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Abstract
Facing the continued growth of cities, the introduction of urban-air mobility intends to reduce traffic congestion and improve 
the quality of services such as on-demand-transport, reduced travel times and increased connectivity. Nevertheless, its integra-
tion into existing air-traffic flows remains one of the biggest challenges ahead, especially once controlled airspace overlaps 
with urban-air mobility areas, such as at airport control zones. Here, air-traffic control needs to coordinate amobng urban-air 
mobility vehicles and conventional air traffic. In 2022, DLR conducted a human-in-the-loop simulation with ten air-traffic 
controllers to validate previously developed workflows for that coordination task applied for Hamburg airport. The simula-
tion results revealed that additional urban-air mobility traffic increases controllers’ experienced workload up to 30% while 
slightly reducing their perceived situation awareness. Thus, a majority of controllers participating in the trials suggested to 
introduce an additional controller working position to exclusively control airtaxis and traffic following visual flight rules. 
This option is assessed as owning a high potential as cost intensive adaptions of regulations and procedures can be omitted. 
Nevertheless, the feasibility of this option is rather low due to the limited availability of endorsed human controllers.
This study proposes a concept for a digital controller taking the responsibility of guidance for airtaxis under visual flight rules 
traffic (abbr. VFR) within a control zone. This digital controller is named “UAM digital controller” (abbr. UDC) and based 
on algorithms calculating slots and trajectories which have been validated in previous DLR projects. The UDC coordinates 
with the human controller once a potential conflict is detected. Within the study, first the concept of the digital controller is 
defined, following existing work. As a second step, a theoretical evaluation based on an air-traffic control task model and an 
operational concept for airtaxi integration will analyze the task load reduction for the human controller. Last but not least, 
the expected energy saving of flight operations by the digital controllers will be assessed.
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1 � Motivation

The European Commission mentions in its flightpath 2050 
particularly the reduction of door-to-door travel times and a 
seamless transport as one of the important objectives for the 
future air-traffic system (cf. [1], p.63ff.). Specially in Ger-
many this objective is challenging as all transport modalities 
are expecting an increase of passenger traffic (cf. [2], Tab. 
2). Hence, flexibility for synchronizing the transport modali-
ties is missing and additional capacities need to be raised.

The air-traffic system has at least one potential to be 
expanded: The usage of the very low airspace for urban and 
short-haul flights (cf. [3], ch. 1). By introducing airtaxis for 
inter- and intra-city connections, congestion on the road and 
rail systems can be overcome. As these airtaxis do have the 
option to be electrically powered (cf. [3], ch. 4), reduced 
travel times in combination with environment-friendly trans-
port are possible. A major challenge to this approach is the 
integration into the existing air-traffic system. Additional 
traffic requires additional air-traffic control which is lacking 
of staff (cf. [4]).

This paper proposes to introduce a digital controller. This 
controller is designed to handle the urban and short-haul 
air traffic automatically. Based on a use-case of Hamburg 
the duties of the digital controller are derived and summa-
rized in a concept of operations. Following the concept of 
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operations, the technical requirements are specified and a 
system design is suggested. The paper is concluded by a 
critical discussion of the system design and an outlook onto 
the future research activities to prove the feasibility of the 
digital controller for urban and short-haul flights.

2 � Existing work

The integration of urban flights into the existing air-traf-
fic system was subject to former research of the German 
Aerospace Center (abbr. DLR) in the project HorizonUAM 
(cf. [3].). Based on the example of Hamburg, efficient air-
way and landing spot design was achieved as shown in 
Fig. 1 (cf. [5]). The so called vertiport east (abbr. VPO) 
is the landing and takeoff spot for all airtaxis to and from 
Hamburg airport. The connected routes are defined for 
arriving and departing traffic. The traffic is vertically 
separated. Departing traffic has to be established on the 
assigned altitude when passing the final approach fix (abbr. 
FAF). Arriving airtaxis are allowed to leave their cruise 
altitude at the FAF. The labeled waypoints in Fig. 1 show 
the location of non-compulsory waypoints to be used for 
air-traffic control clearances. Moreover, fast time simula-
tions proved that the urban traffic in this network is mostly 
independent from the conventional air traffic except for 

crossing of the final approach as well as emergency situ-
ations (cf. [5]).

Although the airtaxi route network is sufficiently sepa-
rated from the conventional traffic, air-traffic control still 
needs to provide clearances according to ICAO rules (cf. 
[6], ch. 5.2.1): Comparable to special VFR traffic, the air-
taxis are operating within the controlled airspace and need 
to be considered once IFR traffic is operating. Through 
human-in-the-loop simulations, DLR evaluated the impact 
of introducing airtaxi operations onto air-traffic control-
lers (cf. [7, 8]). Given the traffic load of up to 15 airtaxis 
per hour, a workload increase of about 30% was observed. 
Controllers participating in the simulations stated that 
in principle traffic was manageable, as they were mainly 
monitoring the urban traffic but they would like to delegate 
it to a second controller in case of increasing traffic. This 
second controller can focus on the urban traffic and coor-
dinate with the tower controller once the final approach 
needs to be crossed or conflicts with conventional traffic 
are building up.

This additional staff for a second controller is hardly 
available today (cf. [4]). As a DLR fast-time simulation 
shows, automation through two validated algorithms might 
provide a solution to guide airtaxis (cf. [9]). One algorithm 
uses a slot-based approach ensuring that airway and air-
port capacity is not exceeded (cf. [9], ch. II A). The second 
algorithm is based on 4D trajectory calculation and allows 
for detailed traffic pre-calculation (cf. [9], ch. II B and 
[10]). Both algorithms demonstrate that a delegation to 
automation in theory is possible.

Both algorithms could be used as the basis to delegate 
the urban-air traffic to an automatic air-traffic control unit. 
To ensure a safe and efficient guidance, a comprehensive 
integration into ATC procedures is required. Therefore, 
DLR designed the concept of the digital air-traffic control-
ler as shown in Fig. 2 (cf. [11]).

The digital controller is designed to replace the plan-
ner in a single controller operation at a radar center and 
redefine the workshare between human and automation. 
As such, it receives summarized data from a data service 
entity which gathers and merges multiple sources. The 
data are analyzed and the overall situation assessed. Out 
of this situation and the monitoring of the flight, an activ-
ity plan is generated. This list of tasks and clearances is 
communicated to the air-traffic controller in command by 
highlighting certain flights or areas at the Air Situation 
Display (abbr. ASD) or at a special interaction display 
dedicated to this purpose. Additionally, it is able to imple-
ment certain tasks automatically. This solution is under 
validation for use cases in enroute and approach airspace. 
A similar concept could be also implemented in an air-
traffic control tower environment.

Fig. 1   Chart of airtaxi routes as used in [5] and [7]
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3 � Method

This paper transfers the approach of the digital controller 
to the area of tower control. The result of this transfer is 
called UAM digital controller (abbr. UDC). The decision-
making core of the UDC is based on the existing slot- and 
trajectory algorithms for a safe and efficient guidance of 
the urban-air traffic. The transfer is conducted in four steps 
as shown in Fig. 3.

The preceding human-in-the-loop simulations (cf. [7, 8]) 
specified a set of ten operation rules (cf. Appendix A). These 
ten rules (step 0) were defined following ICAO procedures 
for air navigation service (cf. [14]) and critically reviewed 
by the participating air-traffic controllers of the simulation 
study. For this paper, the derived ten rules are transferred 
into requirements (step 1). This step is a formal step. The 
phrases and wording used in the ICAO procedures docu-
ment as well as by the air-traffic controllers are translated 
into a requirement wording. Based in the requirements, the 
operational tasks are defined. Therefore, the controller work-
ing position setup as used in the simulations is considered. 
In sum, 42 operational tasks were derived. As a last step 
(step 3) the operational concept which defines the roles and 
responsibilities of human and digital controller is compared 
with the operational task. Each task that is within the respon-
sibility of the digital controller is translated into a technical 
requirement for the digital controller. If a requirement is 
derived multiple times only one requirement is maintained.

This approach delivers specific results for Hamburg air-
port operations, as the distinct rules and working position of 
the simulation are considered. Nevertheless, the procedure 
in general is applicable to other airports. This potential is 
discussed in the outlook.

3.1 � Operational concept

The airtaxi traffic for Hamburg is operating within the con-
trol zone. In here, air-traffic control is responsible for sepa-
ration among IFR flights and VFR to IFR flights (cf. [14]). 
Therefore, the tower controller must issue a clearance once 
air traffic enters and exits the control zone. This is the case 
once the airtaxi departs or lands at a vertiport apart from 
the airport. The vertiport at the airport is in close location 
to the active runways. The design allows for independent 
approaches, but requires landing and takeoff clearance. 
Throughout the flight the tower controller must monitor the 
airtaxi whether a separation infringement to IFR traffic can 
occur. In the Hamburg environment, only a shortcut for the 
airtaxis crossing the final approach of runway 23 owns this 
risk, assuming that airtaxis follow the cleared route.

The general operational concept of a digital controller is 
described by Jameel et al. (cf. [11]). It aims to high auto-
mation as defined in (cf. [12], Fig. 4, p. 10) or beyond. By 
definition, high automation can initiate tasks. As soon as 
the area of human responsibility is affected, a coordination 
among human and automation is required. The application 
in this paper delegates specifically the responsibility for the 
airtaxi traffic to the digital controller. The digital control-
ler provides the clearances for airtaxi control zone entry, 
control zone exit, takeoff at Hamburg airport and landing 
at Hamburg airport. A coordination among human tower 
controller and the digital controller is required if an airtaxi 
crosses the final approach of runway 23. This can affect the 
IFR traffic under the responsibility of the human controller. 
The digital controller itself is not interacting with the IFR 

Fig. 2   Design of the digital con-
troller for enroute applications 
(based on cf. [11], Fig. 5)

Fig. 3   Steps towards the design of the UDC
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traffic directly. A detailed description of the tasks is provided 
in (cf. Appendix B).

3.2 � Operational requirements

The first step of the design process is to take the ten rules 
as specified in Appendix B and reformulate them as general 
operational requirements following a standard requirement 
scheme (cf. [15], ch. 4.2). Thereby, five requirements are 
derived which define:

•	 takeoff clearance at the vertiport of Hamburg airport 
(VPO)

•	 landing clearances at the vertiport of Hamburg airport 
(VPO).

•	 clearance to enter the control zone prior to takeoff from 
any inner-city vertiport.

•	 approval to leave radio frequency short before or after 
landing at any inner city vertiport.

•	 rerouting of a flight.

The detailed operational requirements are specified in 
Appendix B.

3.3 � Operational tasks

As a second step, each requirement was particularized into 
a sequence of the necessary tasks. Therefore, a controller 
working position is assumed to be available for the control-
ler. The working position consists of an ASD, a voice com-
munication system (abbr. VCS), an electronic flight strip 
display (abbr. EFPS) and an interface to the UAM system. 
The interface to the UAM system is required to communi-
cate for instance trajectory changes to the airtaxi operators 
(cf. [13], ch. 3.17, p.70). Out of the five requirements, 42 
single tasks were derived. For example, the requirement to 
clear an airtaxi upon a reroute request broke down into the 
following sequence:

•	 ASD: detect possible traffic conflict;
•	 ASD: check new route clear of traffic;
•	 EFPS: no traffic assigned for the new route;
•	 VCS: clear airtaxi to proceed to new waypoint
•	 EFPS: enter new route on the flight strip;
•	 UAM: send route update

3.4 � Technical requirements

Initially a deduction onto the technical requirements of a 
standard working position for a human controller was per-
formed. Hereby, 22 technical requirements were specified, 
again following a standard requirement scheme (cf. [15], 
ch. 4.2) and being linked to one or more operational tasks. 
The first task of the rerouting for instance manifests into 
“The airside situation display must offer the possibility for 
the air-traffic controller to see the current and future posi-
tions of all aircrafts and airtaxis relevant to her or his area 
of responsibility (abbr. AoR)”.

The next action was to reformulate the requirements of a 
standard working position into requirements for the UDC. 
Therefore, the functionality of the human controller was 
added and reformulated as requirement for the UDC. Again, 
given the example of the first rerouting task:” Detect traffic 
conflict” which resulted into “show aircraft / airtaxi posi-
tion” as a standard technical requirement extended to “the 
digital controller must be able to receive the position data 
of all aircraft / airtaxi in the airspace under control”, “the 
digital controller must calculate a 4D trajectory” and “the 
digital controller must detect conflicts in the trajectory”. In 
total, 25 requirements for the digital controller were speci-
fied (cf. Appendix C).

To conclude the design, the basic structure of a digital 
controller is used, extended and adapted in accordance to 
the requirements. The resulting structure of the UDC is pre-
sented within the next chapter. To verify the controller a 
static testing is applied and so-called walkthroughs (cf. [16, 

Fig. 4   Component structure of 
the UDC
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17]) based on the simulation scenario with 15 airtaxis were 
conducted.

4 � Result

4.1 � Component‑structure

The structure of the digital interactive radar controller as 
designed in [11] and shown in Fig. 2, requires some adap-
tion to meet the requirements of the UDC. In contrast to the 
digital interactive radar controller, this controller is designed 
to independently guide traffic, rather than conducting plan-
ning actions and using as a support for an active control-
ler. Moreover, an additional interface to coordinate with the 
UAM system is required. The resulting components structure 
is shown in Fig. 4.

The data service component is replaced by multiple data 
interfaces to allow for UAM interaction (Fig. 4 left side). 
The connection to the ASD is eliminated (Fig. 4 right side) 
and replaced by a clearance generator component. This 
generator translates a certain action into the commands for 
the different systems. For example, a takeoff clearance is 
translated into a takeoff message for the UAM system, a 
takeoff-status for the flight plan and an audio clearance for 
the airtaxi pilot.

4.2 � Class structure

The component structure is further detailed into a class 
structure with each class serving a functionality. To better 
visualize the classes within the paper, the class structure 
is visualized by the input part (data analysis and situation 
evaluation component) and the output part (activity plan, 
monitoring and clearance generator). Figure 5 shows the 
input part.

The input class diagram shows how the different data 
sources are merged. Audio (e.g., pilot requests), aircraft 
position and flightplan data are associated with the refer-
enced flight. In this process, audio data require special treat-
ment as the audio stream must be translated into commands 
initially (cf. [18]). The multiple flight objects are then joined 
into a traffic situation object which is enhanced by a calcu-
lated UAM network plan. The slot algorithm (cf. [9]) is the 
basis of this calculation.

Based on the traffic situation class, the transfer into 
clearances (audio output) and system handling (e.g., route 
updates) are managed by the output part as shown in Fig. 6.

The collected data are stored in the Traffic Situation class 
as the result of the input. The output part accesses this data 
storage. The traffic situation is analyzed by the task model 
and the monitoring class. The task model checks in which 
state each flight is and acts according to the operational 
concept (cf. Appendix A). If for instance, an airtaxi owns 
the status “departed” and asks for landing clearance, the 
specified actions of checking the vertiport for traffic and then 
issuing the landing clearance are conducted. All activities 
are fed into an activity list which serves as a buffer for the 
execution. All non-nominal cases (e.g., traffic conflicts) are 
handled by the monitoring class. This class checks the traf-
fic situation and if the execution is in conformance with the 
issued clearances.

4.3 � Activities

The UDC consists of a large set of activities. As pointed 
out in chapter 4.2, the task model and the monitoring 
activity are the two activities which determine the general 
behavior of the controller. The monitoring activity as show 
in Fig. 7 is basically triggered whenever a rerouting is 
requested or a deviation from the calculated trajectory is 
detected. In consequence, a new trajectory is calculated, 
checked against conflicts and forwarded as three activities 

Fig. 5   Class structure of the 
UDC input part
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(direct-to-command on the VCS system, flightstrip update 
and UAM message).

The task model as shown in Fig. 8 owns more tasks than 
the monitoring activity. It is either triggered whenever an 
airtaxi is in 2NM distance to the final approach fix (abbr. 
FAF) or a request of an airtaxi is received.

The activity is designed as a basic decision-tree-structure 
which can be summarized as the following cases:

•	 Entering control zone (airtaxi departing from inner-city 
vertiport): Checking traffic load and vertiport clear of 
approaching / departing aircraft.

•	 Leave frequency (airtaxi landing on inner-city vertiport): 
Checking airtaxis is short of vertiport

•	 Ready for departure (airtaxi departing from airport): 
Checking traffic load and clear of traffic on final approach 
/ departure

•	 Airtaxi 2NM from final approach fix (airtaxi landing on 
airport): Checking clear of traffic on final approach.

The design is concluded with the presented activities. The 
class diagram and the activities form the basis for the evalu-
ation in the next section.

4.4 � Evaluation

The evaluation took the 15 airtaxi flights from one human-
in-the-loop simulation scenario (cf. [7]). Each flight was 

Fig. 6   Class structure of the UDC decision and output part

Fig. 7   Activity diagram of the monitoring task
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performed as a theoretical walkthrough. The simulation 
recorded flightplans, takeoff and landing times of the airtaxis 
and the conventional traffic. To utilize this data a synchro-
nization of the different simulation sources (e.g., flightplan 
server, radar data, voice communication, etc.) was required. 
This synchronization is not specified in the defined UDC 
algorithm although operational data will also be transmit-
ted by different sources. This finding is subject to later 
discussion.

The derived takeoff and landing times as well as the radio 
requests were used to initiate the walkthrough. Initially, the 
content of traffic situation object was generated by collecting 
all active aircraft five minutes prior to the landing / takeoff. 
These aircrafts were used as the content of the traffic situa-
tion object. Based on this object the task model activity and 
the monitoring activity were theoretically calculated step by 
step. Figure 9 shows an example of a walkthrough for an air-
taxi taking off at an inner-city vertiport. The initial departure 
time (12:20) was taken to derive the first event (request to 
enter control zone). Afterward the traffic object was checked 
whether the traffic load is within acceptable limits and no 
aircraft is above the vertiport. Finally, the approval to enter 
the control zone is given.

The decision on the traffic load is based for all calcu-
lated walkthroughs on the active traffic in the control zone 
as shown in in Fig. 10. Due to the feedback of the air-traffic 
controllers each aircraft that would have exceeded a load of 
six aircrafts in a 5-min interval, received a Hold-Command. 
This was applied to four airtaxis.

The decision on the traffic above the vertiports was taken 
based on the estimated landing times. Landing-sequence 

diagrams as shown in Fig. 11 were generated for the deci-
sion to approve a landing or hold the airtaxi. Only for the 
Vertiport East holdings had to be applied. In Fig. 11 this can 
be observed by the overlapping boxes around minute 20 and 
40 leading to four holding decision.

In total 45 activities from the task model (control zone 
entry, takeoff, landing, control zone exit, holding) and the 
monitoring task (rerouting) were calculated with the time 
of the activity. Figure 12 shows the activities per flight over 
time.

It can be observed in Fig. 12 that all flights were calcu-
lated to their end, symbolized by the green dot of the landing 
time. Initially, this was not possible to the flights for which 
a holding is applied (circle symbols) as the algorithm does 
not specify when to end the holding. For this walkthrough a 
rough first come first serve strategy was applied as a first fix 
which needs further optimization.

Moreover, Fig. 12 shows that reroutings and holdings 
could be applied following the defined algorithm. Reroutings 
occur in times of less activities (before minute 10 and after 
minute 30), while holdings occur around minute 20 where 
numerous activities take place. The frequency of the events 
is further analyzed in Fig. 13.

Figure 13 confirms the observation that specially in the 
minute 20 and 25 a high number of activities takes place. 
For the algorithm itself and the applied theoretical walk-
through this is no problem. The algorithm in principle is 
well-designed and sufficient to conduct the traffic. Neverthe-
less, a timely design how to cope with multiple activities in 
a short timeframe is required. A high number of activities as 
shown in Fig. 13 might be a challenge to the used hardware 

Fig. 8   Activity diagram of the task model
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and can cause significant problems for the communication 
channel (e.g., radio, datalink). In the current specification 
there is no limitation on the number of transmissions. Here, 
a protection is required to prevent an overload.

Concluding the evaluation, 15 airtaxis with 45 activities 
were examined. All flights could be calculated successfully 
to the end following the specified algorithm. Nevertheless, 
the following deficiencies in the model were detected:

•	 Data synchronization: The current model assumes that 
data input and activities are sequential. In the operational 

system the data of the different sources will not be syn-
chronized thus a component to buffer and collect the data 
is required.

•	 Hold strategy: Currently the UDC commands an airtaxi 
to hold, but the point in time when the airtaxi is cleared 
to continue, especially in situations when multiple air-
taxis are on hold is not defined. A sufficient strategy 
needs to be designed therefore.

•	 Output speed: In the current design, the UDC sends com-
mands whenever the decision is made. Depending on the 
implementation this can generate a very fast sequence of 

Fig. 9   Theoretic walkthrough (example)

Fig. 10   Traffic load
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commands or even synchronous commands upon using 
parallel computing. For humans interacting with the 
UDC this can lead to misunderstandings (cf. [19]).

5 � Discussion

The paper derives a design for a UAM digital controller, 
capable of actively handling airtaxis in the control zone of 
an airport. All flights were calculated until the end and all 
occurring situations (e.g., rerouting, high traffic) could be 

solved. Three major deficiencies were observed. All of them 
can be resolved by existing concepts:

•	 The identified issue of the missing data synchronization 
will be possible to solve via standard patterns such as 
pipes and filters where data can be selected depending 
on its correctness and merged with other data.

•	 The hold strategy can be defined as first come, first 
served to ensure an order and fair air-traffic control pro-
cess. Nevertheless, for safety reasons, the remaining 
energy of the airtaxi should be encountered as well as 

Fig. 11   Traffic sequence above 
VPO

Fig. 12   Activities over time per 
flight
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user prioritizations. The prioritizations can be provided 
by the airtaxi operator to ensure connectivity with other 
transport modes (e.g., connecting long-haul flights).

The output speed can be reduced to the human speed (cf. 
[19]). A broader approach can examine operational concepts 
that allow for parallel communication. These approaches 
own the advantage of increasing the ATC performance while 
reducing safety due to depending commands.A challenge 
currently not addressed in the design in detail is the coordi-
nation with the human controller and the possibility to trans-
fer airtaxis to the human controller once the UDC is unable 
to find a solution. For those cases a comprehensive interac-
tion design and integration into the UDC design is required. 
The UDC design should be checked upon failure cases for 
each task. Once a failure case can not be covered by the 
automation of the UDC an appropriate procedure guarantee-
ing a safe operation (e.g., not extending the clearance limit) 
and handing the traffic over to the human controller with an 
appropriate explanation should be defined. For instance, if 
a request is not understood with a sufficient probability, the 
UDC can request a repetition of the request. If the request is 
not understood a second time, the UDC can advice the air-
taxi to not exceed the clearance limit and transfer the flight 
strip to the human air-traffic controller including a remark 
about the unclear request.

Even if all of the identified challenges and deficiencies 
are solved, it can still be discussed if the UDC is operable 
at all airports. The applied design process is based on the 
human-in-the-loop simulation of Hamburg. Due to different 
runway layouts, vertiport locations and airspace structure a 
UAM digital controller for other airports might require a 

different rule set. Nevertheless, the derived algorithm and 
the above applied process can be reused to adapt the digi-
tal controller to other airports. In general, a review of the 
operational requirements will reveal if there are additional 
challenges which need to be addressed by the digital control-
ler. Comparable to a change request, operational tasks and 
technical requirements can be extended and encountered in 
the design.

A challenge currently not addressed in the design in detail 
is the coordination with the human controller and the pos-
sibility to transfer airtaxis to the human controller once the 
UDC is unable to find a solution. For those cases a com-
prehensive interaction design and integration into the UDC 
design is required.

6 � Outlook

As a next step, the UDC needs to be enhanced by the speci-
fied deficiencies and implemented. To prove the operational 
feasibility, the UDC should be validated in human-in-the-
loop simulations. These activities are planned within the 
DLR project IAM OSA for summer 2026.

This paper discusses the application of digital controllers 
to the integration of airtaxis into controlled airspace. Apart 
from this use case, digital controllers can support air traffic 
control at the airport in general. For instance, the clearance 
delivery position owns a high potential for being supported 
by a digital controller as aircraft have not started their engine 
when receiving the enroute clearance. Even if the digital 
controller shows errors or failures throughout the execution, 
there is no risk of collision and the human controller can 

Fig. 13   Frequency of activities
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take over without time pressure. But even for cases with 
close operations (e.g., runway control), digital controllers 
have the potential to support the human controllers for 
instance in providing complex calculations on fuel and cli-
mate efficiency or doing coordination work (e.g., organize a 
runway check, coordinate with other control units). As such 
digital controllers are able to enhance air traffic control at the 
airports to allow a more efficient, eco-friendly and innova-
tive air traffic.

Appendix A Rules for participants of the DLR 
human‑in‑the‑loop simulation

Arriving airtaxis

Take-off (inner-city vertiport): Airtaxis request entry into 
the control zone before departure at the inner-city vertiports. 
Entry must be authorised if the traffic load is within accept-
able limits. Separation from other airtaxis is conducted on 
own discretion in accordance with the visual flight rules.

Enrouting flight: Separation from other airtaxis is con-
ducted on own discretion in accordance with the visual flight 
rules. Arriving and departing traffic on the same route is 
separated via a vertical separation (arrival 1500ft, departure 
2000ft).

Landing clearance (Hamburg Airport): A landing clear-
ance for airtaxis may only be issued if no other airtaxi is 
operating on final approach / initial climb between Vertiport 
East and the final approach point.

Leaving the frequency: The airtaxis are cleared to leave 
the frequency when they have touched down or a touchdown 
is assured.

Departing airtaxis

Take-off (Hamburg Airport): Airtaxis report ready for take-
off. Take-off must be cleared if:

•	 the traffic load allows additional traffic;
•	 no other air taxi is operating on final approach / initial 

climb between Vertiport East and final approach point.

Enroute flight: Separation from other airtaxis is con-
ducted on own discretion in accordance with the visual flight 
rules. Arriving and departing traffic on the same route is 
separated via a vertical separation (arrival 1500ft, departure 
2000ft).

Landing clearance (inner-city vertiport): The airtaxis land 
and separate on own discretion.

Leaving the frequency: The airtaxis are cleared to leave 
the frequency when they have touched down or a touchdown 
is assured.

Shortcut for airtaxis

Route FAF→N2: Crossing the final approach to runway 23 on 
route FAF-N2 is only permitted with prior clearance from air 
traffic control. Precondition:

•	 a sufficient distance to arriving traffic on runway 23 is 
maintained;

•	 flight into wake vortices is avoided;
•	 sufficient distance is maintained from departing traffic on 

runway 33;
•	 if necessary, traffic information is given.

Route FAF→W2: Crossing the departure area of runway 
23 may only take place with prior clearance from air traffic 
control. Precondition:

•	 a sufficient distance to the departing traffic is maintained;
•	 in the event of a missed approach to runway 23, sufficient 

distance is maintained

Appendix B Detailed operational concept

Assumption

Inner-city vertiports are apart from IFR final approach or 
departure paths. A separation upon lift-off between airtaxis 
and IFR traffic is not necessary.

The beginning of the approach to the vertiport at Hamburg 
airport is marked with a final approach point. All departing 
airtaxis are capable of reaching their cruise altitude when pass-
ing the final approach point. All arriving airtaxis are capable 
of reaching the vertiport level when leaving the crusie altitude 
at the final approach point.

Airtaxi is able to hold above a given point.
The controller has the following systems available: voice 

communication system (VCS), airside situation display (ASD), 
electronic flightstrip system (EFPS), advanced guidance move-
ment and control system (ASMGCS), interface to the UAM 
system (UAM).
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Operational requirements

OR1 Takeoff at inner-city
Airtaxis must be approved to enter 

the control zone once traffic load 
is within acceptable limits and 
no traffic is above the inner-city 
vertiport

OR2 Landing at inner-city
Airtaxis must receive a clearance 

to leave the radio frequency 
once they have touched down 
at an inner-city vertiport or the 
touchdown is assured

OR3 Takeoff at airport
Airtaxis at Hamburg airport must 

receive a takeoff clearance once 
traffic load is within acceptable 
limits and no other airtaxi is on 
final approach / initial climb 
segment between vertiport east 
and the final approach point

OR4 Landing at airport
Airtaxis must receive a landing 

clearance at the vertiport of 
Hambrug airport once no other 
airtaxi is on final approach / 
initial climb segment between 
vertiport east and the final 
approach point

OR5 Rerouting
Airtaxis should receive a rerout-

ing once the new route is clear 
of traffic

Operational processes

OP1 Takeoff at inner-city
VCS: Airtaxi requests to enter control zone
EFPS: Check Traffic Load acceptable
ASD: Check No traffic above vertiport
VCS: Approve airtaxi to enter control
EFPS: Set status in airtaxi flightstrip
UAM: Send actual takeoff message
If traffic load is too high or traffic above vertiport:
VCS: Command airtaxi to hold on ground
EFPS: Set status “Hold” in airtaxi flightstrip
UAM: Send delay message
When traffic load within acceptable limits / clear of traffic 

proceed
OP2 Landing at inner-city

VCS: airtaxi reports landing
ASD: Check airtaxi position
VCS: Approve airtaxi to leave frequency
EFPS: Set status “landed” in airtaxi flightstrip
In case ASD show different airtaxi position:
VCS: Request airtaxi position report

OP3 Takeoff at airport
VCS: Airtaxi reports ready for departure
EFPS: Check traffic load acceptable
ASD: Check no traffic between VPO and FAF
VCS: Give takeoff clearance
EFPS: Set status in airtaxi flightstrip
UAM: Send actual takeoff message
ASD: Check airtaxi passed final approach fix
EFPS: Set status “Departed “
If traffic load is too high or traffic between vertiport east and 

final approach fix:
VCS: Command airtaxi to hold on ground
EFPS: Set status “Hold” in airtaxi flightstrip
UAM: Send delay message
When traffic load within acceptable limits / clear of traffic 

proceed
OP4 Landing at airport

ASD: Airtaxi 2NM to final approach fix or less
EFPS: Check no conflicting clearance given
ASD: Check no traffic between VPO and FAF
VCS: Give landing clearance
EFPS: Set status in airtaxi flightstrip
ASMGCS: Check airtaxi touched down
EFPS: Set status “Landed “
If traffic between VPO and FAF:
VCS: Command airtaxi to hold above FAF
EFPS: Set status “Hold” in airtaxi flightstrip
UAM: Send delay message
When clear of traffic proceed

OP5 Rerouting
1. VCS: Airtaxi request new route
OR
1. ASD: Traffic conflict detected
2. ASD: Check new route clear of traffic
3. EFPS: No conflicting traffic on new route
4. VCS: Clear airtaxi to proceed to new waypoint
5. EFPS: Enter new route
6. UAM: Send route update

Appendix C Technical requirements 
on the UDC

RE1 The controller must be able to 
receive audio messages

RE2 The controller must recognize 
requests to enter the control 
zone

RE3 The controller must recognize 
requests to exit the control zone

RE4 The controller must recognize 
landing reports

RE5 The controller must recognize 
ready for departure calls

RE6 The controller must recognize 
route change requests

RE7 The controller must recognize 
readback errors

RE8 The controller must be able to 
send audio messages
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RE9 The controller must generate 
approvals to enter the control 
zone

RE10 The controller must generate 
approvals to leave the frequency

RE11 The controller must generate 
takeoff clearances

RE12 The controller must generate land-
ing clearances

RE13 The controller must generate 
direct to commands

RE14 The controller must assign a status 
to a airtaxi flight (enter control 
zone, hold, landed, cleared for 
takeoff, departed, cleared to 
land, landed)

RE15 The controller must update a route 
of an airtaxi

RE16 The controller must calculate the 
traffic load based on the active 
flights

RE17 The controller must assess if the 
traffic load is above the traffic 
limit

RE18 The controller must calculate 
distance of traffic to vertiport

RE19 The controller must assess if traf-
fic is above a vertiport

RE20 The controller must calculate dis-
tance of traffic to final approach 
fix

RE21 The controller must assess if traf-
fic is between vertiport and final 
approach fix

RE22 The controller must assess ground 
radar data if an airtaxi has 
landed

RE23 The controller must be able to 
send messages to the UAM 
system (actual takeoff, delay, 
route update)

RE24 The controller must be able to 
send a request of route change to 
the human controller

RE25 The controller must be able to 
receive an acknowledgment of 
the new route by the human 
controller

RE26 The controller must be able to 
receive a denial of the new route 
by the human controller

Author contribution  S. Schier-Morgenthal wrote the main manuscript 
R. Abdellaoui prepared the operational tasks and requirements I. C. 
Metz contributed with the related work.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. 

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflicts of interest  The authors have no competing interests to de-
clare that are relevant to the content of this article.

Informed consent  Informed consent was obtained from all subjects 
involved in the study.

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.	 A. Krein, G. Williams, „Flightpath 2050: Europe’s vision for 
aeronautics“ In: D. Knörzer, J. Szodruch (Ed.) ,“Innovation for 
Sustainable Aviation in a Global Environment: Proceedings of the 
Sixth European Aeronautics Days“,IOS Press, ISBN 1614990638, 
https://​doi.​org/​10.​2777/​50266, Madrid, (2012)

	 2.	 M. Schubert, T. Kluth, G. Nebauer, R. Ratzenberger, S. Kotzagior-
gis, B. Butz, M. Leible, Verkehrs-verflechtungsprognose 2030. 
Zusammenfassung der Ergebnisse. Freiburg/München/Aachen/
Essen: BVU /ITP/IVV/planco, (2014)

	 3.	 B. Schuchardt, D. Geister, T. Lüken, F. Knabe, I. Metz, N. Pei-
necke, K. Schweiger, „Air Traffic Management as a Vital Part of 
Urban Air Mobility - A Review of DLR's Research Work from 
1995 to 2022“, In: Aerospace, 10 (81), p. 1–24. Multidisciplinary 
Digital Publishing Institute (MDPI). (2023). https://​doi.​org/​10.​
3390/​aeros​pace1​00100​81. ISSN 2226–4310

	 4.	 EUROCONTROL,“ATC Mobility and Capacity Shortfalls“, url 
https://​www.​euroc​ontrol.​int/​sites/​defau​lt/​files/​2022-​12/​euroc​
ontro-​think-​paper-​19-​atc-​mobil​ity-​capac​ity.​pdf, last visited: 
04.09.2023

	 5.	 N. Ahrenhold, O. Pohling, S. Schier, „Impact of Airtaxis on Air 
Traffic in the Vicinity of Airports“ In: Infrastructures. Multidis-
ciplinary Digital Publishing Institute (MDPI). https://​doi.​org/​10.​
3390/​infra​struc​tures​61001​40. ISSN 2412–3811, (2022)

	 6.	 ICAO, “Procedures For Air Navigation Services – Air Traffic 
Management”, International Civil Aviation Organization, Doc 
4444, 6. Ausgabe, ISBN 978–92–9258–081–0, (2016)

	 7.	 S. Schier-Morgenthal, I. C. Metz, „Impact of airtaxi operations in 
the control zone on air traffic controllers“ In:CEAS Aeronautical 
Journal, (2024). https://​doi.​org/​10.​1007/​s13272-​024-​00748-4

	 8.	 I. C. Metz, S.Schier-Morgenthal, „Extending Air Traffic Control 
Tasks to control Air Taxis and to Warn of Critical Wildlife– an 
Impact Analysis“ “ In: CEAS Aeronautical Journal, (2024). 
https://​doi.​org/​10.​1007/​s13272-​024-​00732-y

	 9.	 R. Abdellaoui, F. Naser, I. Stasicka, „Building a Performance 
Comparison Framework for Urban Air Mobility Airspace 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2777/50266
https://doi.org/10.3390/aerospace10010081
https://doi.org/10.3390/aerospace10010081
https://www.eurocontrol.int/sites/default/files/2022-12/eurocontro-think-paper-19-atc-mobility-capacity.pdf
https://www.eurocontrol.int/sites/default/files/2022-12/eurocontro-think-paper-19-atc-mobility-capacity.pdf
https://doi.org/10.3390/infrastructures6100140
https://doi.org/10.3390/infrastructures6100140
https://doi.org/10.1007/s13272-024-00748-4
https://doi.org/10.1007/s13272-024-00732-y


352	 S. Schier‑Morgenthal et al.

Management Concepts“, In: DASC 2023. DASC 2023, 01.-
05.10.2023, Barcelona, 2023

	10.	 K. Schwaiger, A. König, I. Metz, F. Naser, M. Swaid, R. Abdel-
laoui, B. Schuchardt," HorizonUAM: operational challenges and 
necessary frameworks to ensure safe and efficient vertidrome 
operations”, CEAS Aeronaut. J. (2024). https://​doi.​org/​10.​1007/​
s13272-​024-​00754-6

	11.	 I. Gerdes, M. Jameel, R. Hunger, L. Christoffels, H. Gürlük, 
„THE AUTOMATION EVOLVES: CONCEPT FOR A HIGHLY 
AUTOMATED CONTROLLER WORKING POSITION“. In: 
33nd Congress of the International Council of the Aeronautical 
Sciences, ICAS 2022. ICAS. 33th Congress ICAS 2022, 04.-
09.09.2022, Stockholm, Schweden, (2022). https://​doi.​org/​10.​
1007/​978-3-​031-​60731-8_2

	12.	 SESAR Joint Undertaking: “Strategic Research and Innovation 
Agenda – Digital European Sky”, Publications Office of the Euro-
pean Union, ISBN 978–92–9216–155–2, (2022). https://​doi.​org/​
10.​2829/​117092

	13.	 EUROCONTROL, “U-space conops and architecture (edition 
4)”, CORUS-XUAM D4.2, url: https://​ext.​euroc​ontrol.​int/​ftp/?t=​
33e6e​2c8e6​47e58​310bb​1eb79​c1bb4​64, last visited: 23.09.2024

	14.	 International Civil Aviation Organisation, „Procedures for Air 
Service Navigation – Air Traffic Management”, ICAO DOC 4444, 
ISBN 978–92–9258–081–0, 15th edition (2007)

	15.	 Die Sophisten, C.: Rupp, „Requirements-Engineering: Die kleine 
RE-Fibel“, ISBN 978-3446444508, 1st edn. Carl Hanser Verlag 
GmbH & Co, KG (2015)

	16.	 T. T. D. Trong, „A systematic procedure for testing UML designs“, 
In Fourteenth International Symposium on Software Reliability 
Engineering (ISSRE 2003), Denver, USA, November 17 (Vol. 21), 
(2003)

	17.	 H. Kim, S. Kang, J. Baik, I. Ko, „Test cases generation from UML 
activity diagrams“. In Eighth ACIS international conference on 
software engineering, artificial intelligence, networking, and par-
allel/distributed computing (SNPD 2007) (Vol. 3, pp. 556–561). 
IEEE, (2007). https://​doi.​org/​10.​1109/​SNPD.​2007.​189

	18.	 H. Helmke, O. Ohneiser, M. Kleinert, S. Chen, H. Kopald, R. M. 
Tarakan, „Transatlantic Approaches for Automatic Speech Under-
standing in Air Traffic Management“, In: Fifteenth USA/Europe 
Air Traffic Management Research and Development Seminar 
(ATM2023), (2023). https://​doi.​org/​10.​60575/​x8pe-​ay35

	19.	 S. Schier-Morgenthal, „Entwurf und Evaluation einer kollabora-
tiven, simulationsbasierten Lernumgebung für das Flughafenman-
agement“, Doctoral dissertation, FernUniversität in Hagen, (2021) 
https://​doi.​org/​10.​18445/​20210​510-​182024-0

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

https://doi.org/10.1007/s13272-024-00754-6
https://doi.org/10.1007/s13272-024-00754-6
https://doi.org/10.1007/978-3-031-60731-8_2
https://doi.org/10.1007/978-3-031-60731-8_2
https://doi.org/10.2829/117092
https://doi.org/10.2829/117092
https://ext.eurocontrol.int/ftp/?t=33e6e2c8e647e58310bb1eb79c1bb464
https://ext.eurocontrol.int/ftp/?t=33e6e2c8e647e58310bb1eb79c1bb464
https://doi.org/10.1109/SNPD.2007.189
https://doi.org/10.60575/x8pe-ay35
https://doi.org/10.18445/20210510-182024-0

	Introducing digital air-traffic controllers for urban-air mobility to ensure safe and energy-efficient flight operations
	Abstract
	1 Motivation
	2 Existing work
	3 Method
	3.1 Operational concept
	3.2 Operational requirements
	3.3 Operational tasks
	3.4 Technical requirements

	4 Result
	4.1 Component-structure
	4.2 Class structure
	4.3 Activities
	4.4 Evaluation

	5 Discussion
	6 Outlook
	Appendix A Rules for participants of the DLR human-in-the-loop simulation
	Arriving airtaxis
	Departing airtaxis
	Shortcut for airtaxis
	Appendix B Detailed operational concept
	Assumption
	Operational requirements
	Operational processes
	Appendix C Technical requirements on the UDC
	References




