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Abstract
A modular urban air mobility (UAM) simulation toolchain was iteratively developed in the project ULTRAS
(Urban Air Transportation Simulation). Twelve modules combined passenger demand, vertiports, routing, tra-
jectories, sectorized capacities, costs, scheduling, and infrastructure scaling, communication, and control (GNC).
Three iterations evolved modules from minimum viable products (MVP) to mature frameworks, adding and
adapting assumptions, functionality, and interfaces. In each iteration, modules were integrated to a workflow,
enabling comprehensive simulation and evaluation.
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1. INTRODUCTION

The operation of urban air mobility requires careful
consideration of factors such as safety, capacity, poten-
tial revenues, and costs [1,2]. In parallel to conceptual
development [3], several scientific models for Urban
Air Mobility (UAM) are under development [4,5], inte-
grating a variety of systems to create a holistic view. In
addition, the European Commission [6], Germany [7],
and other government agencies are publishing relevant
regulations [8] and policies [9] to provide guidance. As
many individual aspects such as passenger demand
scenarios [10], vertiports [11, 12], airspace [3], traffic
management [13], routing [14], scheduling [15], and
evaluation [16] require sophisticated models, it is nec-
essary to continuously improve each model. In the
tactical time domain, control [17], and communica-
tion [18] should be realised. Discrete event simulation
of traffic [5,19] promises such capabilities. In addition,
these aspects are highly interdependent, requiring the
design of comprehensive systems that are congruent at
each stage of development.
Systems of systems, such as UAM, are interconnected
and interrelated systems [20, 21]. Iterative design is
prominent for complex systems [22], where prototypes
[23] or Minimum Viable Products (MVP) [24] can be
created to test initial interfaces and functionalities.
Data flows for system-of-systems can be organised us-
ing XML [25] as in the CPACS schema [26] that is ex-
tended for UAM [4]. Modules can be integrated using
RCE [27], making them accessible on virtual machines
for distributed partners.

To implement the model, functional domains, system
granularities, temporal levels, and functional relation-
ships must be identified. Each capability domain or
feature may have different levels of complexity. There-
fore, each module requires different levels of sophisti-
cation and functionality. Some aspects are relatively
clear, such as vehicle speed, while others have either
unknown numbers, as in the case of cruising altitude,
or unknown qualities, as in the case of geo- or no-fly
zones. For some aspects, there are different concepts,
such as direct flight vs. flight on segments [28], or
centralised [29] vs. decentralised airborne conflict res-
olution. In addition, there are feedback loops between
domains, such as the impact of ticket price, travel time,
or schedule horizon on passenger demand, or the im-
pact of passenger demand on incentives to build ver-
tiports. A toolchain combines different modules, and
a workflow run selects a combination of configurations
and runs the modules to produce a result.
The paper is structured as follows: Section 2 gives
an overview of the iterative development. Section 3
presents the three developed workflows. The main
modules and their updates are discussed in section 4.
Finally, section 5 gives a conclusion and directions for
further research.

2. ITERATIVE DEVELOPMENT

The interdisciplinary research project ULTRAS1

(Urbane Lufttransportsimulation, German for ’Urban
1This work was funded by the BMWK - Federal Ministry for

Economic Affairs and Climate Action in LuFo VI-1 under grant
id 20E1911.
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FIG 1. ULTRAS RCE Workflow, Iteration 1 [5].

module iteration 1 iteration 2 iteration 3
demand population & economical travel-share dynamic
route direct waypoint-grid connectivity
scheduling trip generation between vertiports economical dynamic

simulation
ideal communication 5G air-to-ground 5G air-to air
simple control predictive control nonlinear model

TAB 1. Selected module-capability developments.

Air Transportation Simulation’) iteratively designed,
modeled, simulated, and evaluated future UAM
operations in the Hamburg metropolitan area. In
three iterations of approximately one year each, new
modules were developed or existing modules were
updated, from minimum viable products (MVP)
to mature frameworks (see Tab. 1) The iterative
process was designed in an agile spirit, incorporating
lessons learned from the current workflow into the
design, resulting in more informed feature plan-
ning. In each iteration, the modules were integrated
into an RCE (Remote Component Environment,
www.rcenvironment.de) workflow and simulated col-
laboratively. Since the initial ULTRAS workflow of
the first iteration [5], further regulations, operational
concepts, and vehicle prototype data have been
published and incorporated into module updates.

3. RCE-WORKFLOWS

In the iterative process, the initial RCE-workflow (see
Fig. 1) has been extended and adapted so that iter-
ation 2 (see Fig. 2) and iteration 3 (see Fig. 3) was
reached. New modules have been created and inte-
grated. Because modules are interdependent, certain
features have been added or moved from one tool to
another, while interfaces have been adapted.

3.1. Changes between iteration 1 and iteration 2

In Workflow II, the deconfliction tool was no longer
required as the simulation performed the airborne sep-

aration of the aircraft. It was also not possible to re-
move a flight from the vehicle turnarounds calculated
in the Scheduling tool.
The Trajectories module has been moved forward to
calculate the reference trajectories required by the Sec-
tor and Scheduling tools. The Sector module requires
the path and times of the trajectories to adjust the
sector design. The Static Scheduling module required
the reference trajectories, i.e. the flight times relative
to the start.
The Sector modules have been added to limit the ca-
pacity in the sectors. The trajectories were used to de-
sign the sector geometry and to determine the capacity
limits by Monte Carlo method of separation conflicts.
By limiting the number of flights in an airspace, the
aim was to ensure that separation is successful.
The Direct Operating Cost (DOC) module has been
brought forward to allow for economic trade-offs in
scheduling by calculating the cost of trajectories and
the cost of operating a UAM vehicle. This work there-
fore calculated the cost of the flight on the basis of
its planned use, rather than the estimated number of
flights per aircraft.
The reference trajectories were fed into the new
scheduling module, which means that the planned
take-off times of the flights, together with the refer-
ence trajectories, define the landing times and sector
entry times. This enables to decide how many vehicles
should be used to make the planned round trips.
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FIG 2. ULTRAS RCE Workflow, Iteration 2 (green: New module. Blue: Adapted or moved module).

3.2. Changes between iteration 2 and iteration 3

The following changes have been made between Work-
flow II and III. The Queue Demand Tool has been
added to determine the timed demand for flights from
the hourly passenger demand. It provided the Static
and Dynamic Scheduling modules with the demand
time and number of passengers.
The new Dynamic Scheduling module used the
vertiport sizing and initial vehicle placement from
the Static Scheduling module. As the simulation
progresses, the schedule was constantly recalculated
in a rolling time horizon, as in e.g. [30].

4. MODULE ITERATIONS

Modules were developed iteratively and integrated into
workflows. This section presents representative mod-
ule developments and explains their progress.

4.1. Passenger demand

The calculation of UAM demand between neighbour-
hoods was iterated from an economic model combin-
ing population data [4] to traffic estimates based on
the Hamburg urban transport model [5]. In the new
UAM Queue Demand tool in iteration 3, passenger trip
requests were derived from hourly demand by simulat-
ing a Poisson process. This can replace the calculation
of passenger travel times from the Scheduling module.
The time at which a passenger demand is known was
calculated in the Dynamic Scheduling module.

4.2. Routing

2D routing between vertiports has evolved from direct
routing around no-fly zones in iteration 1, to routing
on a grid with minimal separation between parallel
segments in iteration 2, to routing with additional edge
directions and a turn penalty based on passenger com-
fort. The aim was to reduce detours and route lengths.
The cost function for the routing algorithm was de-
signed to optimise passenger comfort by reducing large
bank angles and thus g-forces [28] (see TAB. 2).

4.3. Sector Geography and Capacities

In the second iteration, new sector geography and ca-
pacity modules were created. The geography module
divided the airspace into a desired number of sectors.
Sector centroids were created by k-means clustering
of trajectories, based on the idea that similar flights
should share the same sector to facilitate separation.
Sector shapes were created using the nearest neighbour
method and straightening of boundaries. The capacity
module provided the maximum occupancy of sectors,
i.e. the number of UAM flights that can be in each
sector at any one time. It used the sector area and
Monte Carlo method of the incoming traffic pattern
to estimate the capacity based on thresholds for the
expected number of conflicts [32,33].

4.4. Scheduling

In the first iteration, the scheduling module took
hourly passenger demand and divided it to a number
of flights, based on passenger capacity. Flight demand
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FIG 3. ULTRAS RCE Workflow, Iteration 3 (green: New module. Blue: Adapted or moved module).

functional area iteration 1 iteration 2 iteration 3
grid network layered route nodes minimum separation distance different distances
segments connecting layers squares and diagonals additional directions
routing shortest path penalise turn-angles passenger comfort

TAB 2. Routing Feature development in three iterations. Iteration 1 uses the tool initially developed in [31] and applied
to UAM in [4]. Iteration 2 uses the Waypoint Routing tool from [5] and iteration 3 uses the further development
in [28].

was randomly distributed over the hour and vertiport
limitations were introduced. [4]
In the second iteration, a new scheduling module was
created to perform optimisation trade-offs. It can
e.g. optimise for cost, while considering the revenue
of flights and cost of each vehicle. The other option
is to trade-off the number of flights or revenue kilo-
metres against the number of flights. Moreover, the
scheduling module was used to dimension vertiports,
that is, it included costs for gates and pads, either
monetary cost based or using a scaling factor against
flights. The optimisation took into account vehicle
availability, vertiport constraints like turn-around
times and gate and pad availability, as well as airspace
capacities.
In the third iteration, a dynamic scheduling module
was created to handle passenger demand that becomes
known throughout the day. The tool recalculated
in rolling horizon fashion throughout the day (see
TAB. 3)

4.5. Deconfliction

In the first iteration, deconfliction was performed in
pre-departure time between planned trajectories. The

module maximised the number of flights under the
constraint that there are no conflicts [5]. In the sec-
ond iteration, the static deconfliction module was re-
moved as in-flight deconfliction was performed by the
dynamic simulation (see below).

4.6. Dynamic Simulation

The dynamic agent behavior was implemented in a
multi-agent simulation framework leveraging OM-
NeT++ (www.omnetpp.org) [34], a modular discrete
event simulation environment primarily employed
for network simulations [5]. The framework was
enhanced to simulate increasingly intricate and re-
alistic communication and guidance, navigation and
control (GNC) of complex vehicles. By effectively
combining communication and control simulations,
this framework delivers an integrated platform for
evaluating performance and reliability under diverse
operating conditions

4.6.1. Communication

In the first iteration, the communication channel was
modeled as ideal without interference [5]. The sec-
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functional area iteration 1 iteration 2 iteration 3
operational objective passenger demand trade-off dynamic demand
vehicle trajectory times vehicle availability energy consumption
capacity vertiport limitations vertiports & sectors battery charging

TAB 3. Scheduling Feature development in three iterations. Iteration 1 uses the tool developed in [4]. Iteration 2 uses a
newly developed tool for optimised scheduling. Iteration 3 uses a newly developed tool for dynamic scheduling.

ond iteration developed a 5G-air-to-ground communi-
cation network using the Simu5g framework [35]. A
channel model to suit the air-to-ground communica-
tion was also developed taking into account realistic
channel conditions. This further involved ground net-
work planning considering Hamburg metropolitan area
as a use case. [36]. In the third iteration, the simula-
tion was extended to include 5G-air-to-air communica-
tion enabling message transmission between nearby air
taxis. Along side that, further enhancements to uplift
the communication performance in terms of air taxi
to air taxi communication by a reinforcement learn-
ing based dynamic resource allocation technique was
utilised [37].

4.6.2. Control

In the first iteration, simple control algorithms with
linear agent models were considered [5]. The second
iteration then extended the control algorithms to
model predictive controllers with distributed sepa-
ration capabilities In the third iteration, nonlinear
vehicle models and dynamic separation constraints
were introduced.

4.7. Evaluation

Overall, the framework enables the evaluation of key
performance indicators such as travel time differences,
energy consumption per person kilometer, and number
of conflicts between vehicles.

5. CONCLUSION & FUTURE WORK

This paper presents a toolchain for UAM simulations,
developed iteratively in the scope of the ULTRAS
project. To cover essential aspects of UAM, inter-
dependent modules were created, with each module
having several options for configuration. Utitilising
such workflows allows the evaluation and comparisons
of concepts. Modules can be adapted or expanded to
include new functionalities or react to new regulations.
Moreover, new modules can be introduced that can
facilitate sophisticated UAM Scenarios. In the future,
several scenarios can be simulated and evaluated,
allowing conclusions about future urban air mobility.
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