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The scarcity of human air traffic control officers (ATCO) and the advancements in 
automation and artificial intelligence have prompted the investigation of novel concepts 
in air traffic management (ATM). A notable concept is that of single controller operation 
(SCO), which involves a symbiotic collaboration between human and digital ATCO. 
This paradigm shift in the nature of work demands a re-evaluation of the roles and 
responsibilities of human air traffic control officers. In addition to operating their 
dedicated aircraft, human ATCOs are charged with the oversight of aircraft guided by 
the digital controller within the same sector. The interaction with the digital controller 
necessitates the design and configuration of the human-machine interface (HMI), 
which facilitates these interactions to be self-explanatory and solvable in short time. 
This study will methodically compare two different HMI designs, each integrated into 
the existing working position of the human ATCO. One design is based on a flight strip 
design, whereas the second design is on a separated display. The evaluation of the 
designs is conducted through a workshop involving ten experts in the field of ATM, 
followed by validation using a prototype of two designs indifferent scenarios. These 
consists out of a conflict, an emergency and a direct, which includes a redirection of 
an airplane. The validation of the designs is conducted by the ATCO and experts in 
ATM. 
The conclusion of the workshop's outcomes and the validation of the prototypes 
culminates that the integration of a future HMI, designed for collaborative operation 
between human and digital ATCO, should be seamlessly incorporated into the 
prevailing working position. In the event that implementation of the HMI into the existing 
interface is not possible, it is imperative that its design align closely with existing HMI 
designs and be positioned in close proximity to existing displays, ensuring that the HMI 
remains within the field of view of the human ATCO. In the study the ATM experts 
prefer the separated display design. 
 
  



1. Introduction 

The air traffic system owns the advantage of a centralized control instance: Any 
participant in the system basically requires a connection to Air Traffic Control (abbr. 
ATC) for a safe, order and efficient flight. To fulfill this task, ATC must provide sufficient 
resources. This is currently not the case in Europe as ATC is being responsible for 
more than 50% of the current delays [1] and a staff gap of approximately 700 
controllers is existing. The future developments indicate that this situation will worsen 
due to rising traffic volumes [2] if any countermeasures are taken. 

Possible countermeasures to this challenge are available on different levels. One 
solution is to endorse the available controllers more flexibly, so that a shift of staff to 
sectors with higher demand can be performed more easily [3]. Other concepts aim on 
elimination of traditional sector boundaries again to allocate controllers more flexible 
to the existing traffic [4] or to delegate the separation task in specific cases to the 
cockpit crews and their support systems [5]. All of these solutions are able to increase 
flexibility or productivity of ATC. Nevertheless, all of these solutions require a change 
of existing regulations. 

One solution which is already available today is the principle of Single Controller 
Operations. This procedure allows to have one controller taking over the roles of the 
so called executive and planner. Today, this principle is only applied in low traffic 
situations (e.g. at night). The German Aerospace Center showed that with appropriate 
assistance tools this concept can be applied more frequently [6]. In simulations a traffic 
load of up to 80% of the declared capacity was handled [7]. But the results showed 
that additional workload was induced by the large number of new assistance tools. As 
a consequence, the “digital controller” was introduced that not only supports the human 
air traffic controller, but issues commands directly to aircrafts [8]. In the operational 
concept, the digital controller operates the flights which are within its capabilities. All 
other flights are handled by human controllers. This leads to cases where digital and 
human controller operate flights in the same sector and must coordinate with each 
other. 

This paper evaluates the most appropriate design for the coordination interface 
between human and digital controller. Therefore, three different approaches are 
presented. Out of the three approaches, two are tested in human-in-the-loop studies 
with controllers and ATM experts. The major finding of this study is the inclusion of the 
HMI in the existing display or a very close positioning with a visual representation of 
the situation. 

 

2. Related Work 
 

2.1 State of the art 
 
A sustainable HMI in the context of air traffic control must fully cover the information 
requirements of the human controller, but also counteract possible excessive 
demands. Studies show that the transparency of algorithmic decisions, and their 
traceability are highly relevant for the acceptance of automated systems [9][10]. The 
HMI should therefore not only display results, but also reveal the algorithm's decision-
making process. In addition, interactivity of the interface is essential in order to give 
the human controller the opportunity to intervene in the processes or adjust at any 



time. The HMI should preferably depict human-like action patterns in order to make the 
behavior of the automation comprehensible[10]. In terms of visual design, aspects of 
effective attention guidance are highly relevant. Equally important is a graduated 
alerting system that conveys information according to urgency without unnecessarily 
disturbing situational awareness [11][12]. 
 
The spatial and functional positioning of the HMI has a significant impact on the 
effectiveness of human-machine interaction. A central display, such as the radar 
screen, which allows a clear, reductionist representation of the airspace situation, 
remains indispensable even in the age of automation [13]. Supporting systems must 
be integrated in such a way that they are perceived as a natural extension of the main 
workstation. Controllers prefer to determine the layout of their working environment 
themselves. A customizable design can therefore both improve usability and increase 
acceptance [14]. Furthermore, the HMI must be designed in such a way that it enables 
seamless handovers between human and digital controllers [15].  
 
The workload is a key challenge in the design of a digital controller. Studies show that 
both overloading and underloading the human controller can lead to human errors [16]. 
Systems must therefore be designed to automate routine tasks while leaving critical 
tasks to humans to maintain situational awareness [17]. A balanced level of automation 
can be achieved by introducing different levels of autonomy [18]. For example, support 
from the system starts with pure information, followed by suggestions and ends with a 
co-operative decision-making process. It is crucial that the human controller always 
retains the final decision-making authority. In addition to cognitive relief, it is important 
that the system's error behavior is defined. In the event of malfunctions, a safe backup 
system must be able to intervene automatically in order to ensure a consistently high 
level of safety in air traffic control [13]. 
 

2.2 Methodologies for evaluating the HMI 
 
A practical, user-centred approach is crucial for evaluating the HMI of a digital 
controller. Simulation-based tests with realistic prototypes are particularly suitable [19]. 
It is important that the test subjects have no previous experience with the system in 
order to obtain uninfluenced feedback on first impressions, integration, and situational 
awareness. 
 
Another established approach is the scenario-based evaluation model S.A.D.E. 
(Standardized Application for Automated Driving Evaluation) [20], in which users use 
live ratings, questionnaires and interviews to assess how comprehensible, and 
controllable the system is. Such procedures are supported by quantitative methods 
such as in the AR-HUD (Augmented Reality-Head Up Display) evaluation [21], where 
criteria such as readability, visual fatigue and layout are assessed in a standardised 
scoring system. The targeted isolation of critical scenarios is suitable for simulating 
extreme situations [22]. These can be tested realistically, even if real flight data is 
missing. In addition, user experience via photoplethysmographic (PPG) signals [23] 
provides methods for the objective measurement of attention distribution, for example 
through eye tracking and heart rate analysis. A combination of interviews, performance 
data and scale evaluations, allows for a comprehensive assessment. The added value 
of expert evaluations in early concept phases is also emphasised.  
 



To summarise, an effective evaluation method for the digital controller combines 
different approaches: realistic simulations, objective parameters and subjective user 
feedback. In this way, the user-friendliness and efficiency of the HMI can be assessed 
in a well-founded manner. 
 

3. Methodology of the evaluation 
 
Main aspect of this validation is to measure the efficiency and usability of the interfaces. 
To achieve the key measurements different indicators can be used (Figure 1) [24]. Key 
indicators for the efficiency are the amounts of clicks, time needed to solve the situation 
and the situational awareness during the usage of the interface. To measure the 
usability, it is necessary to get the feedback of the persons using the interfaces. 

 
Figure 1: Validation tree for Efficiency and Usability 

 
The evaluation of the different HMI designs can be separated into two different phases. 
A Workshop for getting feedback and improving the designs for further implementation 
in prototypes. The implementation of the designs will be validated by a test with 
prototypes of developed interfaces.  
 

3.1 Workshop 
 
In an early phase of the development feedback of persons known to the challenges of 
interfaces for an ATCO is necessary to improve existing ideas and conclude which 
designs are preferable. In order to achieve the uninfluenced opinion of ten experts the 
workshop was designed in a way to present the designs within the chosen three 
different scenarios direct, conflict and emergency. The scenarios were chosen by the 
extremes of time-based interaction and the lead of the interaction (pilot/ATCO) [25]. 
The scenarios occur mainly in en route operations, where the digital controller should 
support the center controller. During these scenarios the digital controller requests 
actions by the human ATCO resolve the problem. The collected thoughts of the experts 
were added by a few questions which guide the gathered information to the structure 
of the interface, the positioning, the kind of interaction and the advantages of the 
different interfaces. In order to track the improvements of each interface a rating on a 
scale from zero to ten was given by the experts. 
 
For this phase of the validation three different designs were chosen, which are 
supporting the primary radar display. A conservative choice for such an interface is to 
implement the new features in an existing HMI known to the human ATCO. Known but 
less used in recent years is the flight strip display. For the validation of the different 
designs the flight strip display is reduced to necessary information while adding tools 



to interact with the digital controller. The given information is reduced to be shown in 
text and answered the same way. To indicate new information are given by the 
interface, a sound will be given to the human ATCO to inform him/her on the need of 
his/her action. 
 
The flight strips (Figure 2) are marked by different color to indicate the human ATCO 
which aircraft is under the control of the digital controller (green) and affected by the 
situation (orange). To interact with the digital controller the human ATCO can see the 
planned actions in the bottom comment box which provides next to it the option to 
accept and decline the planned action. 

 

In comparison to the familiar design of a flight strip interface the more progressive 
interface would be a newly designed one (Figure 3). Based on this approach the usage 
of a separated display is used to show the needed information. The information given 
to the human ATCO are shown by a replication of the radar display with the addition 
of the information given by the digital controller to solve the problem. 
 
The design consists on a setting section on top with the option of different control 
modes of the digital controller as area based, time based, airplane-based operation. 
The mid-section is the replicated radar display showing additional information. To 
specify the intentions of the digital controller a textbox with a short description of the 
planned actions and the problem is given in text. Based on the planned action by the 
human ATCO the buttons on the bottom enable different action of the digital controller. 

Figure 2: Flight strip-based design of the HMI 



 
Figure 3: HMI design on separated display 

 
The third interface is to interact with the human ATCO with audio communication. 
Based on the separated display design as backup for the human ATCO the audio 
communication is the main way to interact with the digital controller. Beside the audio 
communication the ATCO can also interact with the display. 
 

3.2 Test with prototypes 
 
Based on the feedback from the workshop validation, the audio communication 
interface was not developed further because the sounds disturb the concentration of 
the ATCO. The other two designs were improved and adapted to the feedback of the 
experts, but no major changes of the interfaces were implemented. 
The setup of the prototype test consists of a primary display showing an abstract 
scenario as an image. Next to the scenario, the flight strip/separated display is placed 
on the right side. The separate display interface is in the form of a robot, resulting in 
the idea of representing a human being to interact with. The process of validating both 



interfaces consists of three separate runs, each representing one of the scenarios 
conflict, direct or emergency. For each run the following procedure is carried out by the 
subject of the validation: 
 

1. Focus on the primary display, 
2. Signal tone of the digital controller 
3. Interaction between human and digital controller, 
4. Focus on primary display with changes in the original image, 
5. Identifying the difference in the image by the test person, 
6. Feedback by a questionnaire. 

 
To measure the wanted data about the efficiency and usability different parameters 
were measured like: 
 

• Clicks used, 

• Reaction time on the event, 

• Time to solve the event, 

• Recognition of the changes in the image, 

• Time of the recognition, 

• Number of gaze changes. 
 
To collect these data, the screen was recorded using eye-tracking to follow the 
person's gaze. The questionnaire used for the subject's feedback was developed from 
the SUS questionnaire [26]. In order to make the questions more specific and to detect 
the differences in the interfaces for air traffic control, some questions were modified. 
 

Removed questions Added questions 

• I think that I would need the 
support of a technical person to 
be able to use this system 

• I would imagine that most people 
would learn to use this system 
very quickly 

• I needed to learn a lot of things 
before I could get going with this 
system 

• The amount of given information 
was enough to solve the situation 

• The situation could be solved 
quickly 

• The situational awareness was 
maintained any time 

• I recognized the importance of 
the situation 

 
In order to compare the interfaces from the questionnaire, the statements were 
separated into positive and negative connotations and added up to obtain a 
comparable rating. The positive connotations  
Additional to evaluate the changes made from the workshop a scale was added and 
two question boxed were added collecting open feedback. 
 

• What is needed to improve the interface? 

• What was the main problem with the interface? 
 
 
 



4. Results 
 

4.1  Design of the interface 
 
Based on the feedback from the workshop, the interface with audio communication 
was not further developed and evaluated by the scale rating at the end of the workshop. 
Due to the scale rating in the workshop and the prototype test, it is possible to see the 
development in both interfaces and to compare them regarding their general rating. 
Ten experts in the field of ATM were involved in the workshop. In the prototype test, 
four ATCOs and six ATM experts were involved. The results of the scale indicate a 
better performance of the separated display design in the workshop phase as well as 
in the prototype test (Figure 4). 
 

Validation phase Flight strip design Separated display design 

Workshop 4,3 4,9 

Test with prototype 5,5 6,6 
Figure 4: Scale rating (0-10) for the interfaces in the different validation steps 

The use of eye tracking allows the measurement of different indicators for each 
interface from the beginning of the scenario to the detection of the change: 
 

Indicator Flight strip design Separated display design 

Average amount of gaze changes 2,9 1,2 

Average processing time 19,6 seconds 18,9 seconds 

Rate of recognized errors 67% 63% 

Average duration of error 
detection 

13,7 seconds 13,6 seconds 

Figure 5: Collected data out of the eye-tracking 

While most of the data have results in the same range, the number of gaze changes 
(looking from primary display to HMI and back) in particular indicates that the 
understanding of the interface is better in the separated display. A lower amount of 
gaze changes is given when the test person got a better understanding out of the HMI. 
This is confirmed by the open-ended questions in the questionnaire. 
Regarding the results in processing time and number of gaze changes, the different 
performance of the flight strip design in detail is revealing. While in the scenario of a 
direct request the interface performs better than the interface as a separate display, in 
the scenario of an emergency it performs in the range of the other design. For the 
conflict scenario, the flight strip design performs worse. Analyzing the error detection 
(Figure 6), the average time of each scenario is close to each other while there are 
differences between the scenarios. The reason for this can be found in the type of 
changes made in the different scenarios. 
 



 
Figure 6: error detection rate for each scenario 

 
From the open-ended type of questions in the questionnaires, the feedback can be 
grouped into different topics which include the color scheme, sonification, and the work 
separation between human and digital controller. 
For the work separation, a hard cut in the upper airspace at flight level 365 received 
positive feedback, while the hard cut itself was suggested as complicated and 
unnecessary in events that require quick action by the human ATCO, such as the 
emergency. For higher altitudes than flight level 365 the digital controller is guiding all 
aircrafts and interact with the human ATCO if he can’t solve a situation or is guiding an 
aircraft lower than flight level 365. For complex situations the human ATCO doesn't 
expect the digital controller to be able to solve the situation, which is the reason he 
prefers to guide the aircrafts by himself/herself. 
The color scheme used with the separation between green and white was considered 
to be useful, while more highlighting for details is needed to show the human ATCO 
the prioritized action needed. 
For the sonification, the feedback given concluded that a signal tone is useful to guide 
the attention of the human ATCO while maintaining focus on the tasks he is doing. The 
idea of an interface with its only feature being audio communication is not includable 
in the existing working position while maintaining the existing work tasks of the human 
ATCO. 
 

4.2  Positioning of the interface in the working position 
 
From the data collected by the eye tracking and the closed questions from the 
questionnaire, there are no indications about the positioning of the HMI possible. The 
open-ended questions provided some feedback on positioning. The test participants 
wanted an implementation in the primary display, which would eliminate all gaze 
changes between the displays. In addition, the human would be in contact with the 
digital controller all the time and could interact without the required sound notification. 
If the digital controller gets a separate display, a visual explanation of the situation is 
needed for the human ATCO to get into the situation as quickly as possible. 
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5. Conclusion and Outlook 
 
The objective of this research and validation was to identify an interface for a human 
ATCO to work with his digital twin. Given the substantial number of subjects, the results 
are noteworthy, but they should be regarded as general tendencies of the data. The 
separated display design is preferred by the ATCO and the experts. However, in the 
scenario of a redirection of a specific aircraft, the collected eye-tracking data show a 
better performance of the flight strip design. The feedback from the prototype 
concludes that the HMI to be used later in the co-working position of human and digital 
controller should be implemented in a single display, while the functions and design 
tested should be influenced by the separate display design. An explanation for the 
human controller should be visually displayed and solvable without further knowledge. 
Highlighting important information while showing the future outcome of the situation 
will help the human controller solve the situation in the most efficient way. 
Further research on HMI for human ATCO collaboration with its digital twin should 
focus on human-in-the-loop validation for data representing daily work in the future. 
New designs tested should use questions from the modified questionnaire to ensure 
comparability with the interfaces tested in this study. 
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