mode to the ground means. This
means that when an OD pair is currently well
served by the conventional means, it is not con-
sidered / neglected in the design of the fixed
route structure of SBA. Provided that simulation
scenarios are considering a random choice of
OD, the well served connections are not ex-
cluded and consequently worsen the overall re-
sults related to SBA. An example for that is the
connection between the vertiports “Wandsbek”
to “Millerntor-Stadion”. The corresponding trip
trajectories are shown in FIG 12. The route
structure for Hamburg has been designed in a
manner such that routes, that offer a preferred
means of public transport on a certain trip, are
not added to the route structure. In that way, the
UAM is more of an option of choice, rather than
a replacement. The simulation structure with
the randomly chosen routes might be — unjusti-
fied — making SBA seem worse than TBA.

e In contrast to SBA, TBA, as per these first sim-
ulation runs, is not considering any no-fly zones



which makes the assigned route the shortest at
any time.

e Given the way the ground distance is com-
puted, there was a slight advantage for the taxi-
cabs since delays due to traffic signs, jams, or
rush-hours could not be included. Ground vehi-
cles obey traffic rules in terms of maximum al-
lowed travel speed using the mere geometric
layout with all known restrictions. The consid-
ered ground time is then the best possible
ground time for the considered trip. Thus, the
time saving ensured by air taxi will be even
higher when considering capacity limits or traf-
fic lights. In the next simulation iterations, more
congested ground traffic will be considered.

\ Wandsbek

Millerntor-Stadion

!

FIG 12 computed trajectory between “Wéndsbek" and
“Millerntor-Stadion” vertiports (blue: SBA, or-
ange: TBA, black: ground traffic)

A similar study was reported in [23], in which the ground
travel time and air travel time for TBA and SBA were
compared by mapping the air travel time with the corre-
sponding travel time on the ground. It has also shown
that a small portion of all data points — SBA and TBA val-
ues almost equally — have the potential for time savings
of 40% and more. According to findings in [24], a time
saving of 40% makes the related trip eligible for UAM
service. When lowering that threshold, it can be seen that
almost all TBA trips show a time saving, whereas a big
part of SBA data points shows a longer travel time.

4.1.4. Demand Conformance

Definition as per [15]: The difference between the pas-
senger demand (requested time) and the time slot allo-
cated.

The requested departure time by the passenger cannot
be always granted either due to vehicle availability, route
availability, or the density of the traffic. The deconfliction
method used is the so-called Standard Time Shift, as
used in [23]. It deconflicts the airspace by letting aircraft
wait on the ground before taking off in order to avoid in-
flight conflicts. Therefore, the departure time is affected.
The median values hold a more meaningful statistical
value. For both, SBA and TBA, this value equals 2.17
minutes of delay. Furthermore, the interquartile range
shows values of [0.17 min, 6.17 min] and
[0 min, 5.67 min] for SBA and TBA, respectively. It can
be seen that the deviation between the two management
concepts is not as obvious as for the other metrics de-
scribed in this paper. The box plot diagram for this metric
is given in FIG 13.
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FIG 13 Demand Conformance

The demand conformance is also affected by different
flight frequencies. With a larger time between two con-
secutive flights, the airspace gets more “decluttered”,
hence it is possible to satisfy passenger demand and en-
able his/her air taxi at the requested time. This effect is
displayed in FIG 14. The solid lines show the median
value of the metric, in this case the time difference be-
tween the given slot and requested departure time, and
the dashed lines show the first and third quartiles below
and above the median, respectively. In blue, the SBA is
displayed, and in orange the TBA. The median flight de-
lays show almost the same value for each scenario and
management type, with it approaching zero for the low
and very low frequency scenario. As for the first quartile
values, they also share a similar trend. For the third quar-
tile, the SBA shows a relatively higher value. The differ-
ence for the low frequency scenario goes up to 1 minute.
The rigid route structure of the SBA allows for only a cer-
tain amount of possible departure routes per vertidrome,
resulting in a concentration of vehicles here. In order to
have no departure conflicts, the delay on the ground is
therefore slightly larger. It is expected that a higher fre-
quency only increases the flight delay, which makes the
UAM service infeasible.
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FIG 14 Effect of service frequency on the demand con-
formance

4.2. Dallas/Fort Worth Use Case

In this section, the preliminary results from the simulation
of the Dallas/Fort Worth use case to which UAM Corri-
dor-based approach (CBA) is applied are provided.

In this use case, two types of scheduling constraints are
investigated for strategic conflict management of UAM



flights: Demand Capacity Balancing (DCB) and Meter-
ing. DCB is implemented by limiting the number of oper-
ations at airspace resources up to the given capacity,
with pre-departure delay assigned. In this study, the ca-
pacity at vertiports and 13 constraint waypoints is limited
to 4 operations per 12 minutes for DCB. Metering pro-
vides sufficient spacing between flights for safety by as-
signing pre-departure delay in this simulation, when two
flights are expected to meet at a crossing or merging
waypoint. In this study, the 1-minute temporal separation
between flights is applied for metering. By combining
these two constraint types, the following four conditions
are applied in the simulations, and their simulation re-
sults are compared:

e No scheduling constraints,
e DCB and Metering,
e DCB only, and

e  Metering only

4.2.1 Average flight time

Since the routes are pre-defined in the UAM corridor over
the DFW urban area, the flight times are constant for
each Origin-Destination pair route. For the given 40
flights operated in the DFW route network, the average
flight time is 12.41min, ranging from 7.80 to 18.47min
(median: 13.30min), as illustrated in FIG 15.
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FIG 16 Number of airborne flights in CBA

4.2.3 Travel time saving compared to ground
traffic

One of the expected benefits from UAM operations
would be travel time savings by avoiding traffic jam on
the road. To see the amount of travel time savings ob-
tained by UAM operations, the UAM flight time along the
pre-defined route by CBA is compared to the travel time
by a car. As the travel time on the road is varied by time,
the average travel times by ground traffic between origin
and destination vertiports at 7am, which represents the
morning commute, are used for comparison in this study.
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FIG 15 Flight time distribution in DFW area

4.2.2 Airspace occupancy

The number of airborne flights over time is shown in FIG
16. Regardless of the scheduling constraints applied, the
given traffic scenario in the CBA shows a median value
of 5 aircraft/min that are simultaneously airborne, with
the maximum number of 10 aircraft. Compared to the
original demand (No Scheduling case), neither DCB nor
metering makes significant impacts on the airspace oc-
cupancy or throughput because few flights are delayed
in this scenario, which will be discussed later.
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The box plot in FIG 17 shows the travel time savings,
compared to the ground traffic in the DFW use case. Ac-
cording to the data, the anticipated travel time savings is
63.10% on average, ranging from 54.18% to 72.00%,
with a median value of 67.85%.
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FIG 17 Relative time savings by CBA, compared to
conventional ground traffic

4.2.4 Demand Conformance

In this study, pre-departure delays are assigned for stra-
tegic deconfliction between UAM flights. The ground de-
lay before takeoff means that a flight is held on the sur-
face for a while and departs later than the time requested
by the passenger to comply with DCB and Metering con-
straints. TABLE 2 shows the pre-departure delays by
three different methods for strategic conflict manage-
ment as a metric for demand conformance. When both
DCB and metering are applied, more flights are delayed
for longer time compared to the other two conditions be-
cause scheduling constraints are doubled. The ‘Metering
Only’ case shows slightly less delay in total, with a similar
number of delayed flights. This result implies that most
delays are due to the separation requirements and that
demand-capacity imbalances do not occur frequently in
this scenario. On the other hand, when applying DCB
only, few flights are delayed, but higher delays are as-
signed to those flights. In this case, the demand does not
exceed the given capacity, but some flights may encoun-
ter loss of separation with other flights, which requires
tactical separation provisions for airborne flights. FIG 18
shows the box plots of the flight delays, depending on
the strategic conflict management method applied.

TABLE 2 Pre-departure delays by strategic conflict
management method in CBA

Strategic conflict man- | DCB & | Metering | DCB
agement method Metering | Only Only
Number of delayed | 17 15 6
flights

Average delay [min] 0.56 0.41 0.33
Average delay for de- | 1.31 1.10 2.18
layed flights only [min]

Maximum delay [min] 3.50 1.78 5.00
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FIG 18 Flight delays by CBA constraint(s)

5. RESULTS ANALYSIS & DISCUSSION
5.1.

The preliminary results in terms of UAM tailored network
performance metrics were summarized in TABLE 1. The
metrics such as network size, network density and detour
factor give insight to the potential of both TBA and SBA,
even before conducting the simulation. Based on the
computed metrics, TBA seems to be more promising
than SBA. In fact, for the same set of vertiports, only di-
rect routes are available within TBA and thus with lower
detour factor. TBA also shows a higher network density.
Literature research results have varied widely concern-
ing how important density is in addressing transportation
woes when separated from other aspects [33]. Some
studies [34] showed that a higher network density could
afford higher traffic capacity and shorter travel distances.
These first assessments are further investigated through
multiple simulation runs. Throughout the simulation, 81
different scenarios (4 schedules * 2 management types
* 10 repetitions, in addition to one ground traffic scenario)
have been calculated. From the generated trajectory
data, a total of 90,000 flights have been calculated and
analyzed. Section 4.1 showed the collected results of the
current version of the SBA and TBA and compared those
two network management concepts for UAM purposes.
Based on the data of the preliminary results, the following
observations and findings can be made for the nominal
case:

Hamburg Use Case

e SBA shows a longer flight time compared to
TBA (50% longer). This could be mainly ex-
plained by: a) TBA ensures more direct (hence,
shorter) routing compared to SBA, and b) TBA,
as implement for this first simulation, does not
currently consider any no-fly zone as is the case
of SBA which is a significant difference that puts
a constraint on SBA. This may lead us to be-
lieve that TBA has a better performance than
SBA, especially considering the environmental
impact. Nevertheless, this does not present the
whole picture and hence could be misleading.
As a matter of fact, flight time does not neces-
sarily mean travel time as it does not consider
departure delay or any of the other factors that
may cause passenger delay. Having a short
flight does not mean reaching the destination at
the expected or desired time.



e SBA shows a higher airspace occupancy com-
pared to TBA (50% higher). Due to longer fixed
routes designed in SBA and the deconflicting
algorithm used by TBA which retains the aircraft
on the ground until the direct route is free, it is
predictable that the airspace occupancy will be
higher when following the SBA approach. This
also shows that TBA, as per the current imple-
mented version, may lead to high departure de-
lay in case of high demand and will be probably
more suitable for low traffic density.

e  When compared to ground traffic, SBA shows
less time savings than TBA. This shows a direct
result of the design methodology of the fixed
route structure of SBA, namely the fact that for
the SBA designed routes did not include ground
routes already well connected by public
transport. The worst cases recorded for SBA
are for connections between two “attractive”
points, i.e., points that have an overall good
connection with public transport. SBA is then
disadvantaged by definition / design. For a
fairer comparison, the randomly chosen OD
pairs should be filtered against the non-relevant
cases (for instance, very short connections,
well served connections by public transporta-
tion, etc.). This might improve the time savings
reported for SBA. Still, it is expected that direct
routing used by TBA will ensure higher time
saving compared to the sparse network of SBA.

e  For the demand conformance, the median val-
ues show an equal value of 2.17 minutes. This
is an unexpected result considering that TBA is
capable of offering on-demand service com-
pared to SBA which proposes only predefined
time slots. This confirms the following findings:
a) for TBA: the higher the traffic density is, the
bigger the deviation from the requested depar-
ture time will be, b) for SBA: if the air taxi will
operate with a timetable ensuring high service
frequency, SBA will be also eligible to meet the
customer demand.

To sum up, the two management concepts seem to show
their strengths and weaknesses, while being in the same
order of magnitude in terms of performance metrics: the
flexibility and direct routing of TBA ensure lower average
flight time, while the rigidity of route structures may lead
to higher airspace occupancy when SBA is used. Similar
behavior and findings could also be seen when compar-
ing taxicab and public transport such as tramway and
metro: depending on ftraffic jams and the service fre-
quency of public transportation, taking a bus, metro or
tramway with fixed timetable could be faster and pre-
ferred to a taxicab requested on demand and using direct
shorter routing. Still, direct (or free) routing concept is a
promising approach. It offers a real potential and signifi-
cant opportunities to airspace users by ensuring higher
flight efficiency, better use of airspace, and more sustain-
able service. A combination of TBA and SBA is also fea-
sible, seeking the maximum benefits from both ap-
proaches, as per today’s airline operations.

5.2. Dallas/Fort Worth Use Case

In TABLE 1, the network performance metrics for the
Dallas/Fort Worth use case are also summarized.

15

Compared to the Hamburg use case, the network size
and length are smaller, which represents the low density
and operational tempo for the initial UAM operations
phase modeled for the CBA analysis. Since there are
major hub airports in this urban area, the integration into
the conventional airlines flights is one of the biggest con-
cerns for initiating UAM service. That requires careful
route structure design based on UAM corridors, consid-
ering no-fly zones, noise abatement, and the air traffic
controller’s workload in controlled airspace. Under the
ATM-X project, various studies are being conducted to
ensure safe, sustainable, and efficient UAM operations
over the given route structure. The route network will be
expanded to accommodate higher traffic density and op-
erational tempo, as well as advanced technologies, for
midterm and mature state operations [7].

In this study, various scheduling methods for strategic
conflict management (i.e., DCB and Metering, DCB only,
and Metering only) were investigated for the CBA. From
the preliminary simulation results, the following observa-
tions and findings can be described:

e Nominal flight times are mainly determined by
the pre-defined route and speed constraints
within the UAM corridors. The main routes in-
side the controlled airspace (Class B/D) are de-
fined within the given UAM corridors, which
makes it difficult for UAM flights to take the
shortest path between origin and destination,
with a detour factor of 1.5. In this study, we also
assumed a cruise speed of 120 knots, but UAM
vehicle manufacturers may have different per-
formance specifications, affecting the flight
times.

e The airspace occupancy, or throughput, meas-
ured by the number of airborne flights, is not af-
fected by the departure delay assignment in this
simulation result. This is because the traffic
level is low in this scenario. As the traffic density
increases, the airspace occupancy would be
limited by the capacity of the airspace re-
sources such as vertiports, merging/crossing
waypoints, and controlled airspace entry/exit
points. The demand management (e.g., depar-
ture delay assignment) could also limit airspace
occupancy.

e The relative travel time saving to ground traffic
is high (68%) in the DFW urban area. This result
shows promising benefits from air taxi services
for cities with significant traffic jams in commut-
ing hours (and limited public transit) like Dallas.
However, those savings can have large varia-
tions depending on the time of a day and the
day of the week because ground traffic conges-
tion dynamically changes. Other ground trans-
portation methods like bus and train may be
considered for comparison, although they are
generally not considered the better transit op-
tions in the DFW area.

e The pre-departure delays are compared by dif-
ferent scheduling methods for strategic conflict
management. In this use case, the metering
method using temporal separations between
flights at constrained waypoints mainly affects
both the number of delayed flights and the



amount of total delay, compared to the demand
capacity balancing. However, the results can be
dependent on the traffic density as well as the
constraints like the minimum separation and ca-
pacity. More parametric studies with different
scheduling constraint values are needed for fur-
ther investigation.

5.3.

Having discussed the results for the two metropolitan re-
gions separately, this section aims to compare network
performance metrics on different criteria to identify simi-
larities and differences among airspace management
approaches and cities in order to understand their ap-
plicability to different geographies. Generally, a one-size-
fits-all solution intended to be implemented in all cities is
not realistic and consequently not feasible. The most ad-
equate approach to be adopted should be tailored to the
specific needs of the concerned passengers, considering
a set of factors and targeted performances, including, but
not limited to, the characteristics of the city, targeted traf-
fic density level, and the connectivity already ensured by
other transportation means.

Analysis of the three concepts

Route structure design is important to reduce the possi-
bility of potential conflicts, especially at merging/crossing
waypoints, consider any airspace restrictions like no-fly
zones, and guarantee the travel time savings by UAM
service (by excluding short distance routes or routes with
already well-established ground transport). Referring to
Table 1, the network structure metrics (highlighted in
grey) show that TBA provides higher network density,
which is the result of the direct routing strategy of TBA.
Although this is beneficial from the viewpoint of travel
time savings, this may be infeasible in regions with com-
plex airspaces and regulatory restrictions. In such cases,
SBA or CBA would be a better airspace management
concept since it complies with the current airspace re-
strictions and usage patterns. However, for the vertiports
expected to have high demand such as those at the air-
ports, it may be desirable to design direct routes such
that TBA can be utilized. Under similar conditions, UAM
corridors can be designed in regions of consistently high
traffic to allow the utilization of UAM-specific operational
procedures and maintain separation from other airspace
users.

The size of the geographic region will also play a role in
the selection of airspace management approach. While
TBA, with its direct routing, may seem much better with
regards to time savings, the difference in performance
between the three approaches is expected to be smaller
for much larger geographic regions. For large metropoli-
tan regions, the travel times using ground transportation
options would be large enough that SBA, even though it
complements existing modes of transport, will be feasi-
ble. If a complement to the CBA were to be designed for
the DFW area, for example, SBA will be a strong con-
tender because the DFW area is large, the ground trans-
portation options provide high travel times, and it has
multiple airports that make the airspace congested. The
CBA provides good performance in the DFW area be-
cause it segregates UAM traffic from other forms of air-
space traffic. For this region, TBA will only be suitable so
long as it avoids flying near the airports. For the same
reason, the integration of air taxis in a control zone (CTR)
with airports was analyzed within another separate work
package of the HorizonUAM project at DLR. The
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introduction of large numbers of air taxis in such areas is
expected to be limited by increasing controller workload
and higher probability of collisions due to more airspace
users [35]. Several conducted simulations and human-
in-the-loop trials including the one performed by DLR for
the airport “Hamburg-Fuhlsbuttel” confirmed that the in-
troduction of dedicated UAM corridors within the CTR,
implicitly separating UAM vehicles from other air traffic,
enables reducing average flight times while increasing
their predictability, increasing possible UAM movements
per hour and reducing conflicts with other traffic due to
the achieved traffic segregation [36] [37]. Similar conclu-
sions are also highlighted by other studies and analyses.
For instance, in [38], it is reported, that, air vehicles in
less structured airspace have more degrees of freedom
and can freely choose their position, altitude, heading,
and speed, which increases airspace capacity and re-
duces flying costs while requiring high technological ca-
pabilities to maintain the required safety levels. On the
other hand, airspace concepts with fewer degrees of
freedom can accommodate less capable aircraft but re-
quire strict operation rules and reduced capacity to en-
sure safety.

Each urban area is different. As can be seen in the Ham-
burg and DFW use cases, each metropolitan area has
different conditions for air taxi service in terms of forecast
demand, demand pattern, existing transportation infra-
structure, and environmental restrictions. In addition, dif-
ferent airspace management approaches can be ap-
plied. This paper shows that common metrics can be
used for evaluating those different air traffic manage-
ment concepts even in different urban areas.

5.4.

Air taxis are increasingly acknowledged as a potential,
efficient and adequate extension of public transport sys-
tems. It may soon be an integral element in the sustain-
able urban multimodal mobility chain, which relies upon
efficient public transport and a range of complementary
travel solutions. Flexibility, overcoming lack of space, en-
suring connectivity and high coverage will encourage
UAM rapid growth. However, the fierce competition with
well-developed existing transportation means and new
technologies continues to pose challenges to UAM ser-
vice. To survive in the urban mobility sector, UAM must
maximize benefits and reduce costs. Criteria such as
costs and benefits, demand, profitability, and societal ac-
ceptance are of crucial importance and therefore highly
considered and addressed by stakeholders when inves-
tigating solutions to operate UAM. Similarly, regulators
are required to develop new frameworks and adopt new
players considering both opportunities and challenges
associated with UAM service.

Opportunities and Challenges

Within the HorizonUAM project, a holistic assessment of
opportunities and challenges of UAM has been con-
ducted by Asmer et. al [39]. Every solution, technology
and concept are evaluated in terms of its possible contri-
butions or impact on costs and benefits (refer to FIG 19).



Costs

« Price (customer)

* Operating costs

» Environmental impact
(emissions, energie, etc.)

 Impact on the population
(noise, visual), ...

Benefits

« Time saving

» Mass-transport capacity
« Safety

* Predictability

» Comfort

« Transport accessibility, ...

FIG 19 Costs and benefits assessed for UAM service

It is expected that the proposed airspace management
concepts will make it possible to save travel time, im-
prove safety and predictability, ensure high comfort, and
reduce the environmental impact. At this initial stage, the
first simulations addressed only the first aspect related to
reducing travel time. Safety, being the key for gaining
customer and government acceptance, is addressed per
route design to ensure at least the same level of safety
as today’s aviation industry. The other aspects will be
subjects of further simulation and validation campaigns.
Use of technology and integration with the wider mobility
ecosystem can help air taxis deliver more value to cus-
tomers.

6. CONCLUSION AND OUTLOOK

The results and analyses presented in this paper are the
first of further planned studies that are needed to contin-
ually quantify the benefits and challenges facing the mat-
uration of the UAM market. Therefore, we present the
following recommendations for future studies regarding
UAM network development:

e The above simulations demonstrated the per-
formance of three airspace management con-
cepts using specific use cases at two different
locations and with assumptions regarding the
route network design and traffic levels. To fur-
ther quantify and compare these airspace man-
agement concepts, we will need additional
studies for different assumptions and inputs
which will be defined within the next activities of
the DLR-NASA cooperation. This necessitates
several iterations and adaptation of the simula-
tions to obtain statistically meaningful results.

e The above studies have been conducted for
nominal use cases with deterministic inputs. To
better understand the robustness and resilience
of the concepts, we need to evaluate them in
the presence of disturbances, operational un-
certainties, and varied environmental condi-
tions (e.g., wind, temperature, precipitation).

e The assessment of UAM service performances
will be done in a larger scope integrating, in ad-
dition to network specific metrics, vertiport spe-
cific and human centric metrics as per the com-
plete list defined in [15].
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e The research topic will be extended to address
additional regional aspects such as multimodal-
ity. Novel terminology such as Innovative Air
Mobility (IAM) and Advanced Air Mobility (AAM)
will be used.

e Sustainable transportation means are nowa-
days preferred by passengers. Therefore, the
performance metrics related to the environmen-
tal impact and sustainability will be more deeply
addressed when assessing the performance of
UAM service.

New DLR and NASA projects will be launched at the be-
ginning of 2024 to continue research related to air taxis
with extended scope and ambitions. The current DLR-
NASA cooperation will also continue in the next years to
pursue joint research and leverage concepts and tech-
nologies developed at the respective agencies and pro-
jects.
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