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Abstract

Multimodal Human Machine Interaction Technologies at Controller Working Positions

Human machine interaction technologies such as automatic speech recognition and understanding
(ASRU), text-to-speech, multitouch, and eye tracking have found their way into daily life. However, they
can hardly be found in safety-critical environments such as controller working positions for air traffic
management (ATM) tasks. There is a lack of investigation how such interaction technologies and their
combination could support human aviation operators. Therefore, a row of human machine interaction
concepts has been prototypically implemented in software and hardware to gather subjective and
objective data from human study subjects using those prototypes. More than 200 international subjects
participated as controllers and pilots in human-in-the-loop simulation trials of 16 validation campaigns
to validate the prototypes on multimodal interaction technologies at aeronautical working positions.
The various prototypic solutions with advanced interaction methods have shown potential benefits over
the baseline conditions with interaction methods close to today’s operations such as (i) an improvement
of input speed by up to 15% as well as a reduction of errors by a factor of two in entering digitized ATM
data, (ii) a statistically significant reduction of human aviation operators’ mental workload, and (iii) an
increase in their situation awareness with succeeding effects like (iv) improved safety and efficiency of
ATM. The high performance especially of the ASRU prototypes and the human-centered design of all
interaction technologies led to high acceptance and usability ratings as well. The individual interaction
technologies and also their multimodal combination have shown feasibility in high-fidelity laboratory
environments and were even already partly evaluated on operational data. Thus, they are ready to be

put into operational practice.
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Kurzfassung

Multimodale Mensch-Maschine-Interaktionstechnologien an Lotsenarbeitspliatzen

Mensch-Maschine-Interaktionstechnologien wie automatische Spracherkennung und Sprachverstehen
(ASRU), Sprachsynthese, Gestenerkennung (Multi-Touch) und Blickerkennung haben ihren Weg in den
Alltag gefunden. In sicherheitskritischen Umgebungen wie an Lotsenarbeitsplétzen fiir Aufgaben des
Luftverkehrsmanagements (ATM) sind sie jedoch kaum zu finden. Es mangelt an Untersuchungen, wie
solche Interaktionstechnologien und ihre Kombinationen menschliche Operateure in der Luftfahrt unter-
stiitzen konnten. Daher wurde eine Reihe von Mensch-Maschine-Interaktionskonzepten prototypisch in
Software und Hardware implementiert, um subjektive und objektive Daten von menschlichen Versuchs-
personen zu sammeln, die diese Prototypen verwenden. Mehr als 200 internationale Probanden nahmen
als Lotsen oder Piloten an Human-in-the-Loop-Simulationsversuchen von 16 Validierungskampagnen
teil, um die Prototypen mit multimodalen Interaktionstechnologien an Luftfahrt-Arbeitspositionen
zu validieren. Die verschiedenen prototypischen Losungen mit fortschrittlichen Interaktionsmethoden
haben potentielle Vorteile gegeniiber den Vergleichsbedingungen mit heutigen operationellen Interak-
tionsmethoden aufgezeigt, wie z.B. (i) eine Erhéhung der Eingabegeschwindigkeit um bis zu 15%
sowie eine Halbierung der Fehlerquote bei der Eingabe digitalisierter ATM-Daten, (ii) eine statistisch
signifikante Verringerung der mentalen Arbeitsbelastung von Luftfahrt-Operateuren sowie (iii) eine
Steigerung ihres Situationsbewusstseins mit Folgeeffekten wie (iv) verbesserte Sicherheit und Effizienz
des Luftverkehrsmanagements. Die hohe Performanz insbesondere der ASRU-Prototypen und die
mensch-zentrierte Gestaltung aller Interaktionstechnologien fiithrten ebenso zu hohen Akzeptanz- und
Nutzbarkeitsbewertungen. Die einzelnen Interaktionstechnologien sowie deren multimodale Kombin-
ationen haben sich in realistischen Laborumgebungen als praktikabel erwiesen und wurden teilweise
sogar bereits mit operationellen Daten evaluiert. Daher sind sie bereit, in die operationelle Praxis

uberfiithrt zu werden.
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1 Introduction of Human Machine Interaction in Aviation

Human operators as supervisors of automated systems are using their auditory, tactile, and visual
sensing modality to different extents during their work. In the aviation domain, the visual and auditory
modality are the main means for interaction of air traffic controllers (ATCos) and cockpit crews (pilots).
While the visual modality is mostly used by human operators to acquire information from situation
data displays for air traffic services (ATS) or flight guidance, the auditory modality is predominantly

utilized for verbal communication, e.g., via radio telephony.

The main task of ATCos is to ensure a “safe, orderly and expeditious flow of air traffic” [ICAO, 2016].
Therefore, ATCos at airport towers and control centers coordinate and communicate intensely with
cockpit crews and other controllers. Even though, digital controller-pilot data link communications
(CPDLC) are in use especially for non-time-critical air traffic control (ATC) instructions, verbal

communication remains critical in ATC.

Mental workload and situation awareness are known as some of the most critical human factors for
human operators in aviation in order to enable safe and efficient flights. However, during peak hours at
hub airports and within central airspace sectors it can be hard to always be mentally “ahead of traffic”
and to avoid overload. These aspects are even more important facing increasing additional tasks such

as continuous descent operations or abatement of noise and contrails.

Further challenges come with regulatory requirements and the way of human usage of software and
hardware. If, for example, regulations require an ATCo to manually input all given ATC instructions
into the electronic ATC system, which does not exist to this extent today, the ATCo workload will
increase. The number and size of displays as well as unnatural or unintuitive human machine interaction

can also complicate the work of human operators in aviation.

A Dbetter support of ATCos and pilots with advanced human machine interaction technologies
can help to positively affect a row of human factors such as mental workload, situation awareness,
trust, acceptance, usability and at the same time increase efficiency and safety in the air traffic
management (ATM) domain — also facing the current shortage of ATCos [Wallace, 2024], [Eccles, 2023]
and pilots [Placek, 2024].

Controllers should have proper awareness regarding air traffic situation, weather data, and upcoming
air traffic control events in order to issue timely, mostly verbal instructions to pilots and enter the
instruction content manually into digital air traffic management systems. All those tasks are supported
with the described multimodal interaction technology prototypes at controller working positions (CWP)

in this thesis — as visualized with the images in Figure 1.1. The research question is formulated as:

“How can human machine interaction technologies and their multimodal combination

support the work of human aviation operators?”

This thesis presents concepts, implementations, and validation results for software prototypes integrated

into realistic CWPs covering the auditory, tactile, and visual modality as well as combinations of those.




1 Introduction of Human Machine Interaction in Aviation

Figure 1.1: Futuristic sketches of multimodal interaction technologies at controller working positions
created by artificial intelligence.

Chapter 2 outlines related work on three modalities for human machine interaction, i.e., (1) auditory
modality on speech recognition and understanding as well as text-to-speech, (2) tactile modality
comprising gesture recognition and tactile cues, (3) visual modality with eye tracking, display aids, and
even attention guidance mechanisms for human aviation operators as well as (4) combinations of the
aforementioned modalities with a focus on the integration into applications. This chapter also describes
validation measures for research prototypes regarding human and system performance as well as the

technology readiness level metric.

Chapter 3 explains a bundle of concepts and prototypic implementations during the habilitation phase
considering and integrating human machine interaction technologies regarding the three modalities
and their multimodal combination. The prototypes cover the active and passive side of each of the
three interaction modalities — speaking and listening, touching and feeling, looking and highlighting for
auditory, tactile, and visual interaction. The developed prototypes for working positions in aviation are
validated through human-in-the-loop simulation studies as described with study setups, experiment
conduction, results, and their discussion mainly considering human performance of air traffic control

operators — as well outlined in Chapter 3.

Chapter 4 summarizes, concludes, and gives an outlook on future work. The annex contains a list of
references and provides copies of eleven research publications with more details on the aforementioned
concepts, prototypic implementations, and validation campaigns as well as explains the contribution of

the habilitand to them in the course of this cumulative habilitation thesis.




2 Related Work on Human Machine Interaction Technologies and
Applications

This chapter outlines related work! on interaction between human and machine/automation [Sheridan
and Parasuraman, 2005] regarding three interaction modalities and their integration. Relevant literature
will be presented? about (1) the acoustic modality on speech recognition and understanding as well as
text-to-speech, (2) the tactile modality mainly comprising gesture recognition, (3) the visual modality
with eye tracking, visual cues, and attention guidance mechanisms for human operators, as well as (4)

combinations of the aforementioned modalities.

2.1 Human Control of Automated Systems in Aviation

There are two central human operators in aviation: controllers to guide air traffic and pilots to steer
aircraft. The majority of ATCos works in control centers. They deal with en-route, approach, and
departure traffic. Tower ATCos handle the traffic close to airports and on the airport runways. Apron
controllers are responsible for aircraft movements on an airport’s ramp area. Hereinafter, the term
controller includes air traffic controllers from the en-route, approach, and tower environment as well as

apron controllers.

The CWPs differ due to the different controller tasks and due to the ATM system suppliers that
equip the national air navigation service providers (ANSP). The central CWP elements are voice
communication systems for radio telephony communication with aircraft pilots and situation data
displays, i.e., mostly radar displays which are especially relevant for center ATCos. Nowadays, the ATC
systems are mainly digitized. Relevant information about flights under responsibility of a controller
such as callsigns of the flights as well as current altitudes and speeds can be acquired from electronic
aircraft radar labels or electronic flight strips. The controllers manage the relevant air traffic mainly
through communication and monitoring to assure separation minima between aircraft [Brooker, 2011a].
Communication includes instructing verbal commands to pilots in English language for flights in
controlled airspace above a certain flight level following a phraseology as defined by the International
Civil Aviation Organization (ICAO) [ICAO, 2016] and checking the pilots’ readback — the hearback.
Roughly every hundredth readback contains an unintended error quite independent of the ATC
environment such as en-route [Cardosi, 1993], approach [Cardosi et al., 1996], or tower [Cardosi, 1994].
Even if this readback error evaluation based on data from three decades ago, the basic mechanisms of
ATC radio telephony did not change so that the frequency of readback errors is expected to roughly
remain the same until today. The verbal utterances can also contain requests or pilot reportings next

to commands and their readbacks.

'None of the literature references in this chapter was authored or co-authored by the habilitand.

2The copies of the eleven published research articles in the annex contain 38, 41, 47, 58, 40, 37, 20, 102, 31, 35, and 110
references with some degree of overlap, respectively. In order to not completely repeat the literature research of those
papers within this chapter, only the most relevant paper citations will be re-used. Furthermore, some additional and
more recent papers are added.




2 Related Work on Human Machine Interaction Technologies and Applications

Especially in non-time-critical environments such as en-route, data-link messages with ATC instruc-
tions can be sent by the controllers to an aircraft instead of verbal communication. After readback and
hearback, controllers continuously monitor the potentially changed aircraft motion regarding the prior
issued instructions in order to enable a safe and swift air traffic. The described ATCo tasks can be
supported by electronic assistance systems such as decision support systems or conflict probing tools at
some CWPs [Brooker, 2011b].

Primarily flights in controlled airspace or at a controlled airport, independent of aircraft size or
flight type, have the obligation to be in contact with the controllers on the ground. Thus, pilots
communicate with controllers and actively steer their aircraft. Hereinafter, the term pilot includes flying
and monitoring pilots of flights under both instrument and visual flight rules. Pilots of commercial
flights usually have electronic cockpit systems such as a primary flight display, a flight management

system, and an electronic flight bag.

In case of analogue radio telephony communication, controllers and pilots are required to manually
enter the relevant communication content into their electronic systems. The interaction between
human aviation operators and automated systems often focuses on the support of the electronic system.
However, there are various possibilities to support the human operators with multimodal interaction

technologies as well.

2.2 Auditory Modality: Automatic Speech Recognition and Understanding,
Text-To-Speech

Given the aviation radio communication as sketched in the previous section, there are three aspects of
interest: (1) automatic speech recognition (ASR), i.e., speech-to-text (transcription) of ATCo and pilot
utterances, (2) automatic speech understanding, i.e., text-to-concepts (annotation) as relevant for ATC,

and (3) automatic text-to-speech, i.e., verbal machine readings that sound like human utterances.

The history of ASR in ATC can be traced back to the 1970’s [Connolly, 1977]. Initially, ASR was used
to support ATC training and to reduce the number of required simulation-pilots [Schéfer, 2000], [Ciupka,
2012]. Furthermore, the workload of human aviation operators was assessed using the transcriptions of
their utterances [Cordero et al., 2013], [Cordero et al., 2012]. A row of ATC speech corpora have been
recorded [Zuluaga-Gémez et al., 2023a], [Smidl et al., 2019], [Hofbauer et al., 2008] and frameworks [Lin
et al., 2021b], [Povey et al., 2011] have been proposed in order to provide a data base for research and
development [Pellegrini et al., 2019].

The content of aviation radio communication mainly comprises of three elements. First, an aircraft
callsign to indicate who or whose pilot should adhere to the following commands and should react on
potential instructions. Second, a command type to indicate what aspect of the current flight requires
an action, e.g., changing the altitude/speed /heading/frequency/etc. or reporting something. Third, a
command value to indicate what exact change of the current flight is required, e.g., a flight level or a
waypoint. If there are multiple commands in an utterance, there will usually also be multiple command
type-value pairs. The three basic radio communication elements already cover many ATC instruction

elements. Further elements and their interrelation will be analyzed in Section 3.1.2.
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2.2 Auditory Modality: Automatic Speech Recognition and Understanding, Text-To-Speech

The ASR performance on ATC speech data is usually measured with the word error rate (WER). The
WER bases on the Levenshtein distance [Levenshtein, 1966], i.e., the sum of substitutions, deletions,

and insertions, which is divided by the number of words in the reference sentence.

Reference (e.g., gold transcription): air france one four eight zero you are cleared to luton perit

five delta departure initially climb five thousand feet squawk three one zero three

Hypothesis (e.g., speech-to-text output): airfrans one - four eight zero you are cleared to

ten united five delta departure initially climb five thousand feet squawk three one zero three

Substitutions: 3, Deletions: 1, _

Figure 2.1: Calculation of word error rate for a given reference and hypothesis sentence.

In the example presented in Figure 2.1, three substitutions, one deletion, and one insertion result in
a Levenshtein distance of five that needs to be divided by the number of 25 reference words, i.e., the
WER is 20%.

With evolving technology such as deep neural networks and end-to-end speech recognition, the ASR
performance improved compared to earlier approaches [Zuluaga-Gémez et al., 2020]. Challenges for
speech recognition in ATC are voice activity detection and speaker role detection [Khalil et al., 2023].
With more advanced applications, the complexity of not only recognizing, but also understanding the
semantics of the recognized word sequences from spoken instructions [Lin, 2021], [Pardo et al., 2011]

increases.

Hence, it is not sufficient to only spot keywords such as “reduce”/“descend” and simple values. ATC
concept extraction from recognized utterances often focuses on the important ATC concepts only
such as callsigns [Kasttet et al., 2024], [Garcia et al., 2023] or runway information [Badrinath and
Balakrishnan, 2022]. Variations in the used phraseology and deviations from the ICAO phraseology

require deeper analysis and use of background information.

Additional data to improve ASR can be used through lip reading in audio-visual speech recognition
[Rudregowda et al., 2024]. But also knowledge about the domain and the current situation help to
improve speech recognition accuracy. Contextual air traffic situation knowledge for controllers was
considered to improve the accuracy of speech recognition [Guo et al., 2021], [Nguyen and Holone,
2016], [Shore et al., 2012] and speech understanding [Kleinert et al., 2018], e.g., to improve the quality

of electronic decision support systems [Helmke et al., 2013].

The speech recognition and understanding technology was enrolled for various ATC research purposes
such as runway incursion detection [Chen et al., 2015], readback error detection [Rajendram Bashyam
et al., 2023], [Chen et al., 2017], CPDLC support at ATC workstations [Lechner et al., 2002], digitizing
ground taxi instructions [Steinmetz et al., 2024], or pilot report analysis [Chen et al., 2022].The work in
this thesis makes use of the relevant state-of-the-art techniques and audio corpora in speech recognition,
but goes far beyond existing speech understanding methodologies and results in the ATM context. First

ASRU systems at least for data recording have recently been deployed in ATC centers [Lin et al., 2023].

Initial experiments with text-to-speech (TTS) technology in aviation found that intelligibility [Manaker,
1982] and response times to synthetic speech [Simpson and Williams, 1980] are at least comparable
to human voice for cockpit audio. To ease understanding and reduce miscommunication in ATC

communication especially based on accents, the use of TTS has been suggested [Dhavala, 2014].




2 Related Work on Human Machine Interaction Technologies and Applications

Commercial products utilize T'TS for automatic terminal information service in tower and en-route
environment, for ATC modules in flight simulation, or for cockpit voice warning systems [Thorburn,
1971]. When combining speech-to-text, text-to-concepts, and TTS, this also enables virtual simulation
pilots [Zuluaga-Gémez et al., 2023b]. Pilot repetitions to recognized and interpreted ATCo instructions
can be automatically generated as text and synthesized to speech [Zhang et al., 2022]. A prototypic
ATC communication training environment lacked realistic artificial voices [Auinger, 2019]. A more
professional TTS system has been used by the German ANSP to train multiple hundred ATCos [Slotty
and Riihl, 2012]. The lack of TTS models fine-tuned with audio data from ATC environments is often

a limitation of prototypes [Lin et al., 2021a] that can lead to reduced realism.

A soundscape for air traffic control data to be used through the auditory channel of a human operator,
can be a good complement to visual cues as shown with a combination of visual attention guidance
cues and sonified aircraft CPDLC login at a CWP [Hunger et al., 2024]. The sonification of remote
tower control data, especially about aircraft sector entries with information on the aircraft’s cardinal
direction was as well appreciated by ATCos [Elmquist et al., 2023]. The above-reported works indicate

the potential of utilizing different aspects of the auditory channel.

2.3 Tactile Modality: Two- and Three-Dimensional Gesture Recognition, Tactile Cues

Recognizing two- or three-dimensional hand gestures [Mitra and Acharya, 2007] is an important
aspect for tactile interaction of human aviation operators. Different aspects of touch screens were
investigated for aircraft flight decks [Rouwhorst et al., 2017], [Dodd et al., 2014], e.g., manipulating
radio frequencies [Avsar et al., 2016]. Visual gesture recognition has been implemented to detect signs

for aircraft from marshallers at an airport’s apron [Prakash et al., 2016], [Singh et al., 2005].

A design standard exists for ATC touch interfaces [Dodd et al., 2022]. The DigiStrips experiment is
an early examination of touch screens for ATC CWPs [Mertz et al., 2000]. A multi-user tabletop surface
has been used to foster collaboration of ATCos [Conversy et al., 2011]. A touch-based prototype [Wald,
2011] and indirect touch interaction [Causse et al., 2014] have been explored in the ATC context.
A study on multitouch gestures for a stripless ATC system confirmed the usability of most touch
gestures [Hagemann and Udovic, 2019]. Another initial multitouch display mock-up for a terminal
manoeuvring area (TMA) CWP was evaluated with 14 controllers showing better usability and less
workload than with a mouse mock-up display [Uebbing-Rumke et al., 2014]. In this thesis multitouch
gestures will be used together with other interaction means based on the gained usability experience

described above.

Vibrotactile and especially audiotactile cues were found to potentially improve the detection time of
visual events in ATC displays [Ngo et al., 2012]. In a simulator with an automated cockpit, tactile cues
led to faster response times and improved event detection rates compared to visual cues [Sklar and Sarter,
1999]. Haptic feedback reduced the workload of tele-operators for uncrewed aerial vehicles [Smisek
et al., 2017]. If haptic feedback, e.g., on a side-stick in a cockpit, is enhanced with visual indications
on a primary flight display, this at least improved the subjective user interface assessment of study
subjects [de Rooij et al., 2023]. These findings suggest to examine and combine cues of different

interaction modes if the guidance of attention is desired.




2.4 Visual Modality: Eye Tracking Technology, Visual Cues, and Attention Guidance

2.4 Visual Modality: Eye Tracking Technology, Visual Cues, and Attention Guidance

Eye tracking technology can be used for various tasks of human operators in aviation as the complement-
ary literature reviews for cockpit use cases reveal [Peil et al., 2018], [Ziv, 2016]. Eye tracking data —
including fixations and saccades — can serve as a proxy for human operator attention [Wang et al., 2021].
With this, it is used to study monitoring tasks of ATCos [Hasse et al., 2012] and pilots [Peysakhovich
et al., 2018], [Cox et al., 2005] as well as situation awareness [Dehais et al., 2017] and workload of
pilots [Faulhaber and Friedrich, 2019]. Furthermore, training of ATCos’ monitoring tasks can be
supported with the use of eye tracking [Barzantny, 2018|, [Kang et al., 2017].

Visual scan patterns have been investigated in different ATC environments such as radar control [Wee
et al., 2017], tower control [Westin et al., 2019], [Manske and Schier, 2015], and multiple remote tower
control [Li et al., 2018]. Eye tracking data has also been used to study the issue of forgetting in
ATC [Jin et al., 2023] as well as fatigue [Nealley and Gawron, 2015], the latter human factor even with
a combination of gaze and speech data [Xu et al., 2024]. Apart from pure analysis of eye tracking data,

it has also been explored for interactive ATC systems [Traoré and Hurter, 2016], [Alonso et al., 2013].

Visual attention guidance to relevant spots or ATC events has been investigated for tower controller
working positions with augmented reality [Teutsch et al., 2022] and en-route controller working positions
for human-machine teaming [Jameel et al., 2023]. Visual cues for attention guidance usually contain
text information such as advisories for ATC commands, e.g., to fly around severe weather at an en-route
controller working position [Ahlstrom, 2015]. A basic prototype utilizing soft visual cues to smoothly
guide the ATCo’s gaze has been evaluated showing a preference for changes of symbol properties
compared to color changes [Nylin et al., 2020]. In another study, the display contrast has been found
to be an important factor to gain visual attention [Palmer et al., 2008]. Acoustic attention guidance
usually focuses on very important information such as altitude during landing or warnings and alerts
for potential separation infringements. Within this thesis, eye tracking is used as a mean to select
displayed items and to guide attention in an ATC context. Furthermore, advanced visual cues will be

developed and examined based on the knowledge of existing prototypes.

2.5 Multimodality: Prototypes with more than One Interaction Technology

Multimodal interaction can be understood as combining “natural input modes such as speech, pen, touch,
hand gestures, eye gaze, and head and body movements” [Oviatt, 1999, p. 74]. Multimodal interaction
in general has already been analyzed at the beginning of this century [Dumas et al., 2009], [Oviatt,
2002]. In addition, mental load [Oviatt et al., 2004] and evaluation of multimodal systems [Wechsung,
2014] have been explained. Furthermore, combining gaze based control and ASR for pilot interaction in
the cockpit [Merchant and Schnell, 2000], [Gauci et al., 2018] and to support adaptivity of multimodal
human machine interfaces in aviation [Lim et al., 2018] were analyzed. Another multimodal prototype
offers pilots to interact with an autopilot through voice commands or via multitouch [Gauci et al., 2017].
Combining the analysis of three interaction modes, i.e., gestures, speech, and gaze has already been
investigated for general discourse [Quek et al., 2000] and in the automotive domain [NeBelrath et al.,
2016]. The combination of ASR and multitouch inputs to enter ATC commands [Jauer, 2014] as well as
a combination of eye tracking and multitouch [Seelmann, 2015] have been prototypically developed and

evaluated on a low technological maturity level.




2 Related Work on Human Machine Interaction Technologies and Applications

The multimodal combination including multitouch on an ATC flight strip board has been investigated
with ATCos [Savery et al., 2013]. However, there was no prototype and no systematic evaluation yet to

combine speech, gestures, and gazes for digitized ATC system input as described in this thesis.

2.6 Validating System and Human Performance in Human-in-the-Loop-Simulations

Mental workload, situation awareness, and trust in automation [Parasuraman et al., 2008] are three
cornerstones of successfully usable prototypes for human aviation operators [Parasuraman and Riley,
1997]. Those human factors [Wickens et al., 1997] and their measurement will be outlined in the
following. Afterwards, some measures for system performance and a taxonomy for technological maturity

will be presented.

2.6.1 Workload Measurement

Mental workload is an important human factor influencing the performance of human operators. The
manual workload is usually of much less importance for aviation operators. There are various subjective
and objective assessment methods for mental workload. The Instantaneous Self-Assessment of Workload
(ISA) [Jordan and Brennen, 1992] is a retrospective self-rating of human operators. They need to rate
their mental workload of the last five minutes during a simulation on a five-point Likert scale [Likert,

1932]. Such Likert scales are frequently used in various domains [Joshi et al., 2015].

The Bedford workload scale [Roscoe, 1984] — originally designed for pilots — requires a retrospective
rating on a ten-point Likert scale. One of the most prominent subjective methods is the National
Aeronautics and Space Administration — Task Load Index (NASA-TLX) [Hart, 2006]. The human
operators need to retrospectively rate their experienced workload in terms of mental, physical, and
temporal demand as well as performance, effort, and frustration. These six factors can also be weighted
regarding their importance. As the above-described ratings are done retrospectively, this can lead to a
bias towards the more recent or more intense experiences. Furthermore, physiological measures such as
via electroencephalography (EEG) can be used to derive mental workload in ATC [Bernhardt et al.,
2019] and to even trigger adaptive automation functionalities [Arico et al., 2016]. Combining EEG and
eye-tracking for workload measurement can also help to recognize situation awareness of ATCos [Li
et al., 2023].

Another more objective measure of mental workload and any assumed free mental capacity can be
obtained with a secondary task [Kaber and Riley, 1999] that human study subjects need to fulfill. The
primary task, e.g., controlling air traffic, remains most important. However, if the human study subjects
have time, they need to solve short repetitive tasks like math exercises or color-word assignment tasks
such as the Stroop test [Stroop, 1935]. All of these workload measurement techniques have been used

for the work in this thesis.

2.6.2 Determining Situation Awareness

Situation awareness of human operators is defined by Endsley as “the perception of the elements in the
environment within a volume of time and space, the comprehension of their meaning and the projection
of their status in the near future” [Endsley, 1988, p. 792]. It is essential for human aviation operators

in order to safely and efficiently perform their tasks [Landry, 2011].
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2.6 Validating System and Human Performance

Several techniques were proposed and widely used to assess aviation operators’ situation awareness
[Kaber et al., 2006]. The situation awareness global assessment technique (SAGAT) stops and blacks
the displays of the running simulation trial and asks questions about the situation directly before
the stop, e.g., about aircraft characteristics [Endsley, 1988]. The percentage of correct answers serves
as an indicator for the situation awareness. The situation presence assessment method (SPAM)
method [Endsley, 2021] takes the timely delay of the answer without blacking the simulation trial

displays as an indicator for situation awareness.

The SASHA questionnaire Situation Awareness for Solutions for Human Automation Partnerships in
European ATM (SHAPE) [Dehn, 2008] needs to be filled by the study subjects after the simulation run,
i.e., they rate situation awareness related statements on a Likert scale. The different techniques have
different intrusiveness levels, different points in time when they are executed, require different amount

of effort and comprise different queries to answer or statements to rate, respectively.

Thus, it needs to be decided individually for each study, which technique or combinations of them
fits best to the given purpose and research questions. SASHA and a sophisticated version of SPAM

have been used for the work in this thesis.

2.6.3 Usability, Acceptance, and Trust Questionnaires

A row of further factors next to workload and situation awareness influences the human performance
when working with automated systems. System usability is often assessed with the System Usability
Scale (SUS) [Brooke, 1996]. The underlying questionnaire requires ratings about ten usability statements
on a five-point Likert scale. The acceptance of automated systems can be assessed with the Controller
Acceptance Rating Scale (CARS) [Lee et al., 2001].

The trust of human aviation operators in a system may be measured with the questionnaire SHAPFE
Automation Trust Index (SATI) [Dehn, 2008] that needs to be filled by the study participants. All
those questionnaire items need to be rated after finishing a simulation run, which can lead to results
that focus more on the last part of the simulation or any intense phases instead of an average. SUS,
CARS, and SATI have been used for the work in this thesis.

2.6.4 Confusion Matrix, Precision, Recall, and Accuracy Metric

The system performance can usually be measured more objectively than human performance based on
data recordings during simulation runs. The portion of correctness and the number of errors regarding
a prototype’s functionality often play a central role. A confusion matrix divides true positives (correct
classification as target), true negatives (correct classification as non-target), false positives (incorrect

classification as target), and false negatives (incorrect classification as non-target).

The precision is then defined as the number of true positives divided by the sum of true and false
positives [Powers, 2011]. The recall is defined as the number of true positives divided by the sum of true
positives and false negatives. The accuracy can be calculated as the number of correct classifications
(true positives plus true negatives) divided by the number of all classifications. These classifications are

relevant for sophisticated metrics in this thesis.




2 Related Work on Human Machine Interaction Technologies and Applications

2.6.5 Technology Readiness Levels

NASA defined nine different technology readiness levels (TRL) ranging from basic principle reports
in TRL1 to successful operations in TRL9 [Mankins, 1995]. The prototypes in this thesis range from
technology concepts at TRL2 to prototype demonstrations in a relevant environment at TRL6. The
process of rapid prototyping for operational concept development has been explained for the ATM
domain [Edinger and Schmitt, 2012].

On lower TRLs, the prototypes rather undergo “proof-of-concept” trials and evaluations of the
technical system while more complex validation trials on higher TRLs answer research hypotheses and
assess human performance as well as system performance based on objective and subjective data. For
simplicity, the term “validation trials” will be used hereinafter if human aviation operators participated

in a real-time human-in-the-loop simulation study with research prototypes independent of the TRL.

In view of the literature research above, it can be stated that the technological development of
individual interaction technologies in general and in non-aviation domains already reached industrial
TRLs. In the aviation domain there are some research prototypes on low TRLs using the individual
interaction technologies. However, it is rare to find multimodal combinations for human machine
interaction integrating speech recognition and understanding, gesture recognition, eye tracking, or
acoustic, tactile, and visual cues, and even more rare to find any conclusive research focused on supporting
human aviation operators at controller working positions. Furthermore, a systematic quantification
of potential benefits and drawbacks validated with human operators in realistic simulation trials is
missing in the ATC domain. This thesis closes the described gap and is supported by 52 publications
on different aspects of human machine interaction in the aviation domain. The relevant concepts,

prototypic implementations, and validation results will be outlined in Chapter 3.
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3 Concepts, Implementations, and Validation Campaigns for Interaction
Prototypes

This chapter explains the cumulative habilitation thesis relevant concepts and prototypic implementations
for multimodal interaction technologies in ATM. This encompasses outlining technologies on the auditory,

tactile, and visual modality as well as a combination of these three modalities’.

Usually, the concept development and implementation activities use a human-centered, iterative
approach. This includes an early involvement of system matter experts for conceptualization and a
row of pre-trials with potential end users to gather continuous qualitative and quantitative feedback
for adjusting the further rapid prototyping development. Finally, human-in-the-loop validation trials
on different TRLs were conducted in order to validate the research hypotheses or to answer research
questions. The conduction and results of validation trials on each prototype are presented directly after

each prototype description.

3.1 Auditory Modality: Automatic Speech Recognition and Understanding as well as
Text-To-Speech for Air Traffic Management Applications

The auditory modality mainly focuses on the support for automatic understanding of aviation radio
communication in this thesis. There are three basic steps to make use of aviation voice communication.
First, the process of ASR also known as speech-to-text. Second, the natural language processing step,
i.e., automatic speech understanding to convert text to relevant semantic concepts focusing on ATC
as the core part of ATS. Third, the output of the automatic speech recognition and understanding
(ASRU) chain is used to feed any ATM application like supporting controllers with automatic aircraft
label updates. Some details of these three steps and prototypic implementations are explained in the

following sections.

3.1.1 Transcription Rules for Speech-To-Text

The conversion of speech to written text should be unambiguous independent of the natural (human)
or artificial (machine) transcriber in order to enable comparability and interoperability. Thus, a set of
transcription rules was needed to unify and simplify the style and — more important — enable complex
word transcriptions such as abbreviations, numbers, thinking sounds, partly and non-intelligible sounds,
non-English words, etc. Let a controller utter an airline name, a flight number, a command type, and a
command value with some of the above-mentioned complexities, then the transcription could look like

one of the four examples shown in Figure 3.1.

!The habilitand is one of the authors of all cited 52 different references in this chapter, i.e., it summarizes the habilitation
relevant work. The concept and implementation description remains at a high level to avoid extensive duplications and
refers to the relevant published papers in the annex for more details.
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3 Concepts, Implementations, and Validation Campaigns for Interaction Prototypes

1. Hello ~k~l~m umm three nine alpha [UNINTELLIGIBLE] descend flight level two hundred
2. Hallo klm 39A — Descent FL 200

3. hello KLM [hes] tree niner alfa descent flight lev* 2-00

1=

. hello KLM [hes| three nine alfa descend flight lev® two hundred

Figure 3.1: Four alternatives to transcribe the same ATC utterance.

These transcriptions have different benefits and drawbacks. While “FL 200” can be quickly written,
this format does not save how the words have been pronounced, e.g., “level two zero zero” or “flight level
two hundred”. Furthermore, the smart usage of uppercase letters and the notation of non-intelligible
sounds can help to better keep information on the actual phonetics of an utterance. The use of American
or British English or the concrete spelling of words that sound the same like “alfa” and “alpha” is of

minor importance, but can save a format transformation step if there are unique rules.

The correct transcription for the given example with lower case style for spoken words and upper
case style for spelled letters as agreed in all recent projects focusing on automatic speech recognition
and understanding [Shetty et al., 2020] is number four of Figure 3.1. The agreed rules shall make sure
that all sounds of an utterance have an expression, as much information as possible on the word level is
saved, and that they can easily be applied for transcriptions by humans and machines. Any hesitation
sound is transcribed as [hes/ while incomplete word pronunciations at the beginning or at the end of a

word are marked with *.

3.1.2 Annotation Rules for Text-To-Concepts

The automatic transformation of text to concepts is known as automatic speech understanding. The
conversion of text to ATC concepts should as well be unambiguous independent of the natural (human)
or artificial (machine) annotator in order to enable comparability and interoperability. Thus, a set of
annotation rules — an ontology — was needed to unify the style and to enable saving as many semantic
information as reasonable from the word transcriptions [Chen et al., 2023]. In the transcription example
of Figure 3.1, a royal Dutch airline flight with two digits and a letter in its flight number are forming
the callsign. Furthermore, a command type and a command value are included. Possible annotation

alternatives are shown in Figure 3.2.

1. klm39a descent FL 200

2. KLM39A DESCEND 200

3. KLM39A ALTITUDE 200

4. KLM39A DESCEND 200 FL

Figure 3.2: Four alternatives to annotate the same ATC utterance.

These annotations have different benefits and drawbacks. Depending on the application basing
on the annotations, it can be important to know if the unit “FL” has been uttered and in which
vertical direction the altitude should be modified. The correct annotation (gold annotation) for the
given example as agreed with the major European ATM service providers and ANSPs under DLR
leadership [Helmke et al., 2018] and used in recent ASRU projects is number four of Figure 3.2. The
complete scheme for the annotation of ATS utterances with clearly defined elements and their contents

is shown in Figure 3.3.
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3.1 Auditory Modality: Automatic Speech Recognition and Understanding, Text-To-Speech

Command Condition(s)

Speaker - Value(s) - Requirement

Figure 3.3: The basic scheme elements for the annotation of utterances in air traffic service communica-
tion with underlined mandatory elements.

Each instruction (blue) in an utterance must contain a callsign (red) such as DLH7HT, BAW931,
OENKF, or NO_CALLSIGN. Each command (yellow) must at least contain one of the more than 120
currently defined types (brown) such as REDUCE, DIRECT _TO, TAXI VIA, CLEARED TAKEOFF,
or NO_CONCEPT. Commands often have a single value (orange) like 200 for headings, speeds, or
flight levels, RW25R for airport surface entities or even multiple values such as GUNPA DEXON for
waypoints of a route. Commands can have units (dark green) such as kt or ft_min and qualifiers
(purple) such as LEFT or OR_BELOW. Furthermore, the speaker (white) and reason (pink) need
to be set if they are not the default values. The speaker can be PILOT or ATCO with the latter as
default if nothing is explicitly set. The reason can be REQUEST, REPORTING, or empty as default
for all other utterance reasons including readbacks. All instructions may have conditions (light green)
that consist of a conjunction (dark grey) such as UNTIL or WHEN plus the requirement (light grey)
such as a waypoint name DL455 or SPEED CONVERSION. More details on ASRU ontologies used at
both sides of the Atlantic can be found in [Chen et al., 2023] and [Helmke et al., 2023b].

This ontology is one of the inputs for the European Organization for Civil Aviation Equipment
(EUROCAE) Working Group 1262 to standardize European voice communication system and ATC
system integration for exchanging ATM information and Working Group 41 on Advanced - Surface
Movement Guidance and Control System (A-SMGCS). The ontology further helps to build a common
base for interoperability of ASRU applications as well as comparability of annotations when using
defined metrics (Section 3.1.6).

3.1.3 Voice Activity and Speaker Detection, Audio Splitting, Speech Recognition

The audio data containing ATC voice utterances has different characteristics depending on the source.
Usually, audio files or streams from the laboratory environment consist of a few seconds long elements
that contains either an ATCo or a pilot utterance only. The begin and end of those elements can be
triggered by the push-to-talk (PTT) mechanism of a headset or with a foot switch. This audio data
can directly feed an ASR engine that automatically picks the best models for ATCo or pilot [Kleinert
et al., 2021b]. If the audio comes from an operational ATC environment, it is sometimes provided as a
continuous stream without PTT information and therefore includes utterances of an AT Co, utterances
of multiple pilots, and phases of silence on the radio frequency. Then, the audio information needs to be
split into short segments of distinct speakers. This is done via analyzing the frequency amplitudes and
silence thresholds with a voice activity detection (VAD) to cut the relevant audio sections [Motlicek
et al., 2023].

2This Working Group was founded with the support of DLR in August 2023.
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3 Concepts, Implementations, and Validation Campaigns for Interaction Prototypes

In order to achieve high speech recognition accuracy in this case as well, again the speaker type
should be known, i.e., ATCo or pilot [Helmke et al., 2021b]. Therefore, a speaker detection® algorithm
analyzes the speaker type of the small segments [Zuluaga-Gémez et al., 2023d]. This can be based on
certain keywords that correlate with either ATCo or pilot or the position of the words in an utterance,
respectively [Prasad et al., 2022]. It can also evaluate the voice quality which is usually better for ATCo
voice recorded on the ground than for pilot voice in noisy cockpit environment received via very high

frequency (VHF) antenna on the ground as well [Zuluaga-Gémez et al., 2023c].

Finally, the speech recognition process can run on the short audio segments. The ASR’s acoustic
and language models are trained on ATC data*. As a starting point, some ATC data can be retrieved
from a few publicly available ATC speech corpora. Additionally, transcribed and untranscribed speech
data from the ATM target environment should be integrated into the training data to reach sufficient
performance, i.e., voice recordings of controllers in a laboratory environment and voice recordings from
controllers and pilots in ATC operations rooms depending on the project scope. The WER varies from
1% to 20%), i.e., the WER is generally lower if the amount of training data is bigger and the recording

conditions are cleaner.

The WER is an important indicator in order to evaluate the quality of the succeeding step — the
semantic understanding of the speech content. ASR is especially challenging in case of words that are
rare in training data such as artificial waypoint names [Bhattacharjee et al., 2023], [Bhattacharjee et al.,
2024]. Depending on the use case and environment, the speech recognition process continuously outputs
the words of a received stream (online) or starts only after an utterance has been finished (offline).
The same two options for online and offline processing are as well applicable to the succeeding speech

understanding step, i.e., concept extraction (Section 3.1.4).

3.1.4 Air Traffic Control Concept Extraction

The basic components of an ASRU system are shown in Figure 3.4. The audio signal containing
voice utterances from ATCos or pilots (speaker symbol in Figure 3.4) is the mandatory input for the
Speech-To-Text block as described in Section 3.1.3. Thus, this audio input is usually already split
based on PTT or VAD information. The Speech-To-Text block benefits from three elements: (1) a
Lezicon with English words plus common words in ATC speech, (2) an Acoustic Model trained on
general English and ATC audio and transcription corpora, and (3) a Language Model trained on ATC
utterance transcriptions. The word sequence resulting from the speech-to-text process is the mandatory
input for the Text-To-ATC-Concepts block. The ATC Concept Extraction Model is used by the below
described ATC concept extraction algorithm to automatically extract semantic ATC concepts from the
recognized word sequence. Each element (colored block in Figure 3.3) is called an ATC concept, i.e., an
ATC concept can also comprise of other ATC concepts. The Plausibility Checker verifies if the set of
commands is reasonable, e.g., does not contain two opposing HEADING commands and then forwards
the ATC concepts to an application, e.g., display at a controller working position (human and monitor
symbol). The Text-To-ATC-Concepts block is supported by the ATC Concept Hypotheses Generator to
improve the ASRU output.

3The speech analysis steps before the speech understanding part were done by European ASR partners with the support
of DLR, e.g., Idiap, BUT.
4This process is predominantly done by project partners with expertise in ASR.
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With the use of surveillance data (aircraft symbol), meteorological data (thundercloud symbol), and
further Contextual Knowledge, e.g., about the airspace and procedures, the ATC Concept Prediction
Model helps to forecast the most probable ATC ontology concepts that will be uttered in one of the
next utterances. These predicted concepts improve the performance of the Speech-To-Text block, the
Text-To-ATC-Concepts block, and the Plausibility Checker.

s

Lexicon -
\4
Acoustic Model SR
Text
R ATC Concept
LATGUREE MEEE . Prediction Model
; }
ATC Concept Text-To- < ATC Concept
Extraction Model ATC-Concepts Hypotheses Generator
; I

Plausibility < Contextual
Checker Knowledge

Figure 3.4: Components (green rectangle modules and yellow oval models) and data flow (black and
blue arrows) of an ASRU system for ATC after [Helmke et al., 2020].

Over the last years, a sophisticated prototypic implementation of the above-mentioned ontology has
been developed for the Text-To-ATC-Concepts block. The used rule-based ATC Concept Extraction
algorithm has been described in [Helmke et al., 2020]. First, the algorithm tries to extract an aircraft
callsign from the utterance transcription that is part of the set of predicted callsigns. Callsigns usually
consist of an airline designator and two to four digits or letters in case of commercial flights. Thus, the
concept extraction algorithm seeks for transcribed words such as “lufthansa” to be mapped to DLH or
“speed bird”/“british airways” to be mapped to BAW. Afterwards, letters pronounced according to the
ICAO alphabet such as alfa, romeo, z-ray, or digits from zero to nine are extracted. The callsign is one
of the most important ATC concepts as it denotes the communication partner, i.e., the aircraft that is

concerned with the following extracted commands.

Afterwards, the commands are extracted based on matching command keyword sequences. This
step includes the extraction of types, values, units, qualifiers, conditions, etc. If all matching keyword
sequences have been handled, the extraction of commands is repeated based on matching ATC concepts
and on further command hints. Finally, further callsigns might get extracted from the remaining
unmatched words of the transcription. All the extracted callsigns and commands together form the
annotation of the transcribed utterance. Furthermore, the extracted commands with identified speaker
and reason can be grouped as conversations. This means to form a thread of pilot and controller
utterances regarding the same aircraft callsign that belong together content-wise. An example could be
a pilot request, followed by an ATCo instruction, a pilot report, another AT Co instruction, and the

required pilot readback.
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3.1.5 Air Traffic Control Concept Prediction

As shown in Figure 3.4, the ATC concept extraction benefits from contextual knowledge. This knowledge
based on flight plan data, radar data, meteorological data, and rather static airspace or airport dependent
data. The data contains aircraft callsigns, current three-dimensional aircraft positions, speeds, headings,
vertical rates, mean sea level pressure (QNH), waypoint names, arrival routes, runways, taxiways,
and many more. If, for example, all aircraft in an airspace at a certain point in time are known, the
callsign transcriptions that will most likely appear in the next utterances of the human ATC operators
can be predicted. This tremendously helps to increase the callsign recognition rate and to reduce
the callsign error rate (Section 3.1.6). The following example illustrates how contextual knowledge
helps. The callsign AUA452R is pronounced as austrian four five two romeo in its long form. If there
is no chance for mixing up the addressed flight, ATCos also just utter four five two romeo. Thus,
only with the contextual knowledge, the latter utterance transcription can be mapped to the callsign
annotation AUA452R. The contextual knowledge of ASRU can even help to correct errors from ASR. If
austrian four five three romeo has been recognized, but AUA453R does not exist, the closest Levenshtein

deviation match AUA452R can be the result of the callsign extraction process.

Furthermore, commands can be predicted in a similar way than callsigns [Ohneiser et al., 2019b]. More
precisely, the knowledge about an aircraft to land at an airport soon, helps to assume that DESCEND
commands are more likely than CLIMB commands. It also supports the prediction of reasonable
altitude and flight level values when considering the current altitude of an aircraft. A trade-off needs
to be found to make correct predictions, but to predict as few ATC concepts as possible [Ohneiser
et al., 2019b]. More details about the prediction of ATC concepts in tower environments can be found
in [Ohneiser et al., 2019b].

The ATC concept prediction, i.e., callsigns and commands, can be modeled with costly expert
knowledge to define relevant geographical areas for command types and value limits [Rataj et al., 2019)].
However, it is far more efficient to use machine learning on a set of historical data and automatically
learn where which command types and values are usually given. This method allows to quickly adapt

the concept prediction to new ATM environments.

3.1.6 Metrics for Speech Understanding in Air Traffic Management

The speech recognition community generally uses the metric WER (Section 2.2) to show and compare the
accuracy of automatic speech-to-text transformation. However, this metric hardly provides information
about the speech understanding performance that follows up on the speech-to-text output. Thus, the
accuracy of extracted concepts from the text output needs to be measured [Kleinert et al., 2021a]. To
make it even more complex for the ATM environment, the ATC concepts are of different value and
with the exception of callsigns, it is important that all of the concepts in the command part are correct.
It is for example of utmost importance — after extracting a value of 200 — to also correctly extract the
command type like REDUCE, DESCEND, or HEADING. Commands with one or more sub-elements

can be called concepts as well.

The complete performance of ASRU in ATM can be judged when calculating a concept recognition
rate, a concept recognition error rate, and a concept recognition rejection rate considering each concept

as an entity for the Levenshtein distance calculation.
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An example in Figure 3.5 demonstrates the metrics for ATC concepts in general [Kleinert et al.,
2021a]. The colored cells of the automatic annotations are always divided by the total number of cells

from the gold annotation.

The recognition rate is calculated as two correct (green automatic annotations) divided by four
gold annotations. The error rate is computed as two wrong (red automatic annotations) — missing
or erroneous — divided by four gold annotations. The rejection rate is calculated in the same way
than the other two metrics. The reason for the yellow colored automatic annotation is that the type

NO_CONCEPT contributes to a substitution and is, therefore, counted as a rejection and not as an

error.
Metric Calculation
Concept Recognition Rate #tmatches / #gold
Concept Error Rate (#substitutions + Hinsertions) / #gold
Concept Rejection Rate #deletions / #gold
Example
Gold Annotation Automatic Annotation
AFR27V DIRECT _TO DEXON none
AFR27V INIT_RESPONSE AFR27V INIT_RESPONSE
AFR27V TURN LEFT AFR27V TURN RIGHT
AUA2EB SPEED 140 kt AUA2EB NO CONCEPT
DLH7HT NO_CONCEPT DLH7HT NO_CONCEPT
Result
Recognition Rate: Error Rate: Rejection Rate:
on command level
2/4=50% 2/4=50% 1/4=25%

Figure 3.5: Calculation of concept recognition, error, and rejection rate based on an example for ATC
commands.

A true positive (TP) is defined as a concept that is correctly and fully annotated. A true negative
(TN) is counted if a concept is correctly not annotated. A false negative (FN) is a concept that
should have been annotated, but actually has not been. A false positive (FP) depicts a concept that
is incorrectly annotated, i.e., either an actual concept is completely missing or one or more of its
sub-concepts are incorrect. Furthermore, there is the total number (TA) of gold annotations. The
concept error rate is then defined as FP divided by TA, the concept rejection rate is calculated as
FN divided by TA, and the concept recognition rate can be computed with TP plus TN divided by
TA [Chen et al., 2023]. These tailored metrics can be helpful if, for example, contextual knowledge
is used to finally correct or add ASRU output, which can be relevant for the analyses in this thesis.

Otherwise, precision, recall, and accuracy are also often used metrics.

The most relevant ATC concepts are callsigns and commands. A command is only considered correctly
recognized if all sub-concepts such as type, unit, qualifier, or condition are correct [Helmke et al., 2021¢].
The WER of the speech-to-text output is usually a good hint for the expected text-to-concepts output,
but a strong correlation cannot be assumed in general [Prasad et al., 2021]. The sum of recognition,
error, and rejection rate can exceed 100 % due to its definition with comparing extracted concepts with
actual (gold) concepts, i.e., there is not mandatorily a one-on-one match of the number and content of

both concept lists to compare.
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The accuracy of predicted concepts is measured with the concept prediction error rate that is
calculated as the number of extracted concepts that are not part of the predicted concepts divided by

the total number of extracted concepts.

3.1.7 Application Areas of Speech Understanding in Air Traffic Management

The visualization of an ASRU system’s output with three examples at a controller working position is
highlighted in Figure 3.6. The transcriptions and annotations of ATC utterances are shown in different

ways depending on the application’s use case.

wizz air nine kilo lima palanga r re runway three
g Jeared touch and go run

i i tower good day ¢ ’

: . : WZZOKL STATION PALANGA_TOWER, WZZOKL CLEARED OUCH_GO 34, WZZSKL
72!

WZZ9KL GREETING,

T
08:23 ee3s VLR 3512 I nxxq
EYPA - RUNWAY

i

zzoK L JCE
08:21 A0 IR 3504 SRR

Figure 3.6: ASRU output in (1) an electronic flight strip with colored icons (lower right red box), (2)
an aircraft radar label with colored values (center red box), and (3) in an outside view of a
multiple remote tower setup with transcribed utterance text and annotated ATC concepts
(top red box).

Over the last years there were a row of succeeding European and national funded projects on different
aspects of ASRU in ATM [Rataj et al., 2021a] as outlined in the following two sections. The complete
chain of airport apron and air traffic control environments for tower, approach/departure, and en-
route/oceanic has been tackled by the different prototypes as shown in Figure 3.7°. The early projects
focused on the approach environment. Later, tower ATCos and apron controllers were supported as
well. Finally, the en-route/oceanic environment was covered. Furthermore, the pilot utterances were

considered in addition to the ATCo utterances.

5The noted project acronyms are explained in Section 3.1.8 and 3.1.9
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(Multiple Remote) Tower

-

i MALORCA
Pilot PJ.10-96-ASR Center
\AcListant“"(fStrips)
PJ.16-04-ASR f, @ L= =
-1

PJ.16-04-ASR

XT’ . A —— %(Multiple%emote)Tower
. @ @ 7

Controller Apron Tower  Approach En-Route / Oceanic Approach Tower

Flight Phase Taxi-Out Take-Off Climb Cruise Descent Landing, Taxi-In

Figure 3.7: Schematic view of typical flight phases with controller type responsibility showing recent
ASRU projects and their environment.

3.1.8 Prototypes in Air Traffic Control Approach and En-Route Environment

The sequence of DLR projects on ASRU in ATM began with “Active Listening Assistant” (Ac-
Listant® and AcListant®-Strips®). A first ASRU prototype for radio telephony communication utter-
ances of approach ATCos was implemented. The extracted ATC concepts, i.e., callsigns, command
types, and command values were displayed to support the conventional, manual maintenance of aircraft
radar labels. The text-to-concepts output was also used to dynamically update the suggestions of the
arrival management system, an electronic decision support tool for approach ATCos. The use case for

the prototypic implementation was Diisseldorf approach.

Roughly a dozen ATCos — from Germany, Austria, Czechia, Croatia, Sweden, Denmark, Ireland —
participated in the AcListant® and AcListant®-Strips validation trials, respectively. In the baseline
simulation runs, ATCos needed to enter all verbally issued ATC command content manually into the
aircraft radar labels. In the AcListant®-Strips solution simulation runs, ATCos were automatically
supported in the radar label maintenance task by the ASRU system, i.e., some manual corrections were
needed in seldom cases. The ASRU component achieved ATC command recognition error rates below 2%
and command recognition rates above 95% [Helmke et al., 2016a]. With this, the number of inconsistent
aircraft radar label content was reduced by a factor of up to two in the solution condition [Helmke et al.,
2016a]. Furthermore, the human workload for aircraft radar label maintenance, i.e., the mouse clicking
time, was reduced by a factor of three. The workload reduction was also measured and confirmed
with NASA-TLX and ISA. The workload reduction induced a better human use of mental capacity
leading to more efficient flight trajectories. The flight time per aircraft in the Diisseldorf approach area
was reduced by 77 seconds in the solution condition [Helmke et al., 2017]. This can be converted to a
reduced fuel consumption of more than 50 liters of kerosene and far more than savings of 100 kg carbon
dioxide per flight. However, ATC experts provided a lot of input regarding the ATC concept prediction
for models that are defined manually making AcListant® expensive to automatically roll out to other

ATM environments.

SDLR acted as project lead; Helmholtz Validation Fund supported the project AcListant® (until late 2016).
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Therefore, the Single European Sky ATM Research Programme (SESAR) exploratory research project
MALORCA" (Machine Learning of Speech Recognition Models for Controller Assistance) proposes
a general, cheap, and effective solution to automate this re-learning, adaptation, and customization
process by automatically learning local speech recognition and controller models from radar and speech

data recordings. MALORCA validated the use cases Vienna and Prague approach.

Audio data and surveillance data from five ATCos in proof-of-concept simulation trials and from
twelve ATCos within the operational environment was recorded in MALORCA. These more than 7000
recordings contain ATC communication. The speech-to-text engine achieved a WER, of 2.3%. The
command recognition error rate was 0.6% for Prague approach and 3.2% for Vienna approach. The
WER enables a callsign recognition rate of 98.7% and a command recognition rate of 96.5% for the
recorded almost 13,000 commands [Helmke et al., 2020]. If a perfect speech-to-text engine with a
WER of 0% would output the word sequences, the extraction of the text-to-concepts module would be
even better, i.e., a callsign recognition rate of 99.7% and a command recognition rate of 98.8% were
achieved [Helmke et al., 2020].

The SESAR2020 industrial research Solution P.J.16-04 CWP HMI® investigated different interaction
technologies for controller working positions such as ASR?. The ASR partners of the project agreed
on the ontology for annotation of ATC utterances as described in Section 3.1.2 [Helmke et al., 2018].
This was the first time that a relevant group of stakeholders defined rules for ASRU formats in ATC.
An ASRU prototype for approach ATCos based on commercial-off-the-shelf software comprised the
use case of Prague approach [Kleinert et al., 2019]. This prototype implemented a first version of the

mentioned ontology.

Four Czech and two Austrian approach ATCos participated in the PJ.16-04-ASR-220 TRL4 validation
trials. It could be shown that commercial off-the-shelf speech recognition engines are not feasible for
ATC, i.e., resulting command recognition rates were in a range of 31% to 82% for different ATCos.
However, the plausibility checker module of the ASRU system significantly reduced the number of

erroneous commands shown to the ATCos from around 20% to around 5% [Kleinert et al., 2019].

The SESAR2020 industrial research project PJ.10-W2 PROSA included an ASR activity as well
in its Solution 96'°. An ASRU prototype for aircraft radar label maintenance support for Vienna
approach was validated on TRL6. The recognized ATC concepts from the approach ATCo utterances
were shown in the radar display, e.g., the command values were highlighted in purple color in the
relevant command type fields as visualized in the center red box of Figure 3.6. Those values needed to
be confirmed by the ATCo through clicking on a check mark or rejected through clicking on a cross. In
the most recent ASRU projects, the aircraft callsigns were as well highlighted directly after they have
been uttered and recognized [Shetty et al., 2022]. Twelve approach ATCos from Austria participated in
the PJ.10-W2-96-ASR TRL6 validation trials. The command recognition rate relevant for the aircraft
radar label maintenance task was 92.5% with an error rate of 2.4% [Ahrenhold et al., 2023b].

"The Horizon 2020 SESAR project MALORCA (2016-2018) was led by DLR and was partly funded by SESAR. Joint
Undertaking (Grant Number 698824). Homepage: — https://www.malorca-project.de

8This solution (2016-2019) with 22 European partners was led by the habilitand. It was partly funded by SESAR. Joint
Undertaking (Grant Number 734141). Homepage: https://www.sesarju.eu/projects/cwphmi

9This solution’s activity was led by DLR.

19An ASRU validation exercise was led by DLR. (2019-2022). It was partly funded by SESAR Joint Undertaking (Grant
Number 874464). Homepage: https://wuw.sesarju.eu/sesar-solutions/automatic-speech-recognition/
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The reported recognition rates seem to decrease over time for succeeding ASRU projects. However,
it has to be noted that the utterance analysis became more and more holistic over time. Earlier
ASRU prototypes did not consider command units and conditional clearances. The number of different
command types was less. The handled command complexity was lower, e.g., corrections or commands
for multiple aircraft in one utterance were not foreseen in earlier analyses. Furthermore, the recognition
and error rates up to TRL4 often refer to ASRU results applied offline. Thus, this shows the rates
that could potentially be achieved with enough computing time on completed utterances — especially
influencing the WER of the ASR process. The online recognition rates that the human operators really
“experience” in their tested prototypic applications are usually a low one-digit percent number below
the offline recognition rates. Nevertheless, it is of value to analyze offline and online recognition results

in order to improve their quality overall.

Within the TRL6 validation trials ATC safety could be improved due to the reduction of missing or
wrong label inputs through ASRU support from 11% to 4% [Helmke et al., 2023a]. When considering
additional time for mental workload of AT Cos verifying ASRU output, the savings still sum up to more
than one third of the time for radar label updates, i.e., the ASRU support condition requires less time
for radar label maintenance than without ASRU support [Helmke et al., 2024a]. A secondary task,
i.e., the Stroop test, that ATCos should only perform if their primary ATC task allows, confirmed
with statistical significance that ATCos had more mental spare capacity in the solution condition
with ASRU support compared to the baseline condition with solely manual label input [Helmke et al.,
2023a], [Ahrenhold et al., 2023a]. Furthermore, satisfaction and trust of ATCos in the system were
significantly better in the solution condition [Ahrenhold et al., 2023b]. Four ASRU use cases have
been evaluated considering eight functional hazards and their defined mitigations. Supported by the
results of two real-time simulations, it was shown that the use of ASRU does not increase current safety
risks [Pinska-Chauvin et al., 2023]. When artificial intelligence-driven technologies like ASRU should be
brought to operations rooms, such a safety assessment with analyzing normal, abnormal, and degraded

modes of ATC operations is a prerequisite.

The HAAWAIT'! project (Highly Automated Air Traffic Controller Workstations with Artificial
Intelligence Integration) developed a reliable, error resilient, and adaptable solution to automatically
transcribe and annotate voice commands from ATCos and pilots in different ATC environments.
Therefore, the ontology for annotation of ATC utterances was enhanced for pilot utterance concepts
and en-route concepts. The output was used by the British ANSP NATS to evaluate ATCo workload of
London Heathrow approach. It also built a first readback error detection prototype facing the challenge
that readback errors occur very seldom in ATC communication. This prototype based on seven defined
use cases including different types of readback errors such as reading back wrong values or missing
readbacks [Helmke et al., 2021a]. The HAAWAII prototype was running in the operational ATC room
of Isavia ANSP in Iceland for en-route radio telephony in June 2022. Six Icelandic en-route ATCos
participated in the HAAWAII proof-of-concept trials. They generated verbal readback error cases to be
automatically detected. The WER for AT Cos was 5% and for pilots 10%. This enabled a readback
error detection rate of 80% with a false alarm rate of 11%. The false alarm rate is very crucial in order
to achieve a high acceptance rate of human operators. The command recognition error rate must be
below 0.2% in order to achieve a false alarm rate less than 10% [Helmke et al., 2022].

" The Horizon 2020 SESAR exploratory research project HAAWAII (2020-2022) was led by DLR and was partly funded
by SESAR Joint Undertaking (Grant Number 884287). Homepage:  https://www.haawaii.de
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3.1.9 Prototypes in Tower and Apron Environment

The above-mentioned Solution PJ.16-04 CWP HMI comprised another prototype that explored the
callsign and command prediction [Ohneiser et al., 2019b] as well as recorded voice data in a multiple
remote tower environment for training of automatic callsign and command extraction [Ohneiser et al.,
2021b]. Each ATCo was responsible for controlling ground and air traffic on three remote airports at
the same time as well as to maintain electronic flight strips of all aircraft. In order to this, the uttered
tower ATCo utterances were recognized and relevant concepts were automatically extracted [Ohneiser
et al., 2021c|. The ontology has been expanded with regards to tower concepts. More details on the

ASRU performance can be found in:

Ohneiser, O., Sarfjoo, S., Helmke, H., Shetty, S., Motli¢ek, P., Kleinert, M., Ehr, H., and Murauskas,
S. Robust Command Recognition for Lithuanian Air Traffic Control Tower Utterances. In 22nd
Annual Conference of the International Speech Communication Association, Proc. of Interspeech
2021, pages 3291-3295, Brno, Czechia (hybrid), 30 Aug - 03 Sep, 2021. ISCA.
https://doi.org/10.21437/Interspeech.2021-935 reprinted as article —1 in the annex

More than a dozen of tower AT Cos from Hungary, Lithuania, and Finland participated in human-in-
the-loop trials for PJ16-04-ASR-240. The command prediction error rate for the multiple remote tower
environment was around 7.5% [Ohneiser et al., 2019b]. More details on the technical ASRU background

and results can be found in:

Ohneiser, O., Helmke, H., Shetty, S., Kleinert, M., Ehr, H., Murauskas, S., and Pagirys, T.

Prediction and extraction of tower controller commands for speech recognition applications. Journal

of Air Transport Management, 95:102089, 2021.
https://doi.org/10.1016/j.jairtraman.2021.102089 reprinted as article —+2 in the annex

The SESAR2020 industrial research project PJ.05-W2 DTT also included an ASR activity in its
Solution 97 and validated an ASRU prototype for electronic flight strip maintenance support in a
multiple remote tower environment on TRL4 [Ohneiser et al., 2022]. More details on different ASRU
validation exercises of European project partners that also used the defined ontology!'? for ATC utterance
annotations can be found in [Ohneiser et al., 2022]. The extracted concepts were used to highlight recog-
nized callsigns and to input commands in a highlighted color at the flight strip display. These commands
automatically entered the ATC system if they were not corrected by the ATCo within ten seconds.
The automatic acceptance goes back to earlier ATCo feedback in an approach environment [Helmke
et al., 2016a]. Five Austrian and five Lithuanian tower ATCos participated in the PJ.05-W2-97
TRL4 validation trials [Ohneiser et al., 2023]. A reduction of ATCo workload and an improvement
of usability have been measured based on the prototype’s callsign recognition rate of 94.2% and a

command recognition rate of 82.9%. More details about the validation setup and results can be found in:

2The project (2019-2022) was led by DLR; an ASRU validation exercise was led by the habilitand as explained by him in
a video:  https://s.dlr.de/bzxME. The project was partly funded by SESAR Joint Undertaking (Grant Number
874470). Homepage: https://wuw.remote-tower.eu/wp/project-pjo5-w2/

3Mainly in the course of SESAR projects there is a row of ATM system suppliers, ANSPs, and research institutions
that is as well involved in applying the ontology to different ASRU prototypes such as CRIDA, DFS, HungaroControl,
Indra, Leonardo, and Thales. MITRE from the US compared the European ontology with theirs.
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Ohneiser, O., Helmke, H., Shetty, S., Kleinert, M., Ehr, H., Schier-Morgenthal, S., Sarfjoo, S.,
Motli¢ek, P., Murauskas, S., Pagirys, T., Usanovic, H., Mestrovi¢, M., and Cernd, A. Assistant
based speech recognition support for air traffic controllers in a multiple remote tower environment.
Aerospace, Special Issue Automatic Speech Recognition and Understanding in Air Traffic Management,
10(6), 2023.  https://doi.org/10.3390/aerospacel0060560 reprinted as article —3in the annex

The integration of artificial intelligence based ASRU into decision support systems of flexible endorsed
ATCos is explored for remote tower centers [Meier et al., 2024]. The STARFiSH' project (Safety and
Artificial Intelligence Speech Recognition) developed an ASRU prototype to support apron controllers
at Frankfurt airport. Again, the ontology has been enhanced considering concepts of apron control.
The ASRU system was integrated with an A-SMGCS [Kleinert et al., 2023]. Thus, apron controllers
are supported through visualizing their verbally instructed taxi routes on a situation display. The
simulation pilots are as well supported through automatically recognized callsigns and commands, i.e.,
commands are automatically executed in case simulation pilots do not veto [Kleinert et al., 2022].
14 German apron controllers participated in the STARFiSH human-in-the loop trials in the Fraport
simulator at Frankfurt airport [Kleinert et al., 2023]. The integration of A-SMGCS data into the
ASRU component improved the command recognition rate by more than 15% absolute, i.e., a command
recognition rate of 91.8% and a callsign recognition rate of 97.4% were achieved based on a WER. of
3.1% [Kleinert et al., 2023]. This performance led to a significant reduction of controller workload and

an increase in safety. Currently, ASRU is developed further to automate aircraft pushbacks!®.

3.1.10 Text-To-Speech Application for Air Traffic Control Utterances

The training of aviation communication operators often comes with the use of intense human resources
even if their tasks could be automated. Based on open-source ATC communication datasets, 20 ATCo
voice models and 8 pilot voice models have been fine-tuned for a TTS application using an end-to-end
method and a voice cloning method, respectively [Ohneiser and Ahmed, 2025]. This TTS application
was able to simulate aviation radio telephony communication operators — ATCo instructions and pilot
responses — based on textual ATC utterances. The application’s synthesized speech has been validated
online by 20 international aviation experts including 14 ATCos and 4 pilots from Germany, Austria,
France, the Netherlands, Egypt, and Pakistan. The study subjects provided more than 4100 ratings
on overall experience, clarity, pronunciation, intonation, naturalness, and speed of generated speech.
The voice cloning models — especially the female voices — received significantly better ratings than the
end-to-end models. The speech has been synthesized faster than real-time. While some issues with
pronunciation of waypoint names non-existing in training data and with pauses existed, the overall

feedback demonstrated feasibility and realism of the artificial voices as discussed in:

Ohneiser, O., Ahmed, U. Text-To-Speech Application for Training of Aviation Radio Telephony
Communication Operators. IEEE Transactions on Aerospace and Electronic Systems, 61(2),
pages 4542-4560, 2025.

https://doi.org/10.1109/TAES.2024.3504493 reprinted as article —4 in the annex

'The project STARFiSH (2020-2022) was funded by the German Federal Ministry of Education and Research (BMBF).
5The project AeM-Speedport (2024-2026) is funded by the German Federal Ministry of Digital and Transport (BMDV):
https://s.dlr.de/XPZb2
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3.2 Tactile Modality: Gesture Recognition and Tactile Cues for Aviation Purposes

There have been experiments on the usability of multitouch devices for interaction of ATCos with the
ATC system. First ideas explored an overlay display on a radar screen background to (1) select aircraft
icons with a one-finger tap, (2) select command types with a two-dimensional gesture of one or more
fingers, and (3) select command values with interactive sliders and menus. These initial experiments
revealed that the human operator’s arm and hand as well as the overlay interaction menus might hide
too much relevant information from the radar screen below. Furthermore, a “gorilla arm” was suspected
in order to often use the arms for data input without any hold. It turned out that the two-dimensional
gestures to depict the ATC command types could be beneficial especially if they are executed intuitively

and without looking on the multitouch device.

During the above reported AcListant®-Strips validation trials a second solution condition was tested.
In the above-described solution condition, ATCos needed to use the mouse in order to correct and
confirm ASRU output. In the second solution condition, a multitouch device was used to correct and
confirm ASRU output through swipe and single tap gestures of an approach ATCo [Helmke et al.,
2016a]. The perceived workload as measured with NASA-TLX was highest in the baseline condition
with a value of 87.0 where ATCos used the mouse for all inputs. The workload score for ASRU
plus manual correction only was much lower, i.e., corrections via a mouse were slightly better with
a value of 74.2 than via multitouch with a value of 78.5 [Helmke et al., 2016b]. There was a row of
measurement categories in which the use of multitouch outperformed the use of a mouse. The time
needed to solve a secondary task was 15% less in average with multitouch than with a mouse for ASRU
corrections [Helmke et al., 2016b]. Also, the deviations in aircraft radar labels between the correct and
the actual input was much lower with multitouch compared to a mouse for ASRU correction, more
precisely, the number of inconsistent label states was 7.5% less and the duration of inconsistencies was
10 seconds less [Helmke et al., 2016b].

Seventy US American general aviation pilots participated in a human-in-the-loop validation study
at FAA'® on weather state-change notifications [Ahlstrom et al., 2015]. The study subjects flew a
simulated aircraft under visual meteorological conditions and should avoid significant precipitation cells
based on weather symbology on different maps and their dynamic changes. The experimental group
wore a vibrating bracelet notifying subjects about visualized weather state-changes. This tactile cue —
compared to visual cues only — improved weather situation awareness of pilots and reduced their mental

workload even if experimental group and control group kept similar distances to hazardous weather.

3.3 Visual Modality: Eye Tracking, Display Cues, and Attention Guidance for Air Traffic
Control Centers and Cockpit

All visual elements and information presented on controller screens such as air situation displays shall
support decision making of human operators. Some visual cues indicate recommended times and content
of aviation actions such as uttering ATC commands. However, there is no assurance that the relevant

displayed information is also noticed at the right time.

16This work has been supported by the habilitand in the course of a research semester at FAA William J. Hughes Technical
Center in Atlantic City, NJ, USA.
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3.3 Visual Modality: Eye Tracking, Display Cues, and Attention Guidance

The eye tracking technology is used to determine where human operators in aviation are looking at.
For example, a low-budget infrared eye tracker that is mounted at the bottom of a display analyzes
at which aircraft radar label or aircraft icon a controller is looking at. An accuracy of around one
centimeter on the screen is sufficient for this use case as the aircraft radar labels seldom overlap each
other. If it is assumed that the current gaze point equals the point of the human’s current visual
attention, eye tracking serves as a proxy for analysis of visual attention. Similarly, mouse tracking can
complement the determination of visual attention. Knowing the current visual attention is valuable
because it can help to predict the next actions of human operators. If a controller is visually scanning
an aircraft radar label, the likelihood of this aircraft receiving an ATC command in the near future
is high. If a controller does not visually scan a displayed airspace area or an aircraft radar label, the
current importance of this element for the controller can be assumed to be low. However, if an assistant

system recommends a visual check of such an area, measures to guide the attention can be initiated.

ATCos not only need to assure safe but also efficient air traffic, which can be achieved by adhering to
optimized target times of aircraft at waypoints. The following sections outline visual display aids to
meet target times, explain visualized re-routing advisories and weather data in ATCo displays, show

how eye tracking can support to guide ATCo attention, and connect eye tracking data with ASRU.

3.3.1 Visual Display Aids for Approach Controller Support

Approach ATCos at highly congested airports need to take care of issuing instructions to pilots on time
to avoid any unnecessary delay in the air traffic flow. One of the most critical phases is merging aircraft

streams from different cardinal directions into one final arrival stream.

In a simplified prototype with three aircraft streams, five different visual display techniques as shown
in Figure 3.8 have been implemented to support merging into one final arrival stream in a time-based
manner [Ohneiser et al., 2018al: (1) a Baseline display with current time and target times of aircraft; (2)
a Time-To-Gain/Lose display that shows alphanumeric values on accuracy in seconds at each aircraft
label; (3) a Slot Marker, i.e., a circle indicating the optimum position of an aircraft in order to meet its
time constraints; (4) a TargetWindow on a centerline to present the final positions of all aircraft in the
merged arrival stream; and (5) a Timeline display with aircraft strips assigned to a scheduled time
to be compared with the aircraft strips on projected times. The simplified aircraft labels consist of a
callsign with abbreviated cardinal direction for North (N), Center (C'), or South (S not shown) and a

number in the first line as well as the current ground speed value in knots in the second line.
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Figure 3.8: Time-based visual display aids: Baseline (top left), Slot Marker (bottom left), Time-To-
Gain/Lose (middle top), TargetWindow (middle bottom), Timeline (right).
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3 Concepts, Implementations, and Validation Campaigns for Interaction Prototypes

More details about the visual display aids and evaluation results can be found in:

Ohneiser, O., Ahlstrom, V., Tracy, K., and Williams, B. Comparison of Air Traffic Controller

Display Techniques for Reaching Target Times at Significant Waypoints. In IEEE/AIAA 37th Digital

Avionics Systems Conference, DASC 2018, pages 1092-1101. London, UK, 23-27 Sep, 2018.
https://doi.org/10.1109/DASC.2018.8569365 reprinted as article —5 in the annex

Fifteen US American ATC experts and one ATCo participated in a human-in-the-loop simulation
at Federal Aviation Administration (FAA) regarding five different display-techniques for time-based
merging of arrival streams [Ohneiser et al., 2018a]. The participants had to adjust aircraft speeds in
order to meet the aircraft target times. Most of the participants performed best with the Slot Marker
aid, i.e., the aircraft reached their target times accurately. However, the number of speed commands was
also higher as for other visual aids. The higher the number of speed changes, the more inefficient the
flight profile. When analyzing the weighted performance scores, the Timeline and Time-To-Gain/Lose

aid also led to good performances.

3.3.2 Situation Awareness Aspects for Aviation Weather

The projects MET4JATM'7 (Meteorology for Air Traffic Management) and SINOPTICA'® (Satellite-
borne and In-situ Observations to Predict The Initiation of Convection for ATM) integrated advanced
meteorological information into the visual modality elements of controller working positions as shown

in Figure 3.9.

+1  AFR505 Descend FL 110

~i"4 DLH2HP = +57 DLH2HP  Direct To LURER
E190 (M) +84 BAW956M Reduce KT 220
118 272 14:47:38 +100 FHY313  Reduce KT 180

Figure 3.9: Re-routing trajectory (yellow) of aircraft DLH2HP around severe weather cell (dark blue)
with ATC advisories (green highlighted commands in Advisory Stack) after [Ohneiser et al.,
2019c].

"The German national project MET4ATM (2016-2018) was partly funded by the Federal Ministry for Economic Affairs
and Energy/LuFo.

18The Horizon 2020 SESAR research project SINOPTICA (2020-2022) was partly funded by SESAR Joint Undertaking
(Grant Number 892362).
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3.3 Visual Modality: Eye Tracking, Display Cues, and Attention Guidance

The aircraft DLH2HP with landing sequence number 14 on the left side of Figure 3.9 is affected by
severe weather as shown with the yellow tilde symbol. The yellow line with red dots represents the
two-dimensional view of a calculated four-dimensional re-routing trajectory around the severe weather
cell. The balance point of the weather polygon is shown with a yellow circle, the predicted direction and
speed of movement are visualized with the orientation and length of the yellow arrow. The Advisory
Stack on the lower right side gives time-based recommendations for ATC commands to ATCos to
implement the calculated plan. More precisely, for DLH2HP it recommends a heading change to 117
degrees in a few seconds and roughly one minute later flying directly towards the waypoint LURER to

rejoin the original route.

The weather visualization implementation also includes dynamic updates of convective weather cells
morphing from the current to the predicted shape integrated into an air traffic radar display [Ohneiser
et al., 2019¢]. Furthermore, automatic detour planning with reroute command advisories resulting in
updated four-dimensional aircraft trajectories to avoid convective weather are calculated and displayed
in real-time [Ohneiser et al., 2019¢c]. More details about concept and visualization of weather and

re-routes can be found in:

Ohneiser, O., Kleinert, M., Muth, K., Gluchshenko, O., Ehr, H., Grof}; N., and Temme, M.-M. Bad
Weather Highlighting: Advanced Visualization of Severe Weather and Support in Air Traffic Control
Displays. In IEEE/AIAA 38th Digital Avionics Systems Conference, DASC 2019. San Diego, CA,
USA, 08-12 Sep, 2019.

https://doi.org/10.1109/DASC43569.2019.9081773 reprinted as article =6 in the annex

It has been evaluated in the simulated Milano-Malpensa airspace with two parallel runways if the
situation awareness of controllers can be increased by these advanced weather visualization tech-
niques [Temme et al., 2023]. Five controllers from Germany, Austria, and Poland participated in the
SINOPTICA human-in-the-loop simulation [Temme et al., 2023]. The arrival management system
used in the simulation provided fly-around routes to avoid severe weather areas. The human operators
appreciated the support in approach planning and re-routing from the visual and from the planning

point of view [Temme et al., 2023].

Improved weather visualization has also been analyzed in cockpits [Ahlstrom et al., 2016]. More
precisely, the effect on general aviation pilot behavior when using portable weather applications was

investigated in a simulator study at FAA.

The portable device visualized the planned flight route as well as any hazardous weather to improve
weather situation awareness as well as decision making, cognitive engagement as measured with

functional near-infrared spectroscopy methods, and the resulting distance to convective weather.

Seventy US American pilots participated in a human-in-the-loop validation study at FAA for mobile
weather applications in the cockpit [Ahlstrom et al., 2016]. The solution group used a mobile weather
app, the baseline group did not. The use of portable applications did not degrade pilot performance in
safety related tasks. It increased weather situation awareness and led to larger distances from hazardous

weather in the solution group compared to the baseline group [Ahlstrom et al., 2016].

19This work has been supported by the habilitand in the course of a research semester at FAA William J. Hughes Technical
Center in Atlantic City, NJ, USA.

27


https://doi.org/10.1109/DASC43569.2019.9081773

3 Concepts, Implementations, and Validation Campaigns for Interaction Prototypes

3.3.3 Attention Guidance for Human Operators in Aviation

If eye tracking measurements can be used to deliver the actual visual attention of a human operator, this
data can serve as an input to also guide the operator’s attention. The attention guidance functionality
defined herein contains of three steps [Rataj et al., 2021b] — with actual attention measurement being
step 1. For step 2, it must be determined where the current target attention should be, i.e., a display
area that the operator should visually check. This information can be derived with the support of
electronic assistant systems such as arrival manager, departure manager, or surface manager in case of
an ATCo. For example, the current attention should focus on two aircraft involved in a short-term

conflict or on an aircraft about to be handed over into the responsibility of another airspace sector.

If steps 1 and 2 are executed — independently of their order — and there is a mismatch between the
current attention area and the target attention area, step 3 consists of taking measures to smoothly
guide the human operator attention. The attention guidance mechanisms can be auditory, tactile,
or visual. While auditory and tactile measures are independent of the human’s field of view, the
visual attention guidance mechanism is more precise if it comes to certain areas of interest in a display.
Before actually executing the attention guidance cues, it should be evaluated by considering the current
progress of the operator’s scan pattern if the target area of attention will be reached soon. If so, it

might be less disturbing for the human operator to wait until escalating attention guidance cues.

3.3.4 Attention Guidance Prototype for Flight-Centric Air Traffic Control

An attention guidance (AG) prototype has been developed in the project PJ.16-04 CWP HMI AG*°
for the use case of flight-centric ATC in Hungary’s upper airspace. Several upcoming ATC events such
as handovers as well as medium- and short-term conflict alerts are weighted given their urgency and
importance [Ohneiser et al., 2018¢|. If the AG mechanism is started, visual cues are escalated as shown
in Figure 3.10 [Rataj et al., 2021b]. Level 0 includes the default view. In escalation level 1, a rectangle

around an aircraft radar label is highlighted.

In escalation level 2, an additional semi-transparent circle highlights the aircraft icon. In escalation
level 3, a glowing effect strengthens the visual cuing effect of the semi-transparent circle to draw the
human operator’s attention. The highlighting immediately disappears if the controller visually checks

the relevant display spot.

Level O Level 1 Level 2 Level 3

RYR314 ' BN
\

Figure 3.10: Escalation levels of attention guidance prototype for air traffic control events with their
visual cues.

20This solution’s activity with 11 European partners was led by the habilitand.
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3.3 Visual Modality: Eye Tracking, Display Cues, and Attention Guidance

More details about the attention guidance concept and validation results can be found in:

Ohneiser, O., Giirlik, H., Jauer, M.-L., Szoll6si, A., and Ballé, D. Please have a Look here:
Successful Guidance of Air Traffic Controller’s Attention. In 9th SESAR Innovation Days, SID 2019.
Athens, Greece, 02-05 Dec, 2019.

https://s.dlr.de/qyGZM reprinted as article —7 in the annex

Five Hungarian ATCos participated in the PJ.16-04-AG trials at HungaroControl [Ohneiser et al.,
2019a]. The ATCos perceived less workload and improved situation awareness when they got support
from the attention guidance mechanisms compared to no support at all [Ohneiser et al., 2019a]. They
also rated acceptance and confidence with the attention guidance condition higher as without. They

appreciated the smooth nature of attention guidance via visual cues very much.

3.3.5 Vigilance and Attention Controller

The MINIMA?! project (Mitigating Negative Impacts of Monitoring high levels of Automation) developed
adaptive automation functionalities for an approach AT Co air situation display. The adaptive automation
was implemented in an assumed future environment where the human operator primarily does monitor
the traffic instead of interactively guiding air traffic and speaking to flight crews [Berberian et al., 2017].
The use case comprised arriving and departing aircraft for two independent parallel runways. The
adaptive ATCo tasks and support activation were triggered by a vigilance and attention controller
consisting of two modules. The first module was an eye tracking based attention controller that guided
the ATCo attention to display spots of upcoming ATC events and to seldom visually scanned aircraft
via different visual cues [Ohneiser et al., 2018b]. The second module was an EEG based vigilance
controller. The brain activity data from the head-mounted EEG activated or deactivated ATCo support
functionality [Di Flumeri et al., 2019]. If the human vigilance decreased, more tasks were allocated
from the machine back to the human operator in order to keep the human better in the mental loop. If

the vigilance increased, some tasks were allocated back from the human operator to the machine.

Examples for those dynamically allocated tasks or offered support tools are the sector size, i.e., the
area of ATCo responsibility, manual/automatic assuming of aircraft, displaying/hiding ATC command
advisories, displaying/hiding inter-aircraft distances on the runway centerlines, situation awareness
questions to be answered, and the visual attention guidance cues [Ohneiser et al., 2018b]. Fourteen
Italian ATCos participated in the MINIMA proof-of-concept trials [Di Flumeri et al., 2019]. While the
human operators’ vigilance decreased over time in the monitoring task as intended, the decrease was
much less in the solution condition compared to the baseline condition [Di Flumeri et al., 2019]. More
precisely, the EEG-based vigilance score after 40 minutes within a simulation run decreased by almost
50% compared to the start of the simulation run in the baseline condition whereas it decreased by
only 21% in the solution condition. The operator involvement in the baseline condition was much less
compared to the solution condition in which the vigilance and attention controller component actively
managed the assignment of tasks to the human and the machine as well as adapted the availability of

automation support [Di Flumeri et al., 2019].

21The Horizon 2020 SESAR exploratory research project MINIMA (2016-2018) was led by DLR. — project responsibility
was assumed by the habilitand in the project’s fade-out phase — and was partly funded by SESAR Joint Undertaking
(Grant Number 699282).
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3.3.6 Improve Air Traffic Control Concept Prediction

As outlined in Section 3.1.5, the accuracy of ATC concept prediction improves the accuracy of ATC
concept extraction. The visual attention of a controller on specific areas on the radar screen, e.g.,
aircraft labels, indicates that the characteristics of this very aircraft is currently analyzed to derive any
future instruction. An eye tracker can evaluate how often, how long, and how recent a controller looked
at a certain aircraft radar label. The most recent watched labels with their aircraft callsigns as well as

commands for this aircraft are likely candidates to be verbalized in the next utterances.

Thus, callsigns and commands can be assigned with a higher probability to influence the automatic
recognition of speech and extraction of concepts [Ohneiser et al., 2021a]. Hence, eye tracking, i.e.,

fixations, can serve as a proxy to predict the next, most likely ATC concepts that will be uttered.

Two German controllers participated in a human-in-the-loop simulation regarding the prediction of
ATC concepts [Ohneiser et al., 2021a]. The probabilities for predicted commands improved by a factor
of four when considering eye tracking data of ATCos [Ohneiser et al., 2021a]. The error rate of the
predictions was reduced by a factor of 25 regarding the three most probable aircraft to be uttered in
the next commands [Ohneiser et al., 2021a]. More details on improving ATC concept prediction and

visual verification of ASRU output can be found in:

Ohneiser, O., Adamala, J., and Salomea, I.-T. Integrating Eye- and Mouse-Tracking with Assistant
Based Speech Recognition for Interaction at Controller Working Positions. Aerospace, Special Issue
Aeronautical Informatics, 8(9), 2021.

https://doi.org/10.3390/aerospace8090245 reprinted as article —8 in the annex

3.3.7 Support Verification of Displayed Speech Recognition and Understanding Output

As mentioned in Section 3.1.7, the ASRU output for aircraft radar label maintenance is visualized with
highlighted values in the air situation display. Earlier feedback of ATCos indicated that they do not
want to confirm the output by clicking on an aircraft radar label check mark each time as the majority

of outputs is correct [Helmke et al., 2016a].

In a row of further validation trials with other ASRU prototypes, ATCos stated that they would
prefer having a time to correct or reject the ASRU output with succeeding automatic entry of the

electronic ATC system.

However, it would be beneficial to check if the ATCo at least visually scanned the output value to
replace the active mouse click confirmation. Again, the fixations on aircraft radar labels as determined
by an eye tracker can support such a functionality. If the ATCo did not look at the radar label
with ASRU output, the visual saliency can be escalated until the output may be discarded if visually

unchecked in the final escalation step [Ohneiser et al., 2021a.

The eye tracking-based verification support and the prediction support are already a combination
of two modalities to use the mutual benefits. Two German controllers tested the visual verification
of ASRU output [Ohneiser et al., 2021a]. This worked technically well and might replace manual
click-based confirmation of ASRU output [Ohneiser et al., 2021a].
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3.4 Multimodality: Combination and Integration of Three Interaction Technologies

3.4 Multimodality: Combination and Integration of Three Interaction Technologies for
Controller Working Positions

After exploring the benefits and drawbacks of the auditory, tactile, and visual interaction, a combination
of them promised to reveal further potential. The feasibility of the three modalities has been assessed

for the three basic ATC instruction parts to span a matrix as shown in Figure 3.11.

Command Element
Callsign | Type Value

Speech Recognition & ) .
. . medium | medium | good
Interaction Understanding
Technology | Gesture Recognition | medium | good | medium
Eye Tracking good poor poor

Figure 3.11: Assessment of interaction technology feasibility for human input of ATC command elements
after [Ohneiser et al., 2016].

Eye tracking can poorly be used to select values or types from a long list. However, it worked well
for visually selecting aircraft radar labels that are usually separated from each other on the display and
have a maximum number of around a dozen. Gestures to select aircraft via icons as well as to select
values via sliders or from a list were feasible. However, they were ergonomically unfavorable and hid
important information in the background. Thus, intuitive no-look gestures — restricted in their number
— to be performed on an extra multitouch device were well usable to identify command types such
as swiping down/up for DESCEND/CLIMB or swiping left /right for REDUCE/INCREASE. ASRU

basically works well on callsigns with contextual knowledge as well as on types or numbers.

However, usually the values in a reasonable unit are uttered in natural communication. For example,
when asking somebody for the way to the airport, the response typically includes looking in the
direction of the airport, performing a hand/arm gesture towards the airport walkway, and verbalizing
the distance value, e.g., in kilometers. Thus, ASRU promises to be most intuitive for the recognition
of command values when combining three different modalities. The green diagonal from the matrix
(Figure 3.11) was chosen for the concept of a multimodal controller working position [Ohneiser et al.,
2016]. The three interaction technologies and three ATC concepts were integrated for the TriControl®?
prototype as sketched in Figure 3.12 and detailed in:

Ohneiser, O., Jauer, M.-L., Giirlik, H., and Uebbing-Rumke, M. TriControl — A Multimodal
Air Traffic Controller Working Position. In 6th SESAR Innovation Days, SID 2016. Delft, The
Netherlands, 08-10 Nov, 2016.

https://s.dlr.de/bM1th reprinted as article =9 in the annex

To form an instruction, the ATCo looks at an aircraft label on the radar screen. The eye tracker
detects the gaze on the label and uses the aircraft callsign, e.g., DLH4TN to send the next instruction
to. The ATCo also performs a gesture on the multitouch device to instruct the command type, e.g.,
swipe down. The value needs to be spoken by the ATCo, e.g., siz zero. The gaze, the gesture, and the

speech can be done in sequence or in parallel.

22The number three is pronounced as tri in ATC radio telephony and serves for the prototype name.
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Automatic Speech Recognition and Understanding

) @
SiX zero Command Value @@ TriControl

CSA2MZ

gaze ~~._ "

fixation S~ Command
Eye Tracking Device piaTN  Aircraft Callsign DLHATN
: DESCEND
! swipe y EZY37RV 60 FL

down Command Type

Multi-Touch Display

Figure 3.12: Scheme of the multimodal controller working position TriControl to combine command
elements as entered via different interaction technologies.

Finally, the completed instruction is checked for plausibility of the three single concepts and the
combined command?? in order to increase robustness. Thus, the only reasonable unit FL for the given
command is added automatically. The final command, e.g., DLH/TN DESCEND 60 FL must be

confirmed with a one-finger tap gesture.

The instruction can then be up-linked to the aircraft or read via text-to-speech functionality on the
radio frequency. This multimodal working position can be seen as the overarching prototype for the

investigated interaction technologies in this thesis as shown in Figure 3.13.

| BER8411 HEADING
BERS8411
40 2019 .

Eye-Tracking 180 F100

e ¥

-
Multi-Touch

Speech Recognition

Figure 3.13: Validation setup of the multimodal controller working position prototype TriControl integ-
rating eye tracking, gesture recognition, as well as speech recognition and understanding.

23The habilitand co-holds the European patent No. 17158692.8 on an Assistance Based Controller Command Creator
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3.5 Limitations of Human-in-the-loop Simulation Setups

A human-in-the-loop simulation study has been conducted with the TriControl?# prototype in order
to assess the current technical feasibility [Ohneiser et al., 2020] and to evaluate a potential speed gain

in entering instructions into the electronic ATC system [Ohneiser et al., 2018d].

The TriControl prototype has been evaluated in proof-of-concept trials with fourteen ATCos from
the German ANSP at the DFS site. The participants’ performance showed potential for a 15% speed
gain to enter ATC commands multimodally into the ATC system compared to conventional manual
input mode [Ohneiser et al., 2018d].

However, the variability in results was high for the solution condition, i.e., some ATCos performed
command input with TriControl much faster than with the baseline system while others were slower
compared to the quite homogeneous performance with the baseline input. This could indicate that
some more training is needed with the TriControl system in order to achieve a more homogeneous

performance of human operators. Some more details on those results can be found in:

Ohneiser, O., Jauer, M.-L., Rein, J. R., and Wallace, M. Faster Command Input Using the
Multimodal Controller Working Position “TriControl”. Aerospace, 5(2), 2018.
https://doi.org/10.3390/aerospace5020054 reprinted as article —10 in the annex

The active approach ATCos rated system usability, ease of use, user-friendliness, learnability, and
acceptance of the early-stage prototype very positive [Ohneiser et al., 2020]. They even stated to be
willing to use such a system in their daily ATC work. A row of further aspects of feasibility of this

prototype can be found in:

Ohneiser, O., Biella, M., Schmugler, A., and Wallace, M. Operational Feasibility Analysis of the
Multimodal Controller Working Position “TriControl”. Aerospace, 7(2), 2020.
https://doi.org/10.3390/aerospace7020015 reprinted as article —+11 in the annex

3.5 Limitations of Human-in-the-loop Simulation Setups

All validated research prototypes were not intended to be as robust as they would need to be in
operations, i.e., a re-start of simulation runs have happened once in a while. The working positions of

controllers and pilots were designed to provide a look-and-feel as close to operations as reasonable.

However, as the operational working positions differ, e.g., between ANSPs across Europe and even
inside a country, the only goal for the simulations could be to find commonalities and to provide layout
and tools that come close to the majority of working positions. Hence, the main part of adjusting the
simulation environment usually contains of adapting the air situation data displays, e.g., showing radar

data of aircraft.

With this, also the tasks and the assistance systems that human operators perform in real operations
differ from those during the simulations. Furthermore, there was no coordination between ATCos
working at the same working position, between ATCos from different air traffic service units, and from

adjacent airspace sectors or between pilots and co-pilots.

24The simulation study setup and basic functionality of TriControl can be seen in this video:  https://s.dlr.de/sLmxi
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Further restrictions mainly apply due to the limited resources to run simulations, i.e., the budget
and time required for expensive professional study subjects like ATCos or pilots, for validation staff,
and for the maintenance and operation of high-fidelity validation infrastructure. Telephone surveys in
other domains usually have more than 1000 participants in order to generate representative results.
This number would mean that 50% of the German ATCos would need to travel to and take part in a
study that typically requires the presence on one or two simulation days. As this is not feasible with

the given resources, the number of ATCos participating in a simulation study is usually around ten.

All study subjects undergo a training at the prototypic working position at the beginning of each
study. However, the amount of time was limited and not comparable to operational trainings regarding
newly introduced features and technologies at working positions. In addition, the number of different
air traffic scenarios and their content that can be part of simulations is small. Thus, simulations often
focus on one or two baseline and solution runs to be compared. Non-nominal circumstances such as
emergency flights, runway closures, separation infringements, etc. can only be integrated in a very
small number and must be well-planned in order to guarantee comparability between different study
subjects’ results and to keep a high degree of realism in the simulation. The simulation realism is
as well affected by further aspects such as individual characteristics of human simulation pilots that
communicate with ATCos, the familiarity of study subjects with an airport or airspace setup, the study
subjects’ experience with tested technologies, and the general attitude towards simulations. Hence, it is
often difficult to achieve statistically significant results, i.e., where the performance and judgments of

human aviation operators and the overall system performance is far away from any ambiguity.

Still the early and iterative involvement of system matter experts with recording of objective and
subjective data tremendously helps to build prototypes that will be accepted by human aviation
operators in later operations after they have been tested in field trials on higher TRLs. The used
simulation setups are repeatedly confirmed to be close to real operations. Each validation campaign
and each tested software iteration reveals aspects for improving the studied prototypes in order to

minimize the gap between pre-industrial prototypes and potential future applications.
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4 Summary and Conclusions of Validations with Outlook on Future Work

This cumulative habilitation thesis described multimodal interaction technologies at aviation working
positions to support human operator awareness regarding the air traffic situation, different types of
weather data, and pending air traffic events in order to instruct timely verbal commands to pilots and
to manually feed digital air traffic management systems with the command content. The following
three sections summarize the developed and validated prototypes, conclude the main results, and give

an outlook on future directions.

4.1 Summary of Activities on Aviation Interaction Technology Prototypes

The prototypes of the reported validation studies usually make use of hardware and basic software that
already exists for automatic recognition of speech, gestures, and gazes. The applied research prototypes
built advanced software functionalities on top using the air traffic domain knowledge and covering the

active and passive side of three interaction modalities.

Speech understanding for air traffic control (ATC) utterances analyzes the active auditory side when
human aviation operators are speaking, while text-to-speech for ATC utterances supports the passive
side of a listening operator. Sophisticated ATC command gestures are used on the active tactile side
when operators are touching interactive elements, while tactile cues for notification purposes in aviation
support the passive side of feeling touch. Eye tracking input is utilized on the active visual side when
operators are looking, while visual cues for advanced air traffic management applications serve for
highlighting on the passive side. Reasonable combinations of those enhanced interaction technologies

have been integrated into a common conceptualized multimodal aviation working position.

As mentioned in Chapter 3, each implemented prototype has undergone human-in-the-loop real-time
simulation studies, i.e., controllers or pilots actively using the systems. These validation trials were used
to record objective and subjective data based on measurements, questionnaires, and semi-structured

interviews.

The measures of interest heavily depended on the tested use case. The measurement of human operator
workload and situation awareness was quite common in all trials. But also, usability, acceptance, trust,
satisfaction, and human errors have been evaluated. Those aforementioned human factors have been
evaluated with subjective measures, and wherever possible with more objective means. If applicable,
flight times, flight distances, and number of movements in a specific area have been recorded in
order to objectively calculate potential capacity benefits. Furthermore, the accuracy of the prototype
functionality itself has been analyzed in the form of correct and erroneous ATC concept predictions

and extractions.

In the course of the outlined research activities on human machine interaction in aviation, more
than a dozen of prototypes using some or all of the three modalities auditory/tactile/visual have been

developed and tested.
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4 Summary and Conclusions of Validations with Outlook on Future Work

More than 130 controllers from more than a dozen different, mainly European countries, more than
70 pilots, mainly US American general aviation pilots and a few European commercial pilots, as well
as other ATC experts participated in altogether 16 human-in-the-loop validation campaigns. Those
simulation studies on different technology readiness levels often included iterative pre-trials to ensure
suitability of final trials to validate the research hypotheses. The majority of those studies took place in
DLR Braunschweig’s Air Traffic Validation Center while a minority was held at the research facilities

of European project partners, at the FAA in the US, or partly online.

In the field of automatic speech recognition and understanding (ASRU), ATC radio telephony
commands have been predicted and actual voice utterances were automatically recognized on word-
level as well as on semantic level with the extraction of ATC concepts based on an ontology. Those
functionalities were driven by machine learning techniques in order to reduce the manual effort
for building rules. The ASRU command extraction, still relying on a well-performing rule-based
implementation, has shown to deliver robust results on operational and simulation data from all
phases of flights as covered by controllers and pilots in en-route, approach, tower, and apron phase.
Text-to-speech technology has successfully been explored for synthesizing ATC utterances with realistic

audio output.

Eye tracking was used to derive the visual attention of human operators in different air traffic
management environments. It enabled to guide the operator attention to relevant displayed ATC
events, to more accurately predict upcoming ATC commands, and to verify if the ASRU output has
been visually scanned before it enters the electronic ATC system. The combination of ASRU, touch
gestures, and eye tracking has been integrated in a multimodal controller working position to enter
ATC commands. Within the latter prototype, the aircraft callsign was selected via gaze, the command

type via two-dimensional multitouch gestures, and the command value via ASRU.

4.2 Conclusions of Human Machine Interaction Prototypes Validation Results

The comparison of results with prototypic implementations against baseline systems showed several
benefits for human aviation operators in the tested environments such as a statistically significant
reduction of human aviation operators’ mental workload and an increase in situation awareness. The
interaction technologies have shown to offer intuitive human machine interaction and achieved good
acceptance and usability ratings. The multimodal interaction prototype revealed a potential speed gain
for ATC command input of 15%.

Different prototypes enabled automated digitized air traffic control system input while reducing
the safety-relevant number of errors by a factor of two at the same time. Many visual cues including
weather visualization or time-based information and especially the non-intrusive attention guidance
have shown that lightweight implementations can already be enough to effectively support controllers or
pilots. However, the validation studies on a broad spectrum of interaction technology prototypes mainly
considered TRL2 to TRL4 and are based on laboratory environments. Only the ASRU technology
already investigated operational data and has proven to fulfill preindustrial TRLG6.

Regarding ASRU prototypes, the often asked question remains: Are the achieved command recognition
rates beyond 90% enough or are 100% needed? ASRU in ATC is not replacing any existing method,

e.g., the manual data input of human aviation operators; it is only complementing it.
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4.3 Outlook on Further Research Directions of Interaction Concepts and Applications

Thus, the human operators can be relieved of workload in 9 of 10 cases. Only one case remains to
require very similar manual work than without ASRU. Of course, a low command error rate as achieved
with rates below 5% in the majority of ATC environments and ASRU prototypes is important in order
to avoid intense manual error correction. Hence, a command recognition rate of 90% already enables
benefits for human operators even if there is nothing against pushing the rates towards 100%. Most of
the ASRU prototypes have shown a reduction of mental workload of human aviation operators based on
objective secondary tasks. This mainly results from reduced time for mouse clicking due to automatic
radar label and flight strip maintenance, e.g., for an ATC approach scenario the clicking time was
reduced by a factor of three. The electronic ASRU support even came along with less wrong or missing
inputs from controllers into aircraft radar labels, i.e., a reduction by a factor of roughly two compared

to only manual input.

For ASRU prototypes there is no need for the controllers and pilots to adapt their behavior, i.e.,
the active communication speech can remain the same as usual. This is even more the case as not
only ICAO standard phraseology is supported by ASRU prototypes, but a huge number of common
phraseology deviations. However, if controllers see and feel the support through ASRU and the following
electronic support systems, they automatically adapted their speech, i.e., they spoke clearer and with
less phraseology deviations to get even better automatic support. Thus, the pure presence of an ASRU
system in ATC could already increase safety if human operators in aviation stick closer to the safety

relevant ICAO communication rules.

Coming back to the research question in Chapter 1, human machine interaction technologies such
as ASRU, gesture recognition, and eye tracking on the active side, text-to-speech, tactile and visual
cues on the passive side as well as their multimodal combination have shown to support digitization of
ATC data, to improve usability, to reduce mental workload of human aviation operators, to enhance

situation awareness, and to even improve ATM efficiency and safety.

4.3 Outlook on Further Research Directions and Industrialization of Interaction Concepts
and Applications

All investigated interaction technologies should be brought to higher technology readiness levels (TRL)
to enable field trials or at least human-in-the-loop simulations in environments close to operations. This
means to mature the multimodal controller working position prototype TriControl, multitouch inputs,
and eye tracking based applications such as attention guidance and visual cues beyond TRL4. The
ASRU technology will be brought beyond TRL6 with a technology transfer as a commercial company
recently took over the know-how via license. However, the safety certification process will also need to
be tackled. So, the target is to have ASRU operational for ATC before the end of this decade. Further
interaction technologies can become operational at a later stage. The work and results in this thesis
build the basis for further technology maturation, which would otherwise not have been possible in a

streamlined way.

Additionally, more applications and an expansion to further aviation environments building on the
generated results should be fostered. For the acoustic modality, this may include ASRU for digitizing
ATS communication inside aircraft cockpits or between human aviation operators using contextual

knowledge as well as analysis of aviation incidents and accidents.
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4 Summary and Conclusions of Validations with Outlook on Future Work

An integration of advanced text-to-speech technologies can help to build a realistic simulated ATC
environment for training of controllers and pilots. Given the semantic extraction of ATC concepts from
radio telephony utterances, there can be an analysis of the human operator speech conformity with the
prescribed rules. This can be done in an anonymized way for a group of human operators’ speech or if
it is ethically justifiable, in training phases to improve trainees’ speech conformity. The sonification of
air traffic control data' as another auditory interaction prototype has as well the potential to improve

controllers’ situation awareness.

The initial exploration of three-dimensional gestures, e.g., via leap control, could be intensified in
order to evaluate potential benefits and drawbacks when using them in air traffic management contexts.
Eye tracking data could be used to derive complex visual scan patterns of human aviation operators
in their individual environments to enable an even more operator-centered guidance of attention to
relevant events and display spots. With this, the visual cues and the information conveyed with them

can be optimized and adapted for the relevant use case.

Multimodal human machine interaction could benefit from individualizing the choice of interaction
modes for the user due to personal preferences and to overcome any disabilities. Further information
could be integrated into even broader multimodal interaction such as lip reading to improve ASRU
performance or stress detection of human operators to offer customized interaction functionalities.
There is also further potential to suggest ATC commands or to automatically complement command

parts as well as to perform plausibility checks of generated commands.

Different levels of automation as materialized with the interaction prototypes describe the path from
manual control via decision support to full automation [Endsley and Kaber, 1999]. Using multimodal
interaction technologies in a smart way can help to further walk along the path towards higher levels
of automation in different aviation domains such as air traffic management [SESAR3JU, 2020]. The
presented technologies also support the operational need considering future regulations that require more
alerting functions to be implemented, which comes from the likely need for more entered data into digital
ATC systems than today, e.g., due to Commission Implementing Regulation (EU) 2021/116 [European
Commission, 2021]. Thus, multimodal interaction technologies have shown their potential to support
human aviation operators especially at controller working positions and will be subject to further

research and development considering this Aeronautical Informatics thesis as relevant input.

!The habilitand co-holds the German patent No. 10 2019 113 680 on a Melody Message
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List of Own Publications and Description of Habilitand Contribution

The following list shows all habilitation relevant scientific publications of the habilitand that have been
published after the submission of his doctoral thesis in 2016 until 2024'. The bibliometric list highlights
in each entry in bold font the name of the habilitand to spot the authorship position. Furthermore, the
journal articles as well as six “best paper” awards for conference papers, two “best presentation” poll
achievements, and an article that has been selected for the cover story of the Aerospace journal are
highlighted in bold font. The list consists of 52 publications including 15 journal articles. The journal
articles have been published in seven different journals with impact factors between 2.1 and 6.0 — with
slight deviations depending on year and metrics analysis organization, ranking in the best quartiles of
their field. It also comprises of 28 full triple-peer reviewed and 8 abstract-reviewed conference papers.
Among the mentioned 52 papers, the habilitand has been first author of 15 and second author of 7
papers. Those 22 papers as first or second author are listed with an aircraft icon bullet (%) compared
to the hand/pen icon bullet (#s). The aircraft indicated papers have some additional explanation of
their content and information about the habilitand’s portion of authorship regarding DLR contribution

as listed below.

Among the papers written as first author, 6 papers are journal articles and 7 papers are full triple-peer
reviewed conference papers — some of the latter having won awards as detailed below. Eleven of those
thirteen papers in first authorship are the core contribution to the cumulative habilitation thesis. Hence,
the habilitand’s contribution to them is explained more in detail in the first part of the list of own
publications even if at least all journal articles contain a basic CRediT (Contributor Roles Taxonomy)
authorship contribution statement. Furthermore, some copyright details for reprinting the eleven papers
are noted. These papers’ journals and conferences have an average impact factor of 2.2. They were
written with four and a half co-authors in average and have more than five citations per paper. The
order of the eleven publication copies is again based on the human modalities, i.e., auditory, tactile,
and visual modality as well as a combination of these modalities. The other 41 papers with habilitand
contribution are listed in anti-chronological order and are partly detailed in the second part. The
total of 52 papers has been written together with 125 authors from 51 institutions from academia
and industry — e.g., research organizations, universities, air navigation service providers, air traffic

management system suppliers, and airports — being located in 19 countries on 3 continents.

The habilitand was also one of two guest editors for the special issue “Automatic Speech Recognition
and Understanding in Air Traffic Management” (ASRU in ATM) of the journal Aerospace [Helmke
et al., 2024b] that has been printed as a hard cover book. The edited book comprises 12 research articles
from 54 different authors working for 23 institutions in 13 countries on 4 continents. It investigates
advantages and disadvantages of ASRU in ATM and emphasizes the need for an industry transfer for
operational use of this technology. The habilitand has been identified as one of the Top-5 authors

world-wide regarding research on human-machine interface in air traffic control [Wang, 2023].

'One journal paper has been accepted for publication in 2024 and has finally been published in 2025. One technical
report of minor importance has already been published in December 2015.
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List of Own Publications and Description of Habilitand Contribution

Ohneiser, O., Sarfjoo, S., Helmke, H., Shetty, S., Motlicek, P., Kleinert, M., Ehr, H., and
Murauskas, S. Robust Command Recognition for Lithuanian Air Traffic Control Tower Utter-
ances. In 22nd Annual Conference of the International Speech Communication Association,
Proc. of Interspeech 2021, pages 3291-3295, Brno, Czechia (hybrid), 30 Aug - 03 Sep, 2021.
ISCA.

https://doi.org/10.21437/Interspeech.2021-935 reprinted as article —1 in the annex

This paper describes the quality of speech recognition and understanding output applied on ATC
tower utterances. The habilitand was responsible for the relevant ASRU parts when conducting
the human-in-the-loop simulation trials within DLR’s Air Traffic Validation Center. He supported
the conceptualization and implementation of ATC concept extraction together with the primary
programming activities from Helmke, Shetty, and Kleinert, as well as its testing and integration
mainly done by Ehr. Sarfjoo and Motlicek were responsible for the speech recognition part
of ASRU. Murauskas provided expertise from the operational air navigation service provider
side. The habilitand did the complete data analysis and reporting including evaluation of ASRU
metrics on his own. The paper has 65 % habilitand authorship. The paper acceptance rate of the

conference with impact factor 1.3 was just below 50 %.

This paper can be reused without permission for integration in a thesis by the main author due
to Interspeech copyright: “For any article published in Interspeech proceedings, ISCA grants each
author permission to use the article in that author’s dissertation or in institutional repositories
(paper and/or electronic versions), provided that the article is correctly referenced (including

page numbers and/or paper number)”.

Ohneiser, O., Helmke, H., Shetty, S., Kleinert, M., Ehr, H., Murauskas, S., and Pagirys, T.

Prediction and extraction of tower controller commands for speech recognition applications.

Journal of Air Transport Management, 95:102089, 2021.
https://doi.org/10.1016/j.jairtraman.2021.102089 reprinted as article —2 in the

annex

This journal paper explains predicting and extracting ATC tower/ground concepts of an ASRU
system and outlines command recognition rates, command recognition error rates, and command
prediction error rates on air traffic controller voice utterances in a laboratory multiple remote
tower environment. The habilitand was responsible for the relevant ASRU parts when conducting
the human-in-the-loop simulation trials within DLR’s Air Traffic Validation Center. He supported
the conceptualization and implementation of ATC concept prediction and extraction together with
the primary programming activities from Helmke, Shetty, and Kleinert, as well as its testing and
integration mainly done by Ehr. Murauskas and Pagirys provided expertise from the operational
air navigation service provider side. The habilitand did the complete data analysis and reporting
including evaluation of ASRU metrics on his own. The paper in the journal with impact factor
4.1 has 65 % habilitand authorship.

This paper can be reused without permission due to FElsevier copyright policy in “theses and
dissertations which contain embedded final published articles as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal publication

on ScienceDirect”.
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¥

Ohneiser, O., Helmke, H., Shetty, S., Kleinert, M., Ehr, H., Schier-Morgenthal, S., Sarfjoo,
S., Motli¢ek, P., Murauskas, S., Pagirys, T., Usanovic, H., Mestrovi¢, M., and Cern4, A.
Assistant based speech recognition support for air traffic controllers in a multiple remote tower
environment. Aerospace, Special Issue Automatic Speech Recognition and Understanding in
Air Traffic Management, 10(6), 2023.

https://doi.org/10.3390/aerospacel0060560 reprinted as article —3 in the annex

This journal paper presents the results of a human-in-the-loop simulation with controllers in a
multiple remote tower environment being supported by ASRU in the solution condition instead
of using an electronic touch pen for flight strip maintenance in the baseline condition. The
habilitand was responsible for conducting the complete human-in-the-loop simulation trials within
DLR’s Air Traffic Validation Center. He supported the conceptualization and implementation
of ATC concept prediction and extraction together with the primary programming activities
from Helmke, Shetty, and Kleinert, as well as its testing and integration mainly done by Ehr.
Schier-Morgenthal supported the conduction of the human-in-the-loop simulation from a technical
perspective. Sarfjoo and Motlicek were responsible for the speech recognition part of ASRU.
Murauskas, Pagirys, Usanovic, Mestrovié¢, and Cerné provided expertise from the operational air
navigation service provider side. The habilitand did the complete data analysis and reporting
including evaluation of ASRU metrics on his own and organized the transcription and annotation
work for ATC utterances — as well doing a huge portion on his own. The paper in the journal
with impact factor 2.7 has 70 % habilitand authorship.

This paper is published under an open access Creative Common CC BY license, i.e., any part of

the article can be reused without permission.

Ohneiser, O., Ahmed, U. Text-To-Speech Application for Training of Aviation Radio Telephony
Communication Operators. IEEE Transactions on Aerospace and Electronic Systems,
61(2), pages 4542-4560, 2025.

https://doi.org/10.1109/TAES.2024.3504493 reprinted as article —4 in the annex

This journal paper explores using a text-to-speech (TTS) application to simulate aviation radio
telephony communication. The application utilizes open-source pre-trained TTS models fine-
tuned using publicly available ATC communication-specific datasets and synthesizes textual ATC
utterances to simulate ATCo instructions and pilot responses. The habilitand was responsible for
concept, evaluation, and reporting during supervision of the related master thesis of Ahmed. The

paper in the journal with impact factor 5.1 has almost 100 % habilitand authorship.

This paper can be reused for integration in a thesis by the main author: ©2024, IEEE. Reprinted,
with permission, from the habilitand as main author of the paper referenced in this bullet point;
In reference to IEEE copyrighted material which is used with permission in this thesis, the IEEE
does not endorse any of DLR’s or Clausthal University of Technology’s products or services.
Internal or personal use of this material is permitted. If interested in reprinting/republishing
IEEE copyrighted material for advertising or promotional purposes or for creating new collective
works for resale or redistribution, please go to http://www.ieee.org/publications_standard

s/publications/rights/rights_link.html to learn how to obtain a License from RightsLink.
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List of Own Publications and Description of Habilitand Contribution

| Ohneiser, O., Ahlstrom, V., Tracy, K., and Williams, B. Comparison of Air Traffic Controller
Display Techniques for Reaching Target Times at Significant Waypoints. In IEEE/AIAA 37th
Digital Avionics Systems Conference, DASC 2018, pages 1092-1101. London, UK, 23-27 Sep,
2018.

https://doi.org/10.1109/DASC.2018.8569365 reprinted as article —5 in the annex

This paper received the Best Paper Award for the “Air Traffic Control & Flight Planning”
session. It investigates five different visual display aids to support approach controllers in giving
ATC instructions in a time-based merging task of arrival streams. The habilitand was responsible
for conceptualization with review from Ahlstrom, human-in-the-loop simulation, data analysis,
and reporting. He supervised the implementation of the graphical user interface for the study by
Tracy and Williams as part of his research semester with the FAA William J. Hughes Technical
Center in Atlantic City, NJ, USA. The paper of the conference with impact factor 1.0 has almost
100 % habilitand authorship.

This paper can be reused for integration in a thesis by the main author: ©2018, IEEE. Reprinted,
with permission, from the habilitand as main author of the paper referenced in this bullet point;
In reference to IEEE copyrighted material which is used with permission in this thesis, the IEEE
does not endorse any of DLR’s or Clausthal University of Technology’s products or services.
Internal or personal use of this material is permitted. If interested in reprinting/republishing
IEEE copyrighted material for advertising or promotional purposes or for creating new collective
works for resale or redistribution, please go to http://www.ieee.org/publications_standard

s/publications/rights/rights_link.html to learn how to obtain a License from RightsLink.

| Ohneiser, O., Kleinert, M., Muth, K., Gluchshenko, O., Ehr, H., Grof}; N., and Temme, M.-M.
Bad Weather Highlighting: Advanced Visualization of Severe Weather and Support in Air
Traffic Control Displays. In IEEE/AIAA 38th Digital Avionics Systems Conference, DASC
2019. San Diego, CA, USA, 08-12 Sep, 2019.
https://doi.org/10.1109/DASC43569.2019.9081773 reprinted as article —6 in the annex

This paper received the Best Paper Award for the “Human Factors” session. It describes visual
weather highlighting in an ATC situation data display to increase weather situation awareness of
controllers. The habilitand supported the conceptualization of the weather visualization and the
re-routing calculation that was mainly done by Gluchshenko and Temme. He implemented the
re-routing advisories and supported the implementation of weather visualization together with
Kleinert, Muth, and Grof§ as well as supported testing with Ehr. The paper of the conference
with impact factor 1.0 has 40 % habilitand authorship.

This paper can be reused for integration in a thesis by the main author: ©2019, IEEE. Reprinted,
with permission, from the habilitand as main author of the paper referenced in this bullet point;
In reference to IEEE copyrighted material which is used with permission in this thesis, the IEEE
does not endorse any of DLR’s or Clausthal University of Technology’s products or services.
Internal or personal use of this material is permitted. If interested in reprinting/republishing
IEEE copyrighted material for advertising or promotional purposes or for creating new collective
works for resale or redistribution, please go to http://www.ieee.org/publications_standard

s/publications/rights/rights_link.html to learn how to obtain a License from RightsLink.
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Ohneiser, O., Girlik, H., Jauer, M.-L., Szoll6si, A., and Ball6, D. Please have a Look here:
Successful Guidance of Air Traffic Controller’s Attention. In 9th SESAR Innovation Days, SID
2019. Athens, Greece, 02-05 Dec, 2019.

https://s.dlr.de/qyGZM reprinted as article —7 in the annex

This paper was Best Presentation Poll session winner. It reports on a human-in-the-loop valida-
tion study where eye tracking based attention guidance mechanisms helped en-route controllers to
focus on relevant ATC events. The habilitand was responsible for conceptualization together with
Jauer, the attention guidance relevant parts of the human-in-the-loop simulation, data analysis,
and reporting. Szoll6si and Ballbé supported the validation study and provided expertise from the
operational air navigation service provider side. He supervised the implementation of the visual
display elements and eye tracking modules for the study. The paper has almost 100 % habilitand

authorship. The paper acceptance rate of the conference with impact factor 0.7 was 53.1 %.

This paper can be reused without permission for integration in a thesis by the main author due
to SESAR 8 JU copyright: “The SESAR 3 JU authorises the redistribution or reproduction of
part or all of the contents in any form of this website, including documents and illustrations it
contains, for non-commercial purposes provided this website is acknowledged as the source of the
material: ©SESAR 3 JU 2022”.

Ohneiser, O., Adamala, J., and Salomea, I.-T. Integrating Eye- and Mouse-Tracking with
Assistant Based Speech Recognition for Interaction at Controller Working Positions. Aerospace,

Special Issue Aeronautical Informatics, 8(9), 2021.

https://doi.org/10.3390/aerospace8090245 reprinted as article —8 in the annex

This journal paper describes the use of eye-tracking (1) to improve ATC concept prediction for
ASRU systems and (2) to verify human operators’ visual checks of ASRU output. The habilitand
was responsible for concepts, the human-in-the-loop simulation, data analysis, and reporting. He
supervised the implementation of the visual display elements and eye tracking modules for the
study. He supervised the master thesis of Adamala and the bachelor thesis of Salomea. The paper

in the journal with impact factor 2.7 has almost 100 % habilitand authorship.

This paper is published under an open access Creative Common CC BY license, i.e., any part of

the article can be reused without permission.

Ohneiser, O., Jauer, M.-L., Giirliik, H., and Uebbing-Rumke, M. TriControl — A Multimodal
Air Traffic Controller Working Position. In 6th SESAR Innovation Days, SID 2016. Delft, The
Netherlands, 08-10 Nov, 2016.

https://s.dlr.de/bMith reprinted as article =9 in the annex

This paper details the setup of a multimodal controller working position integrating ASRU,
gesture recognition, and eye tracking for entering ATC commands. The habilitand supported
the conceptualization together with Giirliikk, Uebbing-Rumke, and Jauer as well as supported
implementation and testing of the prototype. He also conducted an initial system usability study
and did the data analysis. The paper has 90 % habilitand authorship. The paper acceptance rate

of the conference with impact factor 0.7 was 52.5 %.
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This paper can be reused without permission for integration in a thesis by the main author due
to SESAR 3 JU copyright: “The SESAR 3 JU authorises the redistribution or reproduction of
part or all of the contents in any form of this website, including documents and illustrations it
contains, for non-commercial purposes provided this website is acknowledged as the source of the
material: ©SESAR 3 JU 2022”.

| Ohneiser, O., Jauer, M.-L., Rein, J. R., and Wallace, M. Faster Command Input Using the
Multimodal Controller Working Position “TriControl”. Aerospace, 5(2), 2018.
https://doi.org/10.3390/aerospace5020054 reprinted as article —10 in the annex

This journal paper analyzes the potential speed gain through use of ASRU, eye tracking, and
gesture recognition in entering ATC commands at a multimodal controller working position.
The habilitand was responsible for the human-in-the-loop simulation as well as major parts of
data analysis and reporting. He supported the concept development and the implementation of
the controller working position components for the study together with Jauer. Rein supported
the data analysis while being a guest scientist at DLR under supervision of Ohneiser. Wallace
coordinated the study subjects and provided expertise from the operational air navigation service

provider side. The paper in the journal with impact factor 2.7 has 90 % habilitand authorship.

This paper is published under an open access Creative Common CC BY license, i.e., any part of

the article can be reused without permission.

¥ | Ohneiser, O., Biella, M., Schmugler, A., and Wallace, M. Operational Feasibility Analysis of
the Multimodal Controller Working Position “TriControl”. Aerospace, 7(2), 2020.
https://doi.org/10.3390/aerospace7020015 reprinted as article —11 in the annex

This journal paper assesses various feasibility aspects of the aforementioned multimodal controller
working position prototype at the given technology readiness level. The habilitand was responsible
for the human-in-the-loop simulation and reporting. He co-supervised the concept development
and data analysis mainly done by Schmugler under the supervision of Biella. Wallace coordinated
the study subjects and provided expertise from the operational air navigation service provider

side. The paper in the journal with impact factor 2.7 has 98 % habilitand authorship.

This paper is published under an open access Creative Common CC BY license, i.e., any part of

the article can be reused without permission.

The decision to publish with the selected journals and conferences was positively influenced by, e.g.,
the involvement of relevant researchers in the field as authors, reviewers, speakers, and in the editorial
boards, the impact factor and rank quartile in the field, and open access. The publishing decision
was hardly influenced by later publications being indexed in the Computer Science relevant DBLP?
database as Aeronautical Informatics is a small field — with often costly validation activities — and
papers or venues from this field are hardly listed in this index. However, the listing and automatic
tagging with, e.g., Computer Science and Engineering as paper content, is much better elaborated at
Semantic Scholar®, Google Scholar*, or ORCID?.

2DBLP indexed habilitand papers: https://dblp.org/pid/125/3592.html

3Semantic Scholar profile of habilitand:  https://www.semanticscholar.org/author/0liver-Ohneiser/2093957049
1Google Scholar profile of habilitand: ~ https://scholar.google.com/citations?user=RngdarYAAAAJ&hl=de&oi=ao
SORCID profile of habilitand:  https://orcid.org/0000-0002-5411-691X
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In case some of the selected papers have more than a handful of co-authors, the reason is mainly the
addition of ANSP colleagues who have the operational expertise to bring the developed prototypes to
TRL6. Furthermore, the number of co-authors shows the habilitand’s international network and the
interdisciplinary work combining Computer Science, Aviation, Human Factors, etc. The following list
presents the further relevant papers and the book of the habilitand as outlined at the beginning of this

section.

# Bhattacharjee, M., Motlicek, P., Madikeri, S., Helmke, H., Ohneiser, O., Kleinert, M., and Ehr,
H. Minimum effort adaptation of automatic speech recognition system in air traffic management.
FEuropean Journal of Transport and Infrastructure Research (EJTIR), 24(4), pages
133-153, 2024. https://doi.org/10.59490/ejtir.2024.24.4.7531

#» Meier, J., Finke, M., Ohneiser, O., Jameel, M. Flexible Air Traffic Controller Deployment with
Artificial Intelligence based Decision Support: Literature Survey and Evaluation Framework. In
Deutscher Luft- und Raumfahrtkongress, DLRK 2024. Hamburg, Germany, 30 Sep-02 Oct, 2024.
https://doi.org/10.25967/630258

# Helmke, H., Kleinert, M., Ohneiser, O., Ahrenhold, N., Klamert, L., and Motlicek, P. Safety
and Workload Benefits of Automatic Speech Understanding for Radar Label Updates. Journal
of Air Transportation, 32(4), pages 155-168, 2024.  https://doi.org/10.2514/1.D0419

# Motlicek, P., Prasad, A., Nigmatulina, I., Helmke, H., Ohneiser, O., and Kleinert, M. Automatic
Speech Analysis Framework for ATC Communication in HAAWAIIL. In 18th SESAR Innovation
Days, SID 2023. Seville, Spain, 27-30 Nov, 2023.  https://s.dlr.de/ost2A

# Bhattacharjee, M., Motlicek, P., Nigmatulina, I., Helmke, H., Ohneiser, O., Kleinert, M., and
Ehr, H. Customization of automatic speech recognition engines for rare word detection without
costly model re-training. In 18th SESAR Innovation Days, SID 2023. Seville, Spain, 27-30 Nov,
2023. https://s.dlr.de/kSSsy

# Pinska-Chauvin, E., Helmke, H., Dokic, J., Hartikainen, P., Ohneiser, O., and Lasheras, R. G.
Ensuring safety for artificial-intelligence-based automatic speech recognition in air traffic control
environment. Aerospace, 10(11), 2023.  https://doi.org/10.3390/aerospace10110941 has
been selected for the cover story of the Aerospace journal’s issue 11 “November 2023” of volume

10% from more than sixty papers.

# Ahrenhold, N., Helmke, H., Miithlhausen, T., Kleinert, M., Ohneiser, O., and Ehr, H. Influence
of Automatic Speech Recognition and Understanding on Flight Efficiency and Throughput — A
Human-in-the-Loop Study. In IEEE/AIAA 42nd Digital Avionics Systems Conference, DASC 2023.
Barcelona, Spain, 01-05 Oct, 2023.  https://doi.org/10.1109/DASC58513.2023.10311293

¥ Kleinert, M., Ohneiser, O., Helmke, H., Shetty, S., Ehr, H., Maier, M., Schacht, S., and
Wiese, H. Safety aspects of supporting apron controllers with automatic speech recognition
and understanding integrated into an advanced surface movement guidance and control system.
Aerospace, 10(7), 2023.  https://doi.org/10.3390/aerospacel0070596 investigates ASRU

for automatic system input for apron controllers at Frankfurt airport; 15 % authorship

6 Aerospace journal, November 2023 with ASRU as cover story: https://www.mdpi.com/2226-4310/10/11
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List of Own Publications and Description of Habilitand Contribution

# Helmke, H., Kleinert, M., Ahrenhold, N., Ehr, H., Mithlhausen, T., Ohneiser, O., Klamert, L.,

Motlicek, P., Prasad, A., Zuluaga-Gomez, J. P., Dokic, J., and Pinska Chauvin, E. Automatic
Speech Recognition and Understanding for Radar Label Maintenance Support Increases Safety
and Reduces Air Traffic Controllers’” Workload. In 15th USA/Europe Air Traffic Management
Research and Development Seminar, ATM 2023. Savannah, GA, USA, 05-09 Jun, 2023.
https://s.dlr.de/100Zw received Best Paper Award for “Human Factors” track

Helmke, H., Ohneiser, O., Kleinert, M., Chen, S., Kopald, H., and Tarakan, R. M. Transatlantic
Approaches for Automatic Speech Understanding in Air Traffic Management. In 15th USA /Europe
Air Traffic Management Research and Development Seminar, ATM 2023. Savannah, GA, USA,
05-09 Jun, 2023. https://s.dlr.de/A0Unj compares the European with a US American

ontology for annotation of ATC voice commands; 30 % authorship

Ahrenhold, N., Helmke, H., Miihlhausen, T., Ohneiser, O., Kleinert, M., Ehr, H., Klamert,
L., and Zuluaga-Gémez, J. P. Validating Automatic Speech Recognition and Understanding for
Pre-Filling Radar Labels — Increasing Safety While Reducing Air Traffic Controllers’ Workload.
Aerospace, 10(6), 2023.  https://doi.org/10.3390/aerospace10060538

Chen, S., Helmke, H., Tarakan, R. M., Ohneiser, O., Kopald, H., and Kleinert, M. Effects of
language ontology on transatlantic automatic speech understanding research collaboration in the
air traffic management domain. Aerospace, 10(6), 2023.  https://doi.org/10.3390/aerosp
acel0060526

Temme, M.-M., Gluchshenko, O., Néhren, L., Kleinert, M., Ohneiser, O., Muth, K., Ehr, H.,
Grof3, N., Temme, A., Lagasio, M., Milelli, M., Mazzarella, V., Parodi, A., Realini, E., Federico,
S., Torcasio, R. C., Kerschbaum, M., Esbri, L., Llasat, M. C., Rigo, T., and Biondi, R. Innovative
integration of severe weather forecasts into an extended arrival manager. Aerospace, 10(3), 2023.
https://doi.org/10.3390/aerospace10030210

Zuluaga-Gomez, J. P., Prasad, A., Nigmatulina, I., Sarfjoo, S., Motli¢ek, P., Kleinert, M., Helmke,
H., Ohneiser, O., and Zhan, Q. How Does Pre-trained Wav2Vec 2.0 Perform on Domain Shifted
ASR? An Extensive Benchmark on Air Traffic Control Communications. In 2022 IEEE Spoken
Language Technology Workshop, SLT 2022, pages 205—212. Doha, Qatar, 09-12 Jan, 2023.
https://doi.org/10.1109/SLT54892.2023.10022724
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Abstract

The maturity of automatic speech recognition (ASR) systems
at controller working positions is currently a highly relevant
technological topic in air traffic control (ATC). However,
ATC service providers are less interested in pure word error
rate (WER). They want to see benefits of ASR applications for
ATC. Such applications transform recognized word sequences
into semantic meanings, i.e., a number of related concepts
such as callsign, type, value, unit, etc., which are combined to
form commands. Digitized concepts or recognized commands
can enter ATC systems based on an ontology for utterance
annotation agreed between European ATC stakeholders.
Command recognition (CR) has already been performed in
approach control. However, spoken utterances of tower
controllers are longer, include more free speech, and contain
other command types than in approach. An automatic CR rate
of 95.8% is achievable on perfect word recognition, i.e.,
manually transcribed audio recordings (gold transcriptions),
taken from Lithuanian controllers in a multiple remote tower
environment. This paper presents CR results for various
speech-to-text models with different WERs on tower
utterances. Although WERs were around 9%, we achieve CR
rates of 85%. CR rates only slightly decrease with higher
WERs, which enables to bring ASR applications closer to
operational ATC environment.

Index Terms: speech recognition, speech understanding,
command recognition rate, air traffic control, tower utterances

1. Introduction

Automatic speech recognition (ASR) in air traffic control
(ATC) existed decades ago [1],[2]. However, it got more
powerful in the last decade due to improved computing power
for model training and accelerating digitization in the ATC
domain. Normally, the step that follows ASR is language
understanding — in ATC, also called as spoken instruction
understanding [3]. Different projects have shown possible
applications [4] such as runway incursion detection [5],
decision support input [6], radar label maintenance [7],[8],
etc., which ultimately results in benefits such as workload
reduction for air traffic controllers [9]. For language
understanding, multiple words are analyzed to extract the
semantic meaning (concept extraction) of utterances, which
includes the extractions of ATC concepts, such as callsigns,
command types, command values, units, conditions, etc. The
extraction of these ATC concepts is supported by machine
learning algorithms [10]. The ATC concepts can be annotated

{firstname.lastname}@idiap.ch, murauskas.s@ans.lt

by applying the rules of an ontology, agreed by 14 European
air navigation service and system providers [11]. Concept
extraction has already been applied to ATC utterances from
the approach domain and to manually transcribed (gold) ATC
utterances from the tower domain [12]. Our approach in this
paper is among the first applications to apply command
recognition on partly erroneous recognized speech text from
the tower domain!. With this approach, we investigate the
effect of using unsupervised data for training a robust acoustic
model for the ATC domain. The improvement of word error
rate (WER) and the partly dependent enhancement of
command recognition rate (CRR) are important steps to
achieve higher technology readiness levels because the ATC
end users are interested in low error rates on semantic level.
The next section presents related work on language modeling,
transcription rules, and the annotation ontology. Section 3
describes the ATC concept extraction to recognize commands
as well as trials for data acquisition and analysis. The
recognition experiments and results are shown in section 4.
Section 5 concludes and gives an outlook on future work.

2. Related Work

2.1. Language Modeling

Several LM adaptation or interpolation techniques were
proposed for mapping the language model (LM) to the specific
domain, e.g., linear interpolation, Bayesian interpolation and
count merging. Bayesian interpolation was introduced in [13].
[14] and [15] showed that count merging with two data
sources is a specific style of maximizing a posteriori (MAP)
adaptation. [16] shows the theoretical connections between the
mentioned LM interpolation techniques.

2.2. Transcription Rules and Annotation Ontology

Different transcription rules for ATC utterances have been
defined and used for existing audio corpora [17]-[20] such as:

e Spelled letters — not pronounced using the International
Civil Aviation Organization (ICAO) alphabet such as
alfa, bravo, etc. — e.g., “~k~l~m”/“KLM”/“K L M”,

e Truncated/broken word parts, e.g., “luf="/“luf*”/“luf-"
if “lufthansa” was not uttered fully till the end,

o Non-understandable words (“[unk]” / “[UNKNOWN]”)
and human noise/thinking loud (“[hes]” / “[HNOISE]”),

e Non-English words, e.g., “<FL></FL>"/ “[NE][/NE]”.

! For funding information please refer to [38],[11],[30].
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Also, for the annotation of semantic meanings of the ATC
transcriptions different ontologies or rule sets exist. An early
ontology developed by NATS for the terminal environment
comprised of callsign, standard type, non-standard type, value,
and type unit [21]. Similarly, the ontology introduced by the
AcListant® project [22] proposed to use four different
elements: callsign, type, value, and unit of a command
[23],[24]. A further approach suggested to use keywords like
callsign, flightlevel, altimeter for the corresponding values
[25]. Another proposition was to have ten class labels for
annotation of word sequences such as callsign, fix, number,
etc. [26],[27]. The AcListant® ontology was enhanced during
the MALORCA project [28] in which various command types
for “information”, “reports”, and “expects” were added next to
conditional clearances [29]. This ontology has been further
enhanced for en-route and tower commands during the CWP
HMI project [11]. Furthermore, the ontology with more than
100 different command types has been agreed between major
European partners from the air traffic management (ATM)
domain including air navigation service providers, ATM
system providers, and the coordinating partner DLR. The
HAAWAII project [30] further enhanced the ontology for pilot
utterances including their requests and reports. Also, other
European ASR projects such as HMI Interaction modes for
Approach control, HMI Interaction Modes for Airport Tower,
and Safety and Artificial Intelligence Speech Recognition
continuously contribute to the improvement of the ontology.
The global scheme for each instruction to annotate ATC
utterances is shown in Figure 1. Each ATC utterance can
contain multiple instructions.

Instruction

Conjunction +
l Speaker " Reason ||

Figure 1: Elements of an air traffic control instruction
including the ATC concepts ‘callsign’, ‘command’
with sub-elements, and optional ‘conditions’.

" Unit “ Qualifierl

The callsign is a mandatory element for each instruction
and might be NO_CALLSIGN if not uttered. This is followed
by a mandatory command and may be followed by optional
conditions. The command again can have a speaker (PILOT or
empty for default air traffic controller), a reason
(REPORTING, REQUEST or empty), a type (REDUCE,
DESCEND, VACATE, CONTACT_FREQUENCY,
CLEARED VIA, etc.), one or multiple values (“200”, “A B
D17, “118.300”, etc.), a unit (FL, ft, kt, none, etc.), and a
qualifier (RIGHT, OR_LESS, etc.). The conditions have a
conjunction and a requirement (“UNTIL 4 NM FINAL”,
“WHEN AIRBORNE”, etc.). An ontology for annotations
supports different purposes. It is needed as an interface to
enable interoperability of different ASR applications with
ATC systems. It is also necessary for evaluating automatically
recognized commands against manual (gold) annotations. The
name “command recognition rate” (CRR), taken from [6] has
historical reasons. According to Figure 1, the term “instruction
error rate” would be correct. For the calculation of the CRR,
each command, for example consisting of the ATC concepts
callsign, type, value, qualifier, condition, etc. is considered as
one (big) word to compute the Levenshtein distance [31]. This
means that a recognized command is correct only if all
concepts (command parts) are correct, i.e., “DLH7HT
HEADING 360 LEFT” and “DLH7HT HEADING 360 none”
are not equal and would be counted as a full command
recognition error. The CRR is defined as the number of

controller commands correctly recognized by the ASR (and
not rejected due to implausibility) divided by the total number
of commands given or in other words: the percentage of given
commands correctly shown on the controllers’ display. An
example transcription and resulting annotation is given in
Table 1. A configuration file defines allowed values for
taxiways, holding points, etc. to map “holding point three four
to “HP_34” here.

Table 1: Transcription and annotation example.

Annotation
HACIZ TAXI TO HP_34
HACIZ TAXI VIA A

Transcription
[NE French] bonjour [/NE] hotel
alfa charlie india zulu [unk] taxi

to holding point three four via HACIZ INFORMATION
taxiway [hes] alfa runway in use ACTIVE RWY
three four and nex* RW34

3. ATC command recognition and remote
tower simulation trials

3.1. ATC concept extraction for command recognition

The command recognition algorithm consists of several steps,
where different ATC concepts are extracted iteratively and put
into relation to recognize them as single or multiple
commands of an utterance (for more details see [10]). First,
we try to extract a callsign from an ATC utterance by
considering the callsign information from the available
surveillance data (for controller utterances, only the first
words are considered). Then, keywords or keyword sequences
are extracted which initiate a command type. This step
includes the extraction of a command type followed by
value(s), unit, qualifier, etc. if applicable. Afterwards, we look
for unmatched words in the complete utterance that
correspond to non-extracted ATC concepts and we also look
for command hints such as “feet” being used in an
ALTITUDE command. We then search again for callsigns in
the remaining unmatched words and then, we finally try to
extract commands from unmatched numbers in the utterance.
The above example transcription from Table 1 is reused for
illustrating the algorithm here. The concept extraction model
searches for the presence of any of the available predicted
callsigns, e.g., AFR27C, DLH9LX, HACIZ (from surveillance
data) in the utterance. The latter callsign matches here. Then,
the keywords “taxi to” and the value keywords “holding point
three four” as well as “via” and “taxiway alfa” lead to
extraction of “TAXI TO HP_34” and “TAXI VIA A”,
respectively. The words “runway in use” and “three four” are
extracted as “INFORMATION ACTIVE RWY RW34”. All
other words (“bonjour”, “[unk]”, “[hes]”, “and nex*”) are not
relevant for the command recognition algorithm example.

3.2. Trials for data recording and tower considerations

In March and December 2018 multiple remote tower trials
with Lithuanian controllers from Oro Navigacija speaking
accented English took place in DLR TowerLab in
Braunschweig, Germany. These trials were conducted as
human-in-the-loop simulations in the course of the project
CWP HMI-ASR [32]. One controller was responsible for all
the traffic from three international airports (named Vilnius
(EYVI), Kaunas (EYKA), and Palanga (EYPA)) at the same
time. In total, 41.4 hours with silence between different
utterances aligned with radar data from the air traffic control
simulation have been recorded. After deleting the inter-
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utterance silence, 6.86 hours of pure speech in 3,919 audio
files remain out of the trials, but only slightly more than 50%
of the files have been manually (gold) transcribed and
annotated. The simulation pilot utterances were not considered
— only those of six tower controllers. The amount and division
of labelled offline ASR data is shown in Table 2.

Table 2: Description of transcribed audio data sets.

Set name  # files Duration Average duration
(hours) (sec)
all 1,993 3.6 6.6
adapt 1,399 2.6 6.8
test 594 1.0 6.1

The average duration of an utterance in this (Lithuanian)
multiple remote tower environment is 6.6 seconds. This is
significantly longer than for Vienna approach (4.4s) or Prague
approach (5.1s) in real-life data from the MALORCA project.
Furthermore, controllers instructed roughly 2.7 commands per
utterance. Again, this is much more than 1.6 and 1.7
commands per utterance from Prague and Vienna approach
from CWP HMI-ASR simulation runs, respectively. Also, the
variation of words, i.e., the total number of different words
used divided by the total number of used words is higher. The
Lithuanian tower controllers used 560 different words (in total
32,484) compared to 196 different words (in total 31,436) for
Vienna approach and 218 different words (in total 47,426) for
Prague approach in CWP HMI-ASR simulation runs,
respectively. Higher variation shows more free speech due to
visual flight rules (VFR) traffic, e.g., vague and difficult to
analyze commands like “fly heading north” would probably
not be given to traffic following instrument flight rules (IFR).
In addition, the number of different command types for tower
ATC as modeled in the ontology is larger than for approach.
Finally, the amount of available speech data for the tower
domain is much less, because it is harder to record them as
compared to the very high frequency receivers for approach
ATC speech. All above-explained characteristics make it more
challenging to automatically recognize tower commands.

4. Experiments and Results

4.1. Models and different error/recognition rates

All ASR experiments are conducted using the Kaldi speech
recognition toolkit. The speech recognition acoustic model
was trained on 195 hours of data from seven datasets in the
ATC domain (model Supervised baseline). Description of the
training datasets can be found in [33]. Hybrid deep neural
network (NN)-hidden Markov model (DNN-HMM) with
lattice-free maximum mutual information (LF-MMI) loss
function was trained using alignment from Gaussian mixture
models (GMM) HMM. State-of-the-art ASR chain recipes
with convolutional NN-factorized time-delay NN (CNN-
TDNNF) architecture from Kaldi toolkit was used for training.
4-gram! LM in ARPA format was trained using the same
training set. For LM adaptation to the Lithuanian ATC
domain, linear interpolation between the general LM and the
LM from adaptation set with 0.8 and 0.2 weights was
performed (model + LM-mix) due to the limited dataset. For
improving the ASR accuracy and increasing the noise

13-gram LM WERs were 0.2-0.6% higher than 4-gram LM
WERS (only the latter reported in this paper) for the models.

robustness of the trained model, we trained a semi-supervised
model using 400 hours of unsupervised data from LiveATC
dataset [34]. Incremental method was used for training the
semi-supervised model [35]. We divided the unlabeled data to
four 100 hours subsets. Starting from one subset, in each
training iteration we added one unseen subset to the previous
subsets. We extracted 86 out-of-vocabulary words including
waypoints, airlines, and some local terms from the transcribed
data. These words were added to the decoding graph for all
experiments. The WER of the trained ASR models on test set
is shown in Table 3. LM interpolation improved the WER on
the test set by 9%. Effective mapping of LM using the dataset
with similar phraseology pattern is one main reason for
observing this improvement. In addition, including
unsupervised data from ATC domain improved the ASR
accuracy by 3%. It shows more robustness of the semi-
supervised acoustic model w.r.t. the supervised model.
Analysis on the recognition errors shows the majority of errors
in the supervised baseline model are because of deviation of
the main LM w.r.t. the in-domain data. Semi-supervised model
reduced the recognition errors of the noisy segments and
majority of the substitution errors are words with similarity in
the pronunciation, e.g., "flight" and "sight".

Table 3: Applied models (with 4-gram LM), word
error rate (WER), command recognition rate (CRR),
command recognition error rate (CER), and callsign

recognition rate (CaRR) for tower utterances from

Lithuanian controllers on test set in [%].

Model WER CRR CER CaRR
Supervised baseline ~ 20.8 59.0 14.1 79.5
+ LM-mix 11.8 78.4 8.2 93.8
+ Semi-supervised 8.8 84.3 7.7 96.3

The CRR in Table 3 is calculated on annotations. Thus, it
can only loosely be compared to the sentence accuracy
calculated on transcriptions — 1 minus sentence error rate
(SER) — being used to evaluate ASR applications outside ATC
domain. The CRR with gold transcription input, where a WER
of 0% is assumed — compared to gold annotations is 95.8%
with a command recognition error rate (CER) of 2.7%. From
Table 3 we see that despite the high WER of almost 21%, a
CRR of 59% is reached. With improved models, the WER
decreases to roughly 12% and 9% which leads to CRRs of
78% and even 84%, respectively. As an example, the best and
worst CRR per speaker were less than 5% different from the
reported average using the semi-supervised model. A lower
CRR does not really affect the workload of a controller. If
there is no support by the ASR system in feeding recognized
commands into the ATC system, the situation is comparable to
today. Of course, higher CRRs reduce controller workload.
However, if the CER increases, this results in additional
workload for the controller to first recognize the error, then to
delete the wrong result, and then to manually correct the
wrong automatic input. A CER of 7.7% means that each
thirteenth command needs to be corrected by the controller.
With a higher WER of 20.8%, the number of errors is almost
two-and-a-half times higher than 8.8%. The CER, on the other
hand, also increases with increased WER but only from 7.7%
to 14% (less than twice the number of errors). Using the
baseline model, each seventh command would need to be
corrected by the controller. The reason is that high WERs may
lead to recognizing nothing at all on concept level, i.e., the
recognized concept is rejected, because, e.g., a heading
command of 733 degrees is extracted.
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The callsign recognition rate (CaRR) is also listed in Table
3. It is the most important ATC concept and can heavily
influence the CRR, because the callsign is part of each
command. From the perspective of an ATC application, the
recognized callsign should be highlighted in the controller
display to ease identifying the current communicating aircraft,
and to speed up checking and correcting of recognized
commands. The reference CaRR, i.e., automatic callsign
extraction compared to the callsigns from gold annotation is
99%. The CaRR for the three model achieves roughly 80% to
over 96%. Hence, the recognition rates for callsigns are much
better than for commands in general. This is due to the usage
of Assistant Based Speech Recognition (ABSR), first
described in [6], which relies on using context information
from the corresponding radar data.

4.2. Analysis of command recognition performance

Figure 2 shows the theoretical CERs if words from automatic
transcriptions would be independent of each other given the
three different WERs plus the perfect WER of 0%. It also
presents the corresponding four achieved CRRs for the
observed average number of six words per command.

Theoretical and achieved command recognition rates

100% -
90%
80%
T0%
60%
50%
40%
30%
20%
1 0%
0%

I 2 3 4 5 ] 7 b

Number of words per command
—WER (.0% WER 8.8% WER 11.8% WER 20.8%
= CRR(0.0%) - CRR(8.8%) CRR (11.8%) « CRR(20.8%)

Figure 2: Theoretical CRR for different number of
words per command (sentence length) and measured
CRR for average length of 6 words.

From Figure 2 we see that with a WER of 0%, the CRR
should be 100%. We, however, currently reach only 95.8%
based on 68 different used ATC command types. This is on
the one hand due to challenges with controller utterances
being “far away” from ICAO phraseology rules [36], e.g.,
uttering “lufthansa two victor” if “DLH23W” is meant or
instructing just the three words “two six zero”, which can be a
heading, speed, flight level, etc. [37]. The most recognition
errors deal with command types TAXI, DIRECT TO, and
INFORMATION TRAFFIC/ACTIVE RWY. On the other
hand, the 5,367 gold annotations of the commands still contain
some errors, i.e., the automatic annotation is already better
than the manual annotation. However, for higher WERs, we
achieve much better CRRs than theoretically achievable, if
recognized words would be independent and word errors
would be equally distributed. For example, a WER of 8.8%
should enable a CRR of 58% for an average of 6 words per
command, but we even observe above 84%. For a WER of
11.8%, we achieve a CRR of 78.4% compared to 47% based
on independence assumption; and for a WER of 20.8%, we
still achieve a CRR of 59% compared to 25% based on
independence assumption. Hence, the WER only gives some
hints to the performance of a speech recognition system in the
ATC world. However, the CRR (or CER) is much more

important for the end user and is more robust against higher
WERs, i.e., achieve roughly 30% better recognition results
than expectable due to the independence assumption.

Furthermore, it is more important to recognize longer
words correctly than shorter words. If we replace each word in
the speech recognition hypotheses files up to a length of
2,3,4,5,6 letters by “x”, we see a steep decrease of command
recognition rates when replacing words with up to three letters
as shown in Table 4. If we replace the words with up to three
letters, it means that we also replace the words with one and
two letters. However, it is also connected to the number of
replaced words, i.e., we roughly replace 0.1% (1), 5% (2),
25% (3), 51% (4), and 73% (5) of words.

Table 4: CRRs in [%] in case of replaced words up to
the listed number of letters per word (1,2,3,4,5).

Model 1 2 3 4 5
Supervised baseline 59.0 51.6 17.1 3.0 04
+ LM-mix 784 69.6 236 49 0.6

+ Semi-supervised 84.3 75.1 273 53 0.9

This trend can be explained with the importance of certain
words (given their length and number of occurrence) for the
command recognition process. If words such as “a” or “A” are
missing (1), there is hardly any negative effect. If words such
as “to”, “in”, “up”, “by”, “or” are missing (2), there is a slight
decrease in recognition. However, if meaningful words —
especially numbers — such as “one”, “two”, “six”, “via”,
“QNH”, “KLM” are missing (3), we see a dramatic decrease.
When replacing even longer words (4) such as “zero”, “four”,
“five”, “nine”, “feet”, “taxi”, “wind”, “west”, “east”, “left” the
recognition becomes hardly usable. It is completely unusable
if even longer words such as “right”, “descend”, “vacate”,

“takeoft”, “knots”, “degrees”, “lufthansa” are replaced.

5. Conclusions and future work

This paper applies ontology-based command recognition on
automatic transcriptions from ATC tower utterances of
Lithuanian controllers with different WERs. Compared to the
approach environment, tower utterances are longer, have more
speech variety, more command types, and less available
training data, i.e., recognition of words and commands is more
challenging than in the approach environment. The baseline
speech recognition is developed based on approach data, the
first speech recognition solution uses language model
adaptation, the second solution performed a semi-supervised
approach leading to the best WER with around 9%. The
resulting command recognition rates have proven to be robust
(slight decrease) even on higher WERs. With current LM
models, CRRs of 85% are possible.

In future, for alleviating the lack of transcribed speech
data in the tower domain, we will focus on semi-supervised
acoustic model adaptation for improving the accuracy of the
ASR system on specific accents. The project HMI Interaction
Modes for Airport Tower [38] will investigate the effect of
presenting command recognition output to tower controllers in
a human-in-the-loop simulation. These multiple remote tower
trials will be conducted in the first quarter of 2022 in DLR
TowerLab with controllers from Lithuania, Austria, and
Poland. Controllers will benefit from callsign highlighting,
recognized and displayed ATC concepts / commands in
ontology annotation format. The presented results are already
a good starting point and would enable a workload reduction
compared to manually entering all given commands.
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Air traffic controllers’ (ATCos) workload often is a limiting factor for air traffic capacity. Thus, electronic support
systems intend to reduce ATCos’ workload. Automatic speech recognition can extract controller command ele-
ments from verbal clearances to deliver automatic input for air traffic control systems, thereby avoiding manual
input. Assistant Based Speech Recognition (ABSR) with high command recognition rates and low error rates has
proven to dramatically reduce ATCos’ workload and increase capacity in approach scenarios. However, ABSR
needs accurate hypotheses on expected commands and accurate extractions of command annotations from ut-
terance transcriptions to achieve the required performance. Based on the experience of implementation for
approach control, a hypotheses generator and a command extractor have been developed for speech recognition
applications regarding tower control communication to face current and future challenges in the aerodrome
environment. Three human-in-the-loop multiple remote tower simulation studies were performed with 16 ATCos
from Hungary, Lithuania, and Finland at DLR Braunschweig from 2017 to 2019. Roughly 100 h of speech with
corresponding radar data were recorded. Around 6000 speech utterances resulting in 16,000 commands have
been manually transcribed and annotated. Some parts of the data have been used for training prediction models
and command extraction algorithms. Other parts were used for evaluation of command prediction and command
extraction. The automatic command extractor achieved a command extraction rate of 96.7%. The hypotheses
generator showed operational feasibility with a sufficiently low command prediction error rate of 7.3%.

1. INTRODUCTION is an important factor to increase such systems’ overall performance.

ATCos issue clearances via voice and radio communication to

Although temporary Corona crisis reduces the amount of air traffic, a
growing number of worldwide flights every year is expected. This goes
along with challenges regarding safety, efficiency, capacity, and envi-
ronmental impact for air traffic management. A steadily increasing de-
gree of automation and digitization currently seems to be the best
method to face cost pressure and enhance air traffic management per-
formance as also outlined by SESAR (SESAR Joint Undertaking, 2020)
and NextGen (Federal Aviation Administration, 2019).

It can be assumed that digital controller pilot data link communi-
cations (CPDLC) will not completely and quickly replace analogue voice
communication especially in the tower environment in the next decades.
Hence, the transformation of such analogue speech data of air traffic
controllers (ATCos) into the digital world is a valuable input for all
following electronic air traffic control (ATC) systems. ATCos’ workload
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E-mail address: oliver.ohneiser@dlr.de (O. Ohneiser).
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aircraft pilots for controlling all relevant flights under responsibility.
The flight crew is expected to confirm voice clearances by a readback or
by acknowledging the information — this means instant feedback to the
ATCo. For their effective operation, ATC systems need accurate data in a
timely manner as well. The issued clearances are one of the relevant
inputs for ATC systems. These inputs are done manually by the ATCo (1)
in former times and still at some tower working positions on paper flight
strips or (2) within an electronic system using a mouse or another input
device through the interaction with an electronic flight strip or with an
electronic flight label in case of a stripless system. However, these
electronic input devices generate a higher, but measurable workload for
the ATCo (Tobaruela et al., 2014).

The necessary information for ATC system input is doubled because
it already exists within the voice clearance in analogue format.
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Automatic speech recognition (ASR) and understanding can support
ATCos by extracting the semantic meanings of the issued clearances as
concepts and automatically feeding the relevant ones to the digital ATC
system. Hereinafter, the term concept is used instead of abstraction,
content, intent, interpretation, meaning, pattern, semantic, sense, etc.,
because it fits best to the superset of radiotelephony utterances. Concepts
are, e.g., callsigns, command types, QNH-values, squawk settings, and
many more. Several concepts together are combined to a command.
Throughout this paper we, therefore, use the terms command recognition
rate and command recognition error rate to evaluate the performance of an
ASR applied in the ATC environment. Detailed definitions are provided
in (Helmke et al., 2015).

The digitized concepts can be used as input for further ATC support
functionalities, thereby leading to reduced workload, manual input
error prevention, and increased safety. However, this requires high
reliability on automatic speech recognition (speech-to-text) and
extraction of command elements (text-to-concepts). Hypotheses about
the content of controller utterances support the speech recognition en-
gine to choose from a reduced set of possible concepts.

Such controller command hypotheses can be derived with the sup-
port of an assistant system (e.g., an arrival manager) considering sur-
veillance data (radar data and flight plans), meteorological data,
airspace and airport layouts (Aeronautical Information Publication),
active configurations, etc. A speech recognition system that is integrated
with such an assistant is called an assistant based speech recognition
(ABSR) system. ABSR has already proven to decrease the command
recognition error rate and increase the command recognition rate for the
approach area (Helmke et al., 2015).

One chain of effects resulting from high controller command recog-
nition rates starts with a reduction of ATCo workload to enter clearances
(Helmke et al., 2016), resulting in more timely and accurate commands.
This, in turn, can already be a safety gain and can further lead to shorter
flight routes and shorter flight times that go along with reduced fuel
consumption and carbon dioxide emissions (Helmke et al., 2017).
Furthermore, manual input errors, i.e., forgotten or wrong command
information into the aircraft radar labels, can be reduced (Helmke et al.,
2016). Also, the visualization of uttered clearance elements in a
controller display for better awareness and further tracking of con-
forming aircraft trajectory changes can overcome controller-pilot
communication problems (Skaltsas et al., 2013) and increase safety.

To achieve these possible benefits also in the aerodrome ATC envi-
ronment, two software modules have been developed for usage in a later
ABSR system for the tower environment. This comprises a tower com-
mand hypotheses generator to predict controller commands and a tower
command extractor to convert text-to-concepts (annotation) after the
speech recognition engine’s speech-to-text conversion (transcription).
Transcription is defined as the word-by-word equivalent of a verbal
utterance, e.g., “good morning KLM three nine [hes] charlie altitude five
thousand feet reduce speed two hundred knots or less and turn right
heading zero seven zero i will ca*“. In this example “[hes]” represents a
hesitation such as “ah/hmm”. The “*” symbol indicates that the (prob-
able) word “call” has not been uttered fully. Annotation is defined as the
machine-readable semantic contents (ATC concepts) of a verbal utter-
ance like “KLM39C 5000 ft, 200 kt, 070 right”.

A multiple remote tower simulation is used to compare the actual
given annotated controller commands with automatically generated
command hypotheses (predictions) and with automatically extracted
command annotations obtained from manually transcribed utterances.
It should be noted that there are different steps made in the ABSR pro-
cess that all can be evaluated with their “error rates” on command level.
Command Prediction means to generate hypotheses which commands the
controller will give in the near future. Command Recognition means that
the automatic annotation of commands is generated based on tran-
scription. This can be compared to the parsing step in natural language
processing. For recent ASR projects in ATC, the command recognition
rates of automatic annotation are based on automatic transcription. For
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this paper, the automatic command recognition bases on correct
(manual) transcription and is hereinafter referred to as command
extraction (similar to (Chen et al., 2017)) for better emphasis.

This paper covers related work with respect to command prediction
for automatic speech recognition and command extraction in section II.
Section III outlines the concept for a tower command hypotheses
generator. The human-in-the-loop study setup for data recording and
some implications for machine learning are explained in section IV.
Section V describes the command extraction algorithms as well as their
recognition and error rates. Section VI presents the results regarding
quality of command hypotheses. Chapter VII summarizes, concludes,
and gives an outlook on future work.

2. Related work on speech recognition and controller command
hypotheses

2.1. History of speech recognition in ATC

ASR systems convert spoken words into machine-useable digital data
and thus serve as an alternative input modality. Today, voice recogni-
tion is used in various areas of human life such as navigation systems or
smartphone applications. The first ASR systems for ATC were developed
(Young et al., 1989a), (Young et al., 1989b) about three decades ago and
integrated for ATC training (Hamel et al., 1989). Years later, this led to
the possibility of replacing or reducing simulation pilots and to enhance
simulator infrastructure (e.g., DLR (Schafer, 2001), MITRE (Tarakan
et al., 2008), FAA (FAA, 2012), and DFS (Ciupka, 2012)). ASR also
supports safety improvements, e.g., for detecting closed runway in-
cursions (Chen et al., 2015) or pilot readback errors (Chen et al., 2017),
and to perform ATCo workload assessment (Cordero et al., 2012),
(Cordero et al., 2013).

However, an ABSR system (Shore et al., 2012) can also significantly
reduce ATCos’ workload as shown in the projects AcListant® and
AcListant®-Strips (Helmke et al., 2016). In addition, air traffic man-
agement efficiency can be increased with fuel savings of 50-65 L per
flight (Helmke et al., 2017). DLR and its speech recognition partner
Saarland University used KALDI as the ASR platform. DLR developed a
hypotheses generator making predictions about the next possible
controller commands (Helmke et al., 2015). For example, if an arriving
aircraft is at FL 100, it is more likely that the ATCo will issue a descent to
FL 80 than a climb to FL 140 or even a non-reasonable descent to FL 140.
The most probable hypotheses are sent to the speech recognition engine
to reduce its search space and improve recognition quality. With this,
command recognition error rates below 1.7% were achieved in 2015
(Helmke et al., 2015).

One main issue to transfer ABSR from the laboratory to operational
systems is the costs of deployment, because modern speech recognition
models require manual adaptation to local requirements and environ-
ments (language accents, phraseology deviations, environmental con-
straints, etc.) (Rataj et al., 2021). AcListant® needed more than 1 Mio €
for development and validation for Diisseldorf approach area.

The SESAR exploratory research project MALORCA (Machine
Learning of Speech Recognition Models for Controller Assistance) pro-
poses a general, cheap, and effective solution to automate this re-
learning, adaptation and customization process by automatically
learning local speech recognition and controller models from radar and
speech data recordings (Kleinert et al., 2018a).

Command recognition error rates of 3.2% and 0.6% were achieved
for Vienna and Prague approach, respectively in MALORCA (Helmke
et al., 2019). Those low command recognition error rates were reached
by using command hypotheses and plausibility checking components as
they reduce the command recognition error rate by roughly 12%
(Vienna) and 6% (Prague) (Kleinert et al., 2018a). Table 1 shows the
command prediction error rates, i.e., the quality of predicted commands,
for MALORCA and SESAR2020 industrial research project PJ.16-04-ASR
CWP HMI (Controller Working Position Human Machine Interface). The
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Table 1
Overview of command prediction error rates of former projects.

Name of ASR Project and Environment Command Prediction Error Rate

MALORCA - Prague Approach 2.3%
MALORCA - Vienna Approach 3.2%
SESAR2020 PJ.16-04-ASR - Prague Approach 0.3%
SESAR2020 PJ.16-04-ASR — Vienna Approach 4.8%

command prediction error rate is defined as the number of given
controller commands that were not forecasted divided by the number of
all given controller commands. Or in other words, it is the number of
actually given commands by the controller that are not part of the set of
predicted commands divided by the total number of commands actually
given by the controller.

Again, the use of an assistant system with command predictions in
PJ.16-04-ASR dramatically decreases the command recognition error
rate, whereas only slightly decreasing the command recognition rate
(Kleinert et al., 2019).

2.2. Controller command annotation formats

A necessary step for the evaluation of command prediction accuracy
is to extract the concepts of actual given commands. Thus, ATCo utter-
ances need to be transcribed and annotated in a common format —
manually, automatically or with a mixture of such methods. Annotation
is defined as the extraction of the meaning of word sequences from ut-
terance transcriptions. Therefore, a set of rules — an ontology — has been
developed, which the annotations must conform to. In the AcListant®
project (The project AcListant® (A), a first version of an ontology used
by the ATC concept extraction module was created, which consists of
four elements: 1) callsign, 2) command type, 3) command value, and 4)
unit (Schmidt, 2014), (Oualil et al., 2015) with mandatory and optional
elements. The example from the introduction “KLM39C 5000 ft, 200 kt,
070 right” is annotated as “KLM39C ALTITUDE 5000 ALT KLM39C
REDUCE_OR_BELOW 200 KLM39C TURN_RIGHT_HEADING 070”. More
than 30 approach command types such as ALTITUDE, DESCEND,
TURN_RIGHT_HEADING were supported.

The approach reached its limits in the MALORCA project (The
projectA (Mach), (Kleinert et al., 2017), when it was extended to roughly
four dozen different approach command types for command annotation
for live traffic for Vienna and Prague approach (Kleinert et al., 2018b)
also including departure and overflight traffic. More command types
were needed (e.g., QNH, INFORMATION, REPORT _SPEED, EXPECT -
RUNWAY) and the necessity to handle conditional clearances occurred
(Srinivasamurthy et al., 2017). For the tower environment, even
controller command types used only on ground such as PUSHBACK,
TAXI, and LINEUP need to be considered. A first proprietary model for a
tower command ontology already existed within the tower flight data
processing system (TFDPS) of the German air navigation service pro-
vider DFS. It defines roughly twenty different rule-based states that an
aircraft can be in, e.g, FIRST.CONTACT, DOWNWIND,
LOW_-APPROACH, TAXIIN, TAXI OUT, READY_FOR_DEPARTURE
(Schier and Manske, 2015).

According to the above-described challenges, all major European air
traffic management (ATM) system providers and European air naviga-
tion service providers agreed on a common enhanced ontology — with
roughly 100 command types for all flight phases — suggested and coor-
dinated by DLR to provide a common catalogue for en-route, approach,
and tower voice commands (Helmke et al., 2018). It can be used for
annotation of ATCo and pilot utterances as well as for command pre-
dictions. In the above example, the new annotation would be “KLM39C
ALTITUDE 5000 ft KLM39C REDUCE 200 kt OR_LESS KLM39C HEAD-
ING 070 RIGHT”.

The ASR projects HAAWAII (Highly Automated Air Traffic Controller
Workstations with Artificial Intelligence Integration (The projectl
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(High)) and STARFiSH (Safety and Artificial Intelligence Speech
Recognition (Project description of)) are further enhancing this ontology
mainly with respect to ground and en-route commands in coordination
with PJ.05-97-ASR and PJ.10-96-ASR. The ontology now comprising
more than 120 different command types. These projects will also foster
the automatic extraction of commands based on machine learning
techniques.

The next section describes the concept, the evaluation metrics, and
the implementation of the command prediction for the tower environ-
ment that was implemented for the first time.

3. Tower command hypotheses generator concept,
implementation and validation goals

The tower command hypotheses generator is a new system devel-
oped by DLR using the experience of former projects regarding hy-
potheses information generation in the approach area. However, the
command types used in tower environment are different from those of
approach controllers of former projects. Additionally, the tower area
comprises of many more command types than the implementation for
approach. The tower command hypotheses generator predicts possible
commands for the near future considering available data such as radar
data, flight plans, and meteorological data (Ohneiser et al., 2019). This
prediction is not a single forecasted command, but a set of possible
commands (context). Examples for predictions in different air traffic
situations according to the defined ontology are: “AEE2019 STARTUP”,
“BAW123 PUSHBACK”, “AFR456 TAXI VIA A”, or “DLH789 CLEARED
TAKEOFF RW13R”.

The technical validation plan for the tower command hypotheses
generator in the project activity PJ.16-04-ASR exercise 240 evaluation
foresaw two objectives and three criteria goals. The first objective was to
assess the stability of the (ASR) system performance. The second
objective was to assess the operational feasibility of the integration of
the (ASR) system and its sub-systems into operations. Furthermore,
three target numbers regarding the prediction quality should be
reached. The relevant numbers are the command prediction error rate
with its standard deviation (SD), the context prediction time, and the
context portion predicted.

The lower the command prediction error rate the better, because an
ABSR system can rely on accurate forecasts to avoid falsely rejecting as
few commands as possible due to stated non-conformity to the context.
The PJ.16-04-ASR project requires an average command prediction error
rate below 10% with a standard deviation of less than 2.5%. It was
assumed that the command prediction error rate for a first tower com-
mand prediction — particularly due to a greater variety of commands
than in the approach environment — will slightly be higher than com-
mand prediction error rates of already advanced approach command
predictions. The context prediction time should be below 5 s to enable a
prediction at least for each radar data update cycle.

The third metric context portion predicted is defined as the number of
forecasted commands divided by the total number of commands per
callsign, which an ATCo theoretically could give. Multiple hundreds of
commands are possible per aircraft (commands for speed, altitude, di-
rection, ground clearances, etc. With reasonable values). Or in other
words, it is the total number of predicted commands divided by the
number of commands, which are theoretically modeled and are possible,
e.g., the number of predicted heading commands is normally in the
range of 10-40 per callsign, whereas the total number in our model is
144 (005, 010, 015, ...355, 360 multiplied by two because the qualifiers
LEFT and RIGHT are possible). The total number of heading commands
is even higher, i.e., 720, if heading commands of a step size with one
degree are considered. The lower the context portion predicted, the
better, because a lower number of command hypotheses helps the ABSR
system to faster choose the best fitting command hypotheses for a given
utterance and to increase the command recognition rate in case of cor-
rect forecasts.
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The command hypotheses needed to be generated for three remote
airports at the same time due to the validation study and scenario layout.
Therefore, there were three geographical regions defined to forecast
commands with respect to aircraft within those airport regions. One
further global geographic area covers the airspace between and around
the airports, e.g., to predict commands for flights that fly from one to
another of these three airports. After implementation and integration of
the tower command hypotheses generator in a multiple remote tower
environment, the prediction quality was assessed using data from a se-
ries of four successive human-in-the-loop studies.

4. Human-in-the-loop study with tower command hypotheses
generator

4.1. Validation setup and simulation run conditions

The project PJ.16-04-ASR contained — amongst others — a validation
exercise for the tower command hypotheses generator. The PJ.16-04-
ASR exercise 240 “Controller Command Prediction for Remote Tower
Environment” was hosted at DLR’s Multiple Remote Tower Experi-
mental Setup in Braunschweig, Germany. The series of four human-in-
the-loop studies to evaluate the tower command hypotheses generator
prototype took place in 2017 and 2018. The ATCos — as study subjects —
had three rows of monitors presenting the camera image of the respec-
tive three airports and a head-down ATM system unit to monitor and
safely influence the given traffic (see Fig. 1).

However, the command hypotheses did not influence the ATCo’s or
controller support system’s active work. The simulated remote airports
were run in parallel with different traffic. In the study with ATCos from
HungaroControl the airports were located in Hungary: Budapest (LHBP),
Debrecen (LHDC), Papa (LHPA), with ATCos from Oro Navigacija in
Lithuania the airports were Vilnius (EYVI), Kaunas (EYKA), Palanga
(EYPA). Five different traffic scenarios were used for Hungary and four
for Lithuania. They comprised Instrument and Visual Flight Rules (IFR/
VFR) traffic, but VFR traffic was never more than 20%. All simulation
scenarios lasted 50 min and took place at day light conditions. The
majority of traffic had to be controlled from the first listed tower, i.e.,
LHBP and EYVIL There were a few special situations that ATCos were
faced with, e.g.,

- four simultaneous movements, i.e., departure or arrival (two at the
main airport, one at the smaller airports each),

- VFR arrival and departure crossing,

- Remotely Piloted Aerial System (RPAS) in airspace,

- responsibility for ground movements.

The exercise was conducted jointly by DLR, HungaroControl, and

Fig. 1. Multiple remote tower environment at DLR Braunschweig.
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Oro Navigacija under the umbrella of SESAR2020 solution PJ.05-02.
This solution was responsible for the validation platform itself —
without the tower command hypotheses generator — and the remote
tower concept validation. The communication between ATCos and
simulation pilots was done via radiotelephony (Yada console) on three
different frequencies. The resulting wav files with controller utterances
and radar data were captured on a Linux laptop.

4.2. Data recordings

Pre-trials with seven Hungarian ATCos running four different air
traffic scenarios were performed from November 13 to 21, 2017. Pre-
trials with six Lithuanian ATCos running also four different scenarios
took place from March 19 to 27, 2018. Pre-trials were used to collect
data to develop the models for command prediction of the tower com-
mand hypotheses generator. Final trials with seven Hungarian ATCos
running five different scenarios were performed from November 12 to
22, 2018. Final trials with six Lithuanian ATCos running four different
scenarios each took place from December 3 to 11, 2018. The data re-
cordings of those trials were used for evaluation of tower command
hypotheses generator prediction accuracy. With pre-trial data (before
summer 2018), machine learning algorithms were implemented to
improve the accuracy of command hypotheses. The scenarios of pre-
trials and trials were very similar, i.e., the callsigns, aircraft character-
istics, airports, traffic density, etc. Were mainly the same. In the main
trials slight changes to some aircraft movements were implemented.
Furthermore, an additional scenario with a runway configuration
change was evaluated in the main trials.

The complete training data set comprised 52 simulation runs with a
duration of roughly 39.4 h. This included about 4700 voice utterances
(wav files). 100% of the Hungarian and 30% of the Lithuanian tower
utterances have been manually transcribed (speech-to-text), annotated
(text-to concepts, i.e., transformation of word sequences to ATC con-
cepts, callsigns, and commands), and checked for this learning
approach. This sums up to more than 3400 transcription files and the
same number of annotation files. When ignoring the “silence” between
different wav-file occurrences, there were roughly 7 h (26 h “with
silence”) of annotated tower commands available for learning.

The data resulting from the final trials (after summer 2018) was used
to test and perform the evaluation of command prediction accuracy. The
reported portion of actually given annotated controller commands was
compared to the tower command hypotheses from the trials. The com-
plete evaluation data set comprises 59 simulation runs with a duration of
roughly 45.6 h. This included about 4600 voice utterances. 25% of the
Hungarian and 35% of the Lithuanian tower utterances have been
manually transcribed, annotated, and checked for the testing and eval-
uation (9 simulation runs each). These data sum up to more than 1000
transcription and annotation files, each consisting of more than2h (12h
“with silence”) of annotated tower commands available for evaluation
purposes.

4.3. Determining parameters for machine learning

The determination of parameters for the machine learning algo-
rithms is a pre-result that needs to be found first. Therefore, the meth-
odology of how to find this result is shortly outlined in the following. A
split of 80%/20% for training and test data can be used, which is very
typical in the machine learning community to estimate the accuracy of
the learned model.

As a first step, an appropriate window size for the machine learning
approach needed to be found (for more background of the “window” use
and the machine learning algorithms, refer to (Kleinert et al., 2017)).
The “window™ is a raster size (a certain rectangle in terms of latitude and
longitude) and is used to cluster airspace areas, where certain controller
commands can be expected (hypotheses). If the window size is huge,
command types are predicted everywhere in the airspace. However, a
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lineup far away from an airport does not make sense. Furthermore, a
speech recognition engine would receive too many hypotheses to choose
from.

If the window size is small, valid command types might not be
forecasted, e.g., because the aircraft was just a few meters away from the
forecast region being too small. Besides, a speech recognition engine
would not receive an accurate set of hypotheses (context) including the
actually given ones of the ATCo. Thus, a trade-off needs to be found for
the window size. The window size is completely different to the “context
size”. The context size comprises of all command predictions at a given
time. The absolute context size indicating the number of predicted
commands per controller utterance occasion is a very important
parameter to the context portion predicted and helps to find reasonable
values for machine learning.

For determining the best window size, the Hungary-2017-11 data
was used to train the command prediction model. This model was then
used to test the Hungary-2017-11 data that were split into two halves
(A/B). As this was done with all available data from the end of 2017 and
is only a pre-result for applying the machine learning algorithms on later
data, only Hungary-2017-11 data was used for determining the pa-
rameters. Different window sizes from 1 to 14 were used for this test. For
the global geographic area between the three airport regions, the win-
dow raster bases on roughly one nautical mile times one nautical mile
depending on the latitude/longitude coordinates, i.e., 1.5 arc minutes
“width” and 1 arc minute “height” for central Europe. On the airports
itself a finer window size was used, i.e., a window size of 1x1 for the
three airport regions can roughly be converted to the sixtieth part of a
nautical mile as a square, i.e., 1.5 arc seconds “width” and 1 arc second
“height”.

The command prediction error rate and the context size (number of
forecasted commands) should be as low as possible. However, big
context size normally results in low command prediction error rates and
vice versa. Hence, it was decided to choose the window size parameter
that does not show great differences in the results of the two afore-
mentioned values compared to the parameter step before. The analysis
result is shown for command prediction error rate in Fig. 2 and for
context size in Fig. 3.

The command prediction error rate with a window size of 11 was
roughly 97% of the error rate with a window size of 10 for data half B
(red line). For data half A (blue line), the command prediction error rate
from window size 10 to 11 only changed in the second value after the
decimal. Hence, a window size of 11x11 seems to be a good size
regarding the command prediction error rate.

The context size with a window size of 11 was 99% of the context size

Window Size Evaluation with Respect to
Command Prediction Error Rate

10%
9%
8%
7%
Command gy
Prediction 5:6
Error Rate gé;
2%
1%
0%

123 456 7 8 91011121314
Window Size for Learning

——Data Half A ——Data Half B

Fig. 2. Comparison of command prediction error rates for different win-
dow sizes.
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Window Size Evaluation
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Context max Data Half B ——Context avg Data Half B

Fig. 3. Comparison of context size for different window sizes.

with a window size of 12 for data half A (blue dotted line). The context
size with a window size of 11 was 98% of the context size with a window
size of 12 for data half B (green dotted line). Thus, a window size of
11x11 was chosen as the best compromise between low command pre-
diction error rates and smaller context size. Further increasing the
window sizes marginally improves the command prediction error rate,
but further increases the context size. The above reported window size is
valid when analyzing all controller command types together.

However, there might be better fitting window sizes for single
command types that have other characteristics with respect to airspace
regions that are usually instructed by an ATCo. Table 2 shows the top
twenty commands actually given by ATCos in descending order of their
number of appearances (the most often used command at rank 1
appeared 1631 times, rank 20 appeared only 37 times in all Hungary-
2017-11 data).

Therefore, an analysis of selected commands on one half of the data
shows which window size could be chosen best for them individually as
shown in Table 3.

The results in Table 3 show that a REPORT or TAXI command can
occur nearly everywhere, but the area when a CLIMB or PUSHBACK
command is given, can be determined very precisely. In the chosen

Table 2
Most frequently used command types of tower controllers.

Controller Command Type

INFORMATION (WINDDIRECTION, WINDSPEED, ATIS, TRAFFIC, ...)
CLEARED (LANDING, TAKEOFF, TOUCH_GO, TO, VIA, etc.)
INIT_RESPONSE

TAXI

CLIMB

SQUAWK

REPORT (FINAL, BASE, etc.)

CONTACT_FREQUENCY

CONTACT

STARTUP

LINEUP

INFORMATION QNH

REPORT_MISCELLANEOUS

CONTINUE

VACATE (also with TO, VIA)

CALL_YOU_BACK

PUSHBACK

VFR_CLEARANCE

DIRECT_TO

ENTER_CTR
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Table 3
Differences of best window sizes for machine learning of tower com-
mand types.

Controller Command Type Best Window Size

REPORT 12
TAXI 11
INIT_RESPONSE 1
INFORMATION 9
VACATE 9
CLEARED 8
CONTACT_FREQUENCY 7
CLIMB 2
PUSHBACK 1

scenarios the ATCo only gave CLIMB commands either together with the
initial clearance, when the aircraft is still at the parking position or
shortly after taking off.

This analysis serves as an input for optimization of the tower com-
mand hypotheses generator towards future technology readiness level 6.
For the further analysis, the above reported determined window size of
11x11 is used.

5. Automatic extraction of command annotation from
transcription

5.1. Transcription and annotation of controller utterances

Manual transcription and annotation of controller utterances is a
very time-consuming process. The software tool CoCoLoToCoCo
(Controller Command Logging Tool for Context Comparison) concen-
trating on efficient usage has been developed to accelerate this process
by DLR (see Fig. 4). This tool also performs a check of the set of predicted
commands (context) to evaluate whether the given commands were
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forecasted or not. It also performs automatic plausibility checks for
transcriptions and annotations with respect to the defined ontology
(section I1.B) format, air traffic rules, common typing errors, etc. (Shetty
et al., 2020). Furthermore, the json format of the used file types that are
explained in the following is checked. The graphical user interface of
CoCoLoToCoCo offers several possibilities to view and manipulate the
ATC utterance analysis files.

The upper middle file list displays all audio wav-files (“wave”) with
timestamps in different colors based on the transcription and annotation
progress levels along with the comments. The field at the bottom allows
to edit the word-by-word transcriptions in jcor-files (“json” and “cor-
rect”) with frequently used phrases to be quickly copied from the lower
right field. The pre-transcription can also be auto-generated if an
annotation is already available. The middle part of the tool window is
used for annotation via the six column menus (Callsign, Type, 2nd Type,
Value, Qualifier, Condition). On the middle right side, the jemd-file
(“command”) with the annotation of the current wav-file, e.g.,
“NAX6TW CLEARED TO ESSA” is shown — with context check (green is
in context; red is not). The annotation can also be auto-extracted out of
the transcription for further manual checking. On the upper right side,
CoCoLoToCoCo maintains nfo-files (“inform™) for comments and err-
files (“error”) listing the automatically detected error messages. The
used json-format means that all file content is encapsulated into json tags
for better readability and interoperability as shown in Fig. 5.

5.2. Description of command extraction algorithm

The module of the ABSR system, which is responsible for extracting
commands from utterances is the Command Extractor. The tower com-
mand extractor uses a Command Extraction Model and the tower com-
mand hypotheses generator to carry out the extractions. Our Command
Extraction Model aims at identifying commonly occurring patterns in
ATCo utterances in order to automatically extract the command

CoColoToCoCo - ] X
File Edit View GExtras 7
Open Di/s0L [ TWR/Op: _atcolfwav ‘ 4
Removed Filelist Play Comments
2019-01-01_00-08- 56-09.wav A~ -
= 2019-01-01_00-09-00- T0wav Duration: 9 Seconds |ATC
2019-01-01_00-09-09-43.wav I clearance
2019-01-01_00-08- 14-d5.wav T
X || 2019-01-01_00-09-22-03.wav ki
B Errors
>> Done:6
v | Todo:149
Undo Do not check file with TransAnnoOnlineChecker | Make filename consistent with contents
Callsign Type 2nd Type Value Qualifier Condition
NO_CALLSIGN ~ ALTITUDE TO A
AE(;SSO CALL_YOU_BACK TOUCH_GO
BRUSS2S CANCEL VIA
CLEARED VISUAL o
BUC1182 —_—
DLHATN CLMB < > NEDAM_1B
CONTACT
E:";QZT CONTACT_FREQUENCY Add Command Remove Command
CONTINUE Annotation 0
HACIZ B
NAXETW CORRECTION NAXGTW INFORMATION ACTIVE_RWY 19
OKOKY DESCEND NAX6TW CLEARED TO ESSA L
SWR2257 DIRECT_TO NAX6TW CLEARED VIA NEDAM_1B Check File
gl EXPECT NAXG6TW ALTITUDE 90 FL Black: No context found
WZZ391 EXPEDITE_PASSING NAX6TW SQUAWK 4271 Green: Command is in context Check Dir
W77550 i EEA?JFI{I\?END Red: Command is not in context Jeerie
e S nnotation
| |uizu cncon ANDDAV/EN generate
; < Transcription
T ranscription pilot:
norshuttle six tango whiskey runway one nine cleared destination stockholm via | | A7
flight plan route nedam one bravo departure initially flight level nine zero :ZZ%ZEWM
squawk four two seven one
v

Fig. 4. Software tool for efficient transcription and annotation of controller utterances using standardized ontology terms and performing integrated hypotheses and

plausibility checks.
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01 {

02 "filename": "2020-08-31__09-51-02-47.wav",
03 "abstraction_layer_word_sequence":

04  "air_france seven two five turn left direct dexon bye"
05 "commands": [

06 {

07 "csgn": "AFR725",

08 "type": "DIRECT_TO",

09 "valu": "DEXON",

10 "qual”: "LEFT"

11 }

12 ]

13}

Fig. 5. Json-format for a file containing a single ATC command.

annotations associated with an ATCo utterance. The algorithm -
explained in details in (Helmke et al., 2020) — consists of three general
steps: (1) callsign extraction, (2) command extraction using keyword
sequences, and (3) extraction of incomplete commands from known ATC
concepts and unrecognized words of the utterance. Fig. 6 gives an
overview on the complete command extraction algorithm:

An example utterance explains the algorithm well: “good evening
lufthansa seven hotel tango palanga tower wind zero five at eight knots
runway zero five right cleared to land”. The Command Extraction Model
uses the set of plausible commands predicted by the hypotheses gener-
ator, through which the set of plausible callsigns (or predicted callsigns)
is also delivered, e.g., AFR783, DLH12C, DLH7HT. We begin by trying to
extract the callsign from the first words of the transcribed utterance as
described in line 1 of the algorithm (Fig. 6). In the given example,
DLH7HT will be the extraction result from “lufthansa seven hotel tango”.

Next, we try to identify command types by using keyword sequences.
For example, keyword sequences such as “wind” or “wind is” could
indicate a wind information command, and keyword sequences such
“cleared to land” and “cleared landing” could indicate and trigger the
extraction of the CLEARED LANDING command as defined in the
ontology. We therefore identify that we may have commands INFOR-
MATION WINDDIRECTION and INFORMATION WINDSPEED when we
encounter “wind” in the utterance. Here, INFORMATION represents
Command Type, and WINDDIRECTION and WINDSPEED represent
Command Second Type. Moreover, the ontology defines that

01 Extract (predicted) callsign from first words of utterance;
02 while (NOT end of utterance reached){

03  Extract command if matching keyword sequence found;
04 if (type, value, unit, qualifier ... can be extracted){

05 Add command to list of already extracted commands;
06}

07 }

08 while (NOT end of utterance reached){

09 Find ATC concept in unmatched words of utterance;

10  if (type, value, unit, qualifier ... can be extracted){

11 Add command to list of already extracted commands;
12}

13 Find command hints in unmatched words of utterance;
14 if (type, value, unit, qualifier ... can be extracted){

15 Add command to list of already extracted commands;
16 }

17}

18 while (NOT end of utterance reached){

19 Find first or further callsigns in unmatched words of
utterance;

20 }

Fig. 6. Pseudo-code algorithm to extract callsign and command annotations
from air traffic controller utterance transcriptions (Helmke et al., 2020).
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INFORMATION WINDDIRECTION commands must always have a value,
which must be a 3-digit number such as 010, 360, etc. (representing the
angle in degrees or the value “VARIABLE”). The ontology also specifies
that command INFORMATION WINDSPEED also has a value repre-
senting wind speed (or “calm” that is extracted as “0”) and a unit. For
commands INFORMATION WINDDIRECTION and INFORMATION
WINDSPEED, we try to extract their values and unit after the keyword
“wind” in the utterance. For the given example, we successfully extract
both INFORMATION commands resulting in “DLH7HT INFORMATION
WINDDIRECTION 055” and “DLH7HT INFORMATION WINDSPEED 8
kt”, respectively. If the extraction of the mandatory value, e.g., for IN-
FORMATION WINDDIRECTION fails, the next matching keyword
sequence is processed. Besides, commands can also have optional
qualifier or condition fields.

Similarly, keyword sequence “cleared to land” results in the extrac-
tion of Command Type CLEARED and Command Second Type LANDING,
with an optional runway value of RWO5R found before the matched
keyword sequence. If a valid runway is not found, the value is set to
“none”. In our example, we successfully extract “DLH7HT CLEARED
LANDING RWO5R”. The command extraction is illustrated between lines
2 and 7 in Fig. 6. The given example can be rewritten and color-coded as:

“good evening lufthansa seven hotel tango
palanga tower wind zero five five at eight knots runway zero five.
right cleared to land”

Here, colors jed, &reen, and plye mark the extracted
callsign, INFORMATION WINDDIRECTION,
INFORMATION WINDSPEED, and CLEARED LANDING
commands, respectively. The black color-coded words have not yet been
used for command extraction. These words do not match any keyword
sequences. However, they can still be used to extract commands by
identifying unmatched words or known ATC concepts. This next step is
implemented between lines 8 and 17 of the algorithm in Fig. 6. ATC
concepts contain runways, taxiways, taxipoints, waypoints, frequencies,
etc. In the given example, “palanga tower” represents a valid position
name PALANGA_TOWER. We extract a STATION command from this
ATC concept directly, resulting in the extraction of “DLH7HT STATION
PALANGA_TOWER”. The remaining unmatched words are further
analyzed for indications with respect to Command Types. For example,
“flight level” and “decimal” could suggest ALTITUDE and CON-
TACT_FREQUENCY commands, respectively. In addition, fillers such as
greetings (e.g., “good bye”, “bonjour”, etc.) are also recognized.

Lines 18 to 20 illustrate a second round of callsign extraction in order
to extract callsign(s) which were not previously extracted. The algo-
rithm applies Levenshtein distance calculations (Levenshtein, 1966) for
evaluating the best matching callsign. Using the Levenshtein distance
calculations, callsign DLH7HT is identified as the best match even for
“lufthansa six hotel tango”. This second callsign extraction step also ex-
amines if there are callsigns in the same utterance separated by the
“break break” keyword sequence. The second round of callsign extrac-
tion after extracting all commands helps to avoid mixing up command
and callsign symbols that would lead to wrong callsign/command ex-
tractions. For example, in “speedbird two juliett x-ray papa tower ...“, the
word “papa” could either indicate an International Civil Aviation Or-
ganization (ICAO) alphabet letter (ICAO, 2017) from the callsign or
could specify the Hungarian air base Papa. The callsign extraction pro-
cess for unrecognized callsigns at the end ensures that “papa” is correctly
associated with the respective callsign/command (STATION command
in our example).

5.3. Challenges in the command extraction process

Here, we shall discuss some of the challenges faced while imple-
menting the tower command extractor. Even though ATCos must follow
the ICAO standard phraseology (ICAO, 2016) while issuing instructions
to pilots, they often tend to deviate from the standard phraseology,
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thereby making the command extraction process more challenging.
Some of the challenges faced are listed below:

- Ambiguities in ATCo utterances “taxi to holding point runway one three
right” can be easily recognized as “TAXI TO HP_13R”, but in “taxi to
runway one three right”, the “runway one three right” could either be
runway 13R or taxipoint HP_13R, making it difficult for the software
to identify the correct ATC concept.

- Mistakes in callsign utterances going beyond defined Levenshtein distance
threshold Saying “hotel alfa kilo whiskey” instead of “hotel alfa sierra
kilo victor” makes extraction of the correct callsign HASKV
challenging.

- Misrecognition of callsign or wind values as runways Parts of callsign
and wind information that match runway values could be mis-
recognized as runways. For example, the “two three” in “iberia three
two three hold for landing traffic” could also be recognized as runway
value (RW23) associated with the HOLD_SHORT command.

The last example again shows the added value of command predic-
tion, i.e., of a good prediction. If the callsign IBE323 is predicted, it is
very likely that the “two three” does not correspond to the runway. If no
IBE323 is predicted, but an IBE2A3, it is likely that “two three” is used
for an abbreviated HOLD_SHORT command. The example also shows
that sticking to phraseology increases safety, because word sequences
which could be ambiguous for an automatic speech recognition system
could also be challenging for a pilot especially if the pilot is not a
frequent user of the corresponding airspace/airport/air traffic control
unit. And last, but not least, it must be mentioned that we only described
the challenges of concept and command extraction when the extraction
is performed on manually transcribed utterances. More challenging is
the process, when the word sequences are the output of a speech-to-text
module. In the first case we can assume an ideal word error rate (WER)
of 0%, but in the latter case, the command extraction must be able to
extract something meaningful for WERs between 2% and 20%. Com-
mand Extraction Rates of 75% are still possible even if WER goes much
beyond 10%, as it is shown in (Helmke et al., 2020) for our
implementation.

5.4. Results of automatic command extraction on tower data

The data used for command extraction consisted of more than 16,000
commands from almost 6000 transcribed utterances. The data was
collected from multiple remote tower simulation trials of Hungarian,
Lithuanian, and Finnish controllers in the DLR TowerLab from 2017 to
2019. The number of commands per utterance ranged between 1 and 9.
The results of command extraction for tower are shown in Table 4.

The extraction rate (ExtrR) is defined as the number of correctly
recognized commands (Cmds) divided by the total number of actually
given commands. Hereinafter, gold annotations refer to the manual,
correct annotation of a human expert, i.e. the manual transformation of
the uttered word sequences to the ATC concepts defined by the ontology.
A command is said to be correctly recognized only if the callsign,
command type including second type, value, unit, qualifier, and the
condition are all correctly extracted. Hence, “DLH7HT CLEARED
LANDING RWO5R” is different from “DLH7HT CLEARED LANDING
none”. Error rate (ErrR) is the percentage of wrongly extracted com-
mands, i.e., the number of commands extracted wrongly divided by the

Table 4

Command extraction rates for tower.
Runs #Extr Cmds #Utterances ExtrR ErrR RejR CsgnExtrR
Hungary 11416 4061 97.3% 2.3% 1.7% 99.5%
Lithuania 4410 1665 96.0% 2.3% 2.5% 99.1%
Finland 287 131 94.2% 3.5% 3.4% 100%
All 16113 5857 96.7% 2.4% 2.0% 99.4%
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total number of commands actually given. Rejection rate (RejR) is the
percentage of gold annotations which are not extracted. A wrong com-
mand extraction is considered as a rejection, if for a given gold anno-
tation (i) nothing is extracted, or (ii) command type NO_CONCEPT is
extracted, or (iii) the correct command type is extracted, but with the
callsign NO_CALLSIGN and this differs from the given gold annotation.
Table 4 Also shows the callsign extraction rate (CsgnExtrR), which
represents the percentage of correct callsign extractions (99.4%).

Note 1: The sum of the command recognition, command error, and
command rejection rate is normally slightly bigger than 100% (ExtrR +
ErrR + RejR > 100%): If exactly one command is said by the ATCo (gold
annotation), but three commands are extracted, the error rate is at least
200% for this utterance. If, however, three commands are said and no
command, except NO_CONCEPT, is extracted, the rejection rate is 100%.

Note 2: During implementation of the tower command extractor and
the succeeding manual checks, errors in manual transcriptions and
especially in manual annotations (gold annotations) have been found.
This means that, e.g., some transcribed uttered words were misspelled,
missing, etc. And that gold annotations included wrong command types
or callsigns, commands were missing, inconsistencies existed due to
different manual annotators, etc. Hence, a number of gold annotations
and transcriptions have been updated compared to the first manual
annotation and transcription in order to correct them and to also fit them
to the enhanced ontology. This also means that there are still incorrect
gold annotations existing, i.e., manual gold annotations with few errors
are compared to automatically extracted annotations with few errors.

From Table 4 We see that an overall extraction rate and error rate of
96.7% and 2.4% respectively are achieved with the tower command
extractor. The extraction rates obtained for individual runs corre-
sponding to Hungary, Lithuania, and Finland airports are 97.3%, 96%
and 94.2%, respectively. Here we see that our Command Extraction
Model works best on Hungary data (best simulation run with 99.7%
extraction rate) and worst on Finland data (worst simulation run with
90.8% extraction rate). The lower recognition rates for Finland could be
attributed to the lower number of modeled specifics for Finland envi-
ronment. An extraction rate of 96.7% in average means that about 365
commands are still not correctly recognized. Some of the reasons why
we could not achieve an extraction rate of 100% are: (i) remaining errors
in gold annotations, i.e., we assume that half of the extraction errors can
just be corrected by correcting the gold transcriptions and/or annota-
tions, (ii) large and unpredictable phraseology deviations, (iii) correc-
tions in utterances like “runway zero correction one three right”, (iv)
mistakes in utterances, for example saying invalid runway values like
“runway zero four” instead of “runway zero five”. The remaining call-
sign extraction errors also have different reasons such as (i) only the
airline without flight number was uttered, (ii) the wrong airline was
uttered, (iii) two letters of the callsign are mixed up, (iv) and non-ICAO
rule conform abbreviations of the callsign have been used.

6. RESULTS OF TOWER COMMAND HYPOTHESES GENERATOR VALIDATION EXERCISE

6.1. Applying machine learning techniques and evaluation of command
prediction quality

There are four different data sets for tower command hypotheses
generator evaluation called Hungary-2017-11, Lithuania-2018-03,
Hungary-2018-11, and Lithuania-2018-12. As described above, an
evaluation analysis consists of training the prediction models via ma-
chine learning and testing afterwards. Four different training and test set
combinations have been used as per the data history. Those training/test
sets are called as listed in Table 5.

For each of the annotated runs there was a set of predicted com-
mands per timetick called context (ctx) every time the ATCo uttered
something. The results of the command hypotheses evaluation are re-
ported in historical order in the following sub-sections after the over-
view in Table 6.
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Table 5
Overview on training and test data sets with time of recording and air navigation
service provider information.

Name of Evaluation ~ Training with Dataset Test with Dataset

HUNGARY
LITHUANIA
BOTH_COUNTRIES

Hungary-2017-11
Lithuania-2018-03
Hungary-2017-11, Lithuania-
2018-03

Hungary-2017-11, Lithuania-
2018-03, Hungary-2018-11

Hungary-2018-11

Lithuania-2018-12
Hungary-2018-11,
Lithuania-2018-12

COMPLETE Lithuania-2018-12

Table 6
Overview of Command Prediction Error Rate and Context Size for the four
different Evaluations.

Name of Evaluation Command Standard ctx_avg ctx_max
Prediction Error Deviation
Rate
HUNGARY 7.8% 2.57% 450 593
LITHUANIA 12.5% 3.6% 340 498
BOTH_COUNTRIES  7.3% 2.46% 548 760
COMPLETE 7.5% 3.7% 629 900

Command prediction error rate (underlined if significantly below 10%), stan-
dard deviation of command prediction error rate as well as average and
maximum number of hypotheses relevant for context size in ctx-files (ctx_avg,
ctx_max).

6.1.1. Hungary

For the six annotated Hungarian simulation runs containing a sce-
nario without runway configuration change, the average command
prediction error rate per run is 7.8% (standard deviation SD: 2.57%).

As there was no runway configuration change in the training data
(Hungary-2017-11 runs), this could not be learned. Thus, different
runway configurations for commands have not been predicted for 2018
data. Hence, such a new aspect negatively influences the command
prediction quality i.e., a change in the runway configuration affected the
prediction quality of commands such as TAXI, VACATE, CLEARED
LANDING/TAKEOFF, etc. Taking three further simulation runs with
runway configuration changes of test data also into account, the com-
mand prediction error rate is 9.1% (SD: 2.85%). 450 commands have
been predicted on an average (ctx_avg). When analyzing the biggest set
of predicted commands per run (ctx_max), this averages to 593 for the
Hungary-2018-11 runs.

All of the top 14 commands (that were at least used in 2.2% of all
commands from the Hungary-2018-11 scenarios without runway
change) showed command prediction error rates below 8.3%. However,
for the “TAXI TO”-command this is only true if a generalization of stands
is made (so specific stands such as “R107” were not forecasted, but only
“TAXI TO STAND”).

6.1.2. Lithuania

For the nine annotated Lithuanian simulation runs, the average
command prediction error rate per run is 12.5% (SD: 3.6%). Many
scenarios had aircraft repeating a touch-and-go or a go-around respec-
tively which are more difficult to predict. When ignoring such command
predictions, the command prediction error rate would be around 7%.
340 commands have been predicted as context on an average (ctx_avg).
When analyzing the ctx_max, this averages to 498 for the Lithuania-
2018-12 runs.

6.1.3. BOTH_COUNTRIES

For the six annotated Hungarian simulation runs — however, machine
learning performed on Hungary-2017-11 and Lithuania-2018-03 — the
average command prediction error rate per run is 7.3% (SD: 2.46%).
These numbers are reported as the main result as the technical valida-
tion plan foresaw validation trials with Hungarian ATCos and a
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command prediction model that learned from all available data before.

Taking also the nine annotated Lithuanian simulation runs into ac-
count, the average command prediction error rate per run is 7.9% (SD:
3.2%). Taking all 18 annotated simulation runs (with runway configu-
ration changes) into account, the command prediction error rate is still
below 10% - in a range between 8 and 9%. For the Autumn-2018 runs
the ctx_avg and ctx_max were 548 and 760, respectively.

6.1.4. COMPLETE

For the nine annotated Lithuanian simulation runs — however, ma-
chine learning performed on Hungary-2017-11, Lithuania-2018-03, and
Hungary-2018-11 - the average command prediction error rate per run
is 7.5% (SD: 3.7%). The ctx_avg was 629, the ctx_max was 900 for the
Lithuania-2018-12 runs.

6.1.5. Significance of results

The confidence in the results of the exercise is high due to the
number of simulation runs, i.e., the command prediction error rates
have high statistical significance. The performed t-test tested against the
required average value of 10%. The obtained p-values are 1.18% and
3.29% for the “BOTH_COUNTRIES-data” and the core “HUNGARY-
data”, respectively. Normally, a statistical significance of below 5% is
required to significantly support the underlying assumption. Hence, we
can conclude that the average command prediction error rate per run is
very surely below 10%. However, for the reported “LITHUANIA-data”,
we assume that the command prediction error rate is above 10% due to
the t-test on the other side of the threshold value with a p-value of
2.46%. But again, for the “COMPLETE”-data, testing the same Lithua-
nian files with the reported model learned on more data, we can assume
that the command prediction error rate is below 10% with a p-value of
2.91%.

6.1.6. General notes

The context portion predicted was below 10% all the times. How-
ever, the ctx_avg shows that more training data lead to more command
predictions. This results in less command prediction errors, but is
increasing the search space for a speech recognition engine. Further-
more, it has to be noted, that there are still unintended human-made
transcription and annotation errors in the data. The CoCoLoToCoCo
tool notifies the human annotator about possible errors. This tool
continuously improves; however, it is not able to detect all errors. Be-
sides, the simulation runs chosen to be annotated and analyzed might
have a small influence on the errors detected. In general, it can be stated
that a command prediction error rate below 10% was achieved and can
be further enhanced.

6.2. Real-time aspects of command prediction with respect to given
commands

In average, software-based generation of command hypotheses took
119 ms (analyzed from log files of 59 simulation runs of final trials in
autumn 2018) which is a factor of 40 better than required.

Context (set of command hypotheses) has been generated more than
21,000 times. As traffic density during tower trials was rather medium to
low (compared to former ATC approach trials, in which context was
used), context was generated only every 10 s. However, the measure-
ments show that it is possible to do it 80 times more often if needed. The
context generation frequency was also reasonable, because the average
duration of radiotelephony (RT) calls from tower controllers is just
slightly shorter than 10 s as shown in Fig. 7. These five to 7 s of simple
ATCo command communication have also been reported for en-route
sectors (Rodriguez and Cordero, 2014).

The portion of time used for commands and the number of com-
mands is visualized in Fig. 8. This emphasizes the potential for workload
reduction by usage of ASR, because each command nowadays means
that ATCos also need to perform manual input into the ATC system.
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RT [s/click]

ORNWAUON®®O

Fig. 7. Average duration of radiotelephony transmissions in seconds from
tower controller to pilot (with positive and negative standard deviation).

Within the number of roughly 21,000 command prediction attempts,
only four of them lasted longer than 1 s. However, it was always faster
than 2 s. Further analyzes showed that the command prediction itself
was not slow, but fetching input data from databases and storing it slows
down the predictions. All other attempts succeeded in less than 1 s.
These numbers are highly reliable regarding the number and duration of
runs.

6.3. Debriefing comments

Each ATCo also joined a debriefing session. This included a discus-
sion about strengths and weaknesses of transcription and annotation
focusing on the appropriateness of the ontology and the CoCoLoToCoCo
support tool. Furthermore, the ATCos were asked for their opinion about
an ABSR system in the daily life CWP. Paraphrased answers are reported
in the following.

ABSR do not seem to be of huge interest for one of the controllers,
who does not need to enter many things in the CWP HMI today. A list of
last clearances in written form would be good for another ATCo as he
also uses the hearback replay button in his CWP. ABSR would be a good
support for improvement of the HMI, for departure clearances, as well as
flight levels and squawks. Also, regarding future ATC systems for the
ground — that will be introduced in the next two years — ABSR support
would be helpful as ATCos need to enter all waypoints, taxi points,
routes, etc. for applications such as “follow-the-greens”. Other ATCos
also mentioned safety critical aspects that could be supported by ABSR.
ABSR should recognize “RWY blocked” and show it on the HMI if ground
personnel enter a runway. Furthermore, a reliable readback failure
presentation would be great, especially for digits in clearances, fre-
quencies, and for the attributes such as “left” and “right”.
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Thus, the central recommendation for HMI design is to display the
semantics (annotation) of utterances at the CWP. By doing so, ATCos
have the chance to check and compare implications from the past or for
the future. Hence, this will be implemented for the following human-in-
the-loop study with a completely integrated prototypic ABSR system at a
multiple remote tower CWP setup.

7. SUMMARY AND OUTLOOK
7.1. Summary of command hypotheses validation results

The complete trials generated 107 recorded simulation runs for data
analysis. The results of the simulation runs with respect to the tower
command hypotheses generator are positive and encouraging. The hy-
potheses generator fulfilled both validation objectives, i.e., operational
feasibility as well as performance stability was validated. One aim was to
have a command prediction time at least as fast as the update rate of
radar data, i.e., the prediction time should be below 5 s. Command
predictions were forecasted timely and could be generated on an
average every 120 ms and were always below 2 s. The command pre-
diction error rate achieved its targets to stay below 10% with a standard
deviation below 2.5%. Furthermore, the context portion predicted was
below 10% for all simulation runs, however, having limited expres-
siveness as a valuable result. Nevertheless, the context portion predicted
was in a comparable dimension as for the approach hypotheses
generator.

AcListant® project showed that ATC command hypotheses improve
the recognition quality of an ABSR system in the approach environment.
Hence, the positive evaluation of the forecast quality of the tower
command hypotheses generator is a central factor for a later tower ABSR
system. This future system could present the recognized commands to
the controller and might be used similar to the actions in the other four
PJ.16-04-ASR exercises.

7.2. Summary of command extraction validation results

16,000 tower controller commands from 6,000 utterances have been
manually transcribed and annotated to serve as the “gold” (correct)
baseline for comparison. The developed tower command extractor
automatically extracted commands from the manually transcribed ut-
terances with an average accuracy of 96.7%. The callsign extraction rate
even reached 99.4%. This good extraction rate again helps to improve
the command prediction, because it can learn from more accurate data.
The developed tower command extractor can be used on any tower
command transcription independent of the ASR engine’s automatic or
manual transcription.
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Fig. 8. Percentage of time and number of tower controller utterances per hour using radiotelephony (with positive and negative standard deviation).
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7.3. Outlook on future work

There will be further industrial research on ABSR in SESAR’s Wave 2
project PJ.05 “Digital Technologies for Tower” more precisely solution
97 “HMI Interaction modes for Airport Tower”. Meanwhile, an enhanced
tower command hypotheses generator and command extractor from
DLR was integrated with a speech recognizer from the Swiss research
institute Idiap to generate the first ABSR system for towers transitioning
from technology readiness level 2 to 4. A real-time simulation exercise
with controllers will be conducted in Remote TowerLab at DLR
Braunschweig early 2022. The trials are supported by the air navigation
service provider partners of B4 (ON from Lithuania, PANSA from
Poland, and ANS-CR from Czech Republic) as well as COOPANS (ACG
from Austria and CCL from Croatia).

So far, the command prediction error rate and the command
extraction error rate on gold transcription for aerodrome ATC are
known. However, there are — conform to planning - still many aspects
which are unknown, compared to the results from AcListant® and the
approach environment such as (1) the performance of an adapted basic
speech recognition engine on tower utterances used by partly different
air navigation service providers’ ATCos with other English accents, (2)
the extent to which tower command hypotheses, including more types of
clearances, e.g., for VFR flights than just the approach ATC, improve the
command recognition error rate on automatic, partly erroneous, tran-
scriptions, and (3) possible workload reductions and their effects on
aerodrome ATC performance.

Regarding the implementation of the enhanced tower command
hypotheses generator, there are different aspects of improvement for the
context quality. The set of hypotheses should be minimized and must
fulfil more requirements valid on ground. A state machine approach —
complementing the machine learning approach — could deliver even
more background knowledge for the hypotheses generator. There are
more single actions and command types that succeed each other in a
certain order in the tower than in the approach environment. If, e.g.,
once a taxi clearance follows a pushback clearance, then the likelihood
of a startup or landing clearance is almost zero. However, the likelihood
of a lineup clearance is very high. This of course depends on the accu-
racy of the data quality — e.g., command extraction error rate - of former
clearances. If they are derived from the ABSR system output, the follow-
up states of the aircraft and thus of clearances is connected to a certain
probability. Individual window sizes per controller command type pre-
diction as described above can further improve machine learning results
and thus command hypotheses accuracy. Additionally, the growing
amount of data, i.e., (1) available radar and speech data for training of
all scenarios and environments that are tested and (2) annotated speech
data to optimize command prediction error rate and context portion
predicted helps to build a tower command hypotheses generator on
higher technology readiness levels.

An evaluation of speech data will further be done with real life data
from Vilnius, Vienna, and Prague tower. The transcription and annota-
tion tool CoCoLoToCoCo will provide further functionality of recording
readback errors. This will enable the training of automatic readback
error detection from controller as well as pilot utterances. In order to do
this, the tower command extractor must be enhanced for real-life
controller and pilot utterances as well. Furthermore, the ABSR systems
with tower command hypotheses generator and command extractor
should be brought closer to the operation’s room, i.e., real towers or
remote towers to support various applications of using speech
information.
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Abstract: Assistant Based Speech Recognition (ABSR) systems for air traffic control radiotelephony
communication have shown their potential to reduce air traffic controllers” (ATCos) workload. Related
research activities mainly focused on utterances for approach and en-route traffic. This is one of the
first investigations of how ABSR could support ATCos in a tower environment. Ten ATCos from
Lithuania and Austria participated in a human-in-the-loop simulation to validate ABSR support
within a prototypic multiple remote tower controller working position. The ABSR supports ATCos
by (1) highlighting recognized callsigns, (2) inputting recognized commands from ATCo utterances
in electronic flight strips, (3) offering correction of ABSR output, (4) automatically accepting ABSR
output, and (5) feeding the digital air traffic control system. This paper assesses human factors
such as workload, situation awareness, and usability when ATCos are supported by ABSR. Those
assessments result from a system with a relevant command recognition rate of 82.9% and a callsign
recognition rate of 94.2%. Workload reductions and usability improvement with p-values below
0.25 are obtained for the case when the ABSR system is compared to the baseline situation without
ABSR support. This motivates the technology to be brought to a higher technology readiness level,
which is also confirmed by subjective feedback from questionnaires and objective measurement of
workload reduction based on a performed secondary task.

Keywords: air traffic controller; multiple remote tower; assistant-based speech recognition; automatic
speech recognition and understanding; electronic flight strips

1. Introduction

Speech recognition and speech understanding have found their way into use in

Copyright: © 2023 by the authors.
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semantics. However, high accuracy in speech understanding is needed for human operators
that supervise safety-critical processes, such as in aviation. Only then, users of speech
recognition and understanding systems such as controllers will accept them and can benefit
from their support, e.g., through workload reduction. Nowadays, tower controllers are
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entered in such flight strips is also communicated verbally in air traffic control radio
telephony. This article presents one of the first prototypes of a speech recognition and
understanding system to support ATCos in the tower environment in maintaining digital
flight strips—in our case, even in a simulated multiple remote tower environment.

Our conducted validation study with ten air traffic controllers (1) quantifies any
productivity enhancements in terms of mental workload, situation awareness, satisfaction,
acceptance, trust, and usability through the advanced support functionalities in the digital
system with automatic flight strip maintenance and highlighting features (independent
variable); (2) quantifies the quality of speech-to-text and text-to-concept functionality; and
(3) gathers feedback on the prototypes’ functionality and visualization.

1.1. Related Work
1.1.1. Automatic Speech Recognition and Understanding in Air Traffic Management

During the last decades, a row of prototypes for speech recognition and understand-
ing [1] in the air traffic management (ATM) domain has been developed. Early prototypes
intended to support air traffic control (ATC) training and to reduce the number of required
simulation pilots [2,3]. ATC events have been recognized from utterances to estimate
controller workload [4,5]. The integration of contextual knowledge from an electronic assis-
tant system for the speech recognition and understanding process [6] reduced recognition
error rates [7]. These so-called assistant-based speech recognition (ABSR) systems initially
focused on the approach environment [8]. For interoperability and comparability, rules
for transcription (speech-to-text) and annotation (text-to-concepts)—so-called ontologies—
have been defined and agreed upon between the major European ATM stakeholders [9].
Due to these rules, ATC utterances always comprise a callsign and at least one command
that can consist of a type, unit, qualifier, and conditions. Later, ABSR systems were en-
hanced and enrolled on the en-route [10], apron [11,12], and tower environment [13]. This
included the prediction and extraction of ATC commands [14]. Further research prototypes
enhanced the ontologies, worked on speech recordings and radar data from real operations
rooms, especially, but not limited to, recognizing callsigns [15-17], pre-filled aircraft radar
labels that reduced the workload of ATCos [18,19], and implemented automatic readback
error detection [10,20]. However, there was no validation of a sophisticated ABSR system’s
support for tower controllers, especially in a multiple remote tower setup using such a
system in a high-fidelity laboratory environment.

1.1.2. Multiple Remote Air Traffic Control Tower and Human Operator Performance

The history of laboratory remote tower working positions started over two decades
ago [21]. Recent research focused on human performance in multiple remote tower en-
vironments, i.e., where an ATCo is responsible for more than one remote airport at the
same time. This started with analyzing eye-tracking data to characterize tower controllers’
visual attention [22]. The research went on to investigate the changes in monitoring tasks
and drafting multimodal interaction to support human operators at the controller working
position (CWP) [23]. The latest research concentrated on workload assessment [24], opera-
tional feasibility and safety [25], as well as a supervisor position [26]. With fostering the
technology maturity, questions regarding standardization with the European Organization
for Civil Aviation Equipment (EUROCAE) and the European Union Aviation Safety Agency
(EASA) guidelines have been developed [21]. Furthermore, the certification process for
multiple remote tower operations has been sketched [27].

In the multiple remote tower environment, the human ATCo remains a central mean
for the overall performance, with or without ABSR support. Related work on human
performance assessment with standardized questionnaires is explained together with their
results in the subsections of the result Section 3.
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1.2. Structure of the Article

Section 2 describes the setup for the validation of ABSR support for ATCos and the
conduction of this study. Section 3 presents the study results for the two aspects “Appli-
cation of ABSR” and “ABSR in an ATM environment”, i.e., results on speech recognition
performance (Section 3.1) and speech understanding performance (Section 3.2) as well as on
human factors such as mental workload, situation awareness, satisfaction, acceptance, trust,
and usability (Sections 3.3-3.10), and ends with general feedback from ATCos (Section 3.11).
Section 4 discusses the major study results for the fast readers who just quickly scanned
Sections 2 and 3. For the very fast overview reader, Section 5 concludes and gives an
outlook on future work. A list of abbreviations is provided before the Appendix. For
more details and to follow some of the calculations, Appendix A lists results on speech-to-
text performance, Appendix B lists results on text-to-concept performance, Appendix C
lists the questionnaire statements of this study, and Appendix D details some validation
setup views.

2. Materials and Methods

This section describes the hardware and software setup, as well as the methodology
for the conduction of a human-in-the-loop simulation study to validate the benefits of
an implemented ABSR prototype that was integrated with a prototypic electronic flight
strip system for ATCos working within a simulated multiple remote tower environment.
The technological validation exercise “006” was part of SESAR2020’s wave 2 project PJ.05,
“Digital Tower Technologies (DTT)” that received funding from the SESAR Joint Under-
taking under the European Union’s Horizon 2020 research and innovation program under
grant agreement No 874470. More specifically, the exercise was conducted within solution
97, “"HMI Interaction modes for Airport Tower,” with its “Automatic Speech Recognition
(ASR)” activity for “Improving controller productivity by ASR at the TWR CWP”.

2.1. Hardware Setup of the Validation Study

Figure 1 shows the hardware setup of a prototypic CWP for a multiple remote tower
environment in DLR’s TowerLab [28]. Three horizontal rows of monitors (top of Figure 1)
visualize the artificial outside view for the three configured airports. The airport layout is
generic, but the three airports are named Vilnius, Kaunas, and Palanga.

Figure 1. Multiple remote tower environments with a row of monitors per each of the three airports
under ATCo control, three radar screens, and the electronic flight strip system that is supported
by the output of an assistant-based speech recognition system. The position for Vilnius is always
top/left, Kaunas is middle, and Palanga is bottom /right.
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The three monitors below on the desk (see Figure 1) depict the air traffic in the airport’s
vicinity. The touch display at the middle of the desk (see Figure 1) presents the electronic
flight strips per airport per column. The ATCo wears a headset with speakers and a
microphone that is triggered via a push-to-talk button at the headset’s cable. The paper
sheets on the left of the desk (see Figure 1) contained the airport layout, aircraft callsigns,
and a legend for the symbols of the electronic flight strip system.

2.2. Software Setup and Simulation Environment of the Validation Study

All used software and displays are prototypic DLR developments. They consist of
the most common elements that the usual controller working positions of European air
navigation service providers offer. Thus, a wide range of ATCos from many different
countries can use the systems of the validation study even if the details differ compared to
their “usual” systems in daily-life operations. The aircraft and ground vehicle movements
relevant to the tower and ground control were simultaneously simulated in three remote
Lithuanian airports, i.e., Vilnius, Kaunas, and Palanga.

2.2.1. Outside View for Supervision of Movements on Ground and above the Airfield

The artificial outside view, such as out of a physical tower for those three airports,
comprises the runway, taxiways, stands, and some environments, such as landscape and
buildings, as shown in Figure 1. On the left and right side of each monitor row, there was a
compass rose with additional information relevant to aircraft takeoff and landing (more
details in Appendix D). If the validation condition “with ABSR support” was active, the
ABSR output was also shown in the ATCo outside view.

2.2.2. Radar Displays to Monitor Air Traffic Close to the Airfield

A radar display for each of the three airports (see Figure 1 middle part) visualized the
airspace structure with waypoints and the air traffic in the airport’s vicinity. Each aircraft
had a radar label displaying the aircraft callsign, weight category, current altitude, rate of
descent/climb, speed, heading, and aircraft type. The biggest airport (Vilnius) also had a
ground radar display showing the runway, taxiways, stands, and aircraft information, i.e.,
current and latest positions, aircraft callsign, relevant runway or stand, speed, and aircraft
type, as well as a color indicating if the flight is an arrival or departure.

2.2.3. Electronic Flight Strip System (EFS)

The electronic flight strip system on the touch display consisted of one column per
airport (see Figure 2). The column heads presented the airport’s ICAO code, runways,
automatic terminal information service (ATIS) letter, and radio frequency. Each of the three
columns, in turn, comprised four different bays—air, runway, ground, and stand—in order
to enable managing the flight progress in a procedural way.

Each flight strip (see zoomed white box in Figure 2) offered the option for hand written
notes (pen symbol in upper left area), and showed aircraft callsign (BRU835), ICAO weight
category (M), runway (34), stand (M1), estimated time of arrival /departure (08:39), aircraft
type (A320), flight rules (“I” or “V” for instrument/visual flight rules), origin/destination
airport (EDDK), standard instrument departure (such as BELED3D for aircraft GAF612 on
the lower right blue flight strip), and squawk (3511).

The EFS for the ATCos further had a number of flight status icons on the right side
(see Figure 2). The flight status icons depended on the flight intentions, i.e., blue departure
flight strips/purple arrival flight strips, and on the progress, i.e., in which bay the flight
strips currently are. Each flight status icon could be toggled, i.e., activated when a status
change was initiated or deactivated, e.g., in case of activating by accident. The different
flight status icons are shown in Figure 3. If they were activated through the tap of an
electronic pen, they turned into a light green color in the electronic flight strip.
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Figure 2. DLR'’s prototypic electronic flight strip system for aircraft at three remotely controlled
airports (from left to right: Vilnius, Kaunas, Palanga).

Symbol

Name

Description

FIRST_CONTACT

First radio contact established

START_UP Aircraft has clearance for startup

PUSHBACK_GIVEN Aircraft has clearance for
pushback

TAXI_OUT Aircraft has clearance to for taxi to
runway

LINE_UP Aircraft has clearance to line up on
the runway

TAKEOFF_CLEARANCE

Aircraft has clearance for takeoff

DEPARTING Aircraft is flying away from airport
EXIT_CTR Aircraft is leaving control zone
ENTER_CTR Aircraft is entering control zone

LANDING_CLEARANCE

Aircraft has clearance to land

LANDED

Aircraft has landed

TAXI_IN

Aircraft has clearance to taxi to
apron

TOUCH_AND_GO

Aircraft has clearance for touch
and go landing

LOW_APPROACH

Aircraft has clearance for low
approach

CLOSED

Flightplan has been closed

21| K| AP kPSS Towr

SQUAWEK_SET

Transponder code has been set
(event, not a state the aircraft
remains in)

Figure 3. Flight status icons of electronic flight strips available depending on the current flight

status [29].
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The electronic flight strips changed their bays with further progress of the flight status
when arriving or departing, e.g., after setting the status “LINEUP,” the flight strip moved
from the ground bay to the runway bay.

2.2.4. Assistant-Based Speech Recognition and Understanding Prototype

The core development for the validation study was a prototypic system for speech
recognition and understanding in a multiple remote tower environment. This ABSR system
is based on a number of models based on deep neural networks trained by machine learning
methods, respectively. The two main steps are (1) speech recognition, i.e., automatic speech-
to-text transcription from tower controller audio input, and (2) speech understanding, i.e.,
automatic semantic text-to-concept annotations from the transcription input (see Figure 4).
The speech recognition and understanding models were trained on in-domain and out-of-
domain data, specifically 200 h from seven different datasets and 4.5 h (recorded in the later
study environment) of manually transcribed speech data, as well as 400 h of untranscribed
data from LiveATC (Homepage: https://www.liveatc.net/ (accessed on 4 April 2023)) [30].
Further references on the development of the speech recognition engine with artificial
intelligence techniques can be found in [30].

Radar and

Flight Plan
Information

Callsign Prediction
1

Tower v v rrem—
Controller )
Speech Speech Usage of
@—» Recognition =»  Understanding Recognized
(Speech-To-Text) (Text-To-Concepts) ATC Concepts

Figure 4. Components of assistant-based speech recognition (ABSR) in the multiple remote
tower environment.

Both speech-to-text and text-to-concepts benefit from the use of contextual data, i.e.,
they consider radar data and flight plan data. The callsign prediction model is used to
forecast aircraft callsigns for the next ATCo utterances, i.e., it predicts only those aircraft
callsigns which are in the current area of responsibility of the ATCo. Those forecasted
callsigns support the speech recognition engine in recognizing the correct word sequences
and the speech understanding module in extracting the correct callsigns, especially in cases
when not all words of the callsign are correctly recognized.

The command extraction model in the speech understanding module analyses the
automatically transcribed ATCo utterances and extracts meaningful content, i.e., ATC
concepts such as commands with callsigns, command types, values, units, etc., conform
to the defined ontology. Two example transcriptions with their example annotations shall
illustrate this:

e wizz air two echo bravo good morning vilnius tower startup and pushback approved cleared to
sofia via erlos one delta departure route seven thousand feet squawk two one seven seven QNH
one zero one four

WZZ2EB GREETING

WZZ2EB STATION VILNIUS_TOWER
WZZ2EB STARTUP

WZZ2EB PUSHBACK

WZzZ2EB CLEARED TO LBSF
WZZ2EB CLEARED VIA ERLOS_1D
WZZ2EB ALTITUDE 7000 ft

WZZ2EB SQUAWK 2177

WZZ2EB INFORMATION QNH 1014
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08:02 asn

/7 TRAT2Q
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e hotel tango uniform when you are ready taxi to holding point runway three one correction one
three right via [hes] golf vilnius

HBATU CORRECTION

HBATU TAXI TO HP_13R WHEN READY

HBATU TAXI VIA G C WHEN READY

The recognized ATC concepts, i.e., the annotations, are then used for highlighting
purposes or supporting manual input in electronic ATC systems.

2.2.5. Visualization of ABSR Output on EFS and Outside View

The ABSR output was visible through different highlighting mechanisms in the elec-
tronic flight strips if the validation condition “with ABSR support” was active. If a callsign
was recognized [31], the callsign was highlighted by displaying a rectangle in inverted
colors for ten seconds at the callsign field of the flight strip (see “DLH4TN” in Figure 5).
The callsign was highlighted immediately after being recognized and extracted even before
the ATCo finished the utterance by releasing the push-to-talk button.

H IR 3

I LBSF ERLOSID
M 13R R110
I EHRD GILEPID
M 1R @7

I LRTR ERLOSID
M 13R 2

I EDDF BADOVID

Figure 5. Prototypic electronic flight strips in the ground bay with a highlighted callsign as recognized
from an ATCo utterance (DLH4TN), dark green automatically highlighted status icons for DLH4TN
(STARTUP, PUSHBACK, TAXI), and five light green highlighted status icons of three other flights
after being automatically accepted from the system or manually entered by the ATCo.

If one or more ATC concepts, such as commands and optionally command values, have
been recognized, there was a dark green highlighting to support the ATCo in maintaining
flight strips. This means the flight status icons on the right side of a flight strip or text values
on the left side of a flight strip have been highlighted for ten seconds (see highlighted status
icons for STARTUP, PUSHBACK, and TAXI of DLH4TN in Figure 5).

If the flight status icons in dark green mode remained unchanged by the ATCo for
ten seconds, they were automatically accepted and turned into light green as with manual
activation. In the case of a recognized HOLD_SHORT of runway command, the runway
name was highlighted with color inversion for ten seconds as well.

2.3. ATCo Tasks in the Different Validation Conditions

Many of the tasks that ATCos needed to perform during the real-time human-in-the-
loop validation study were identical under different validation conditions. Two conditions
have been analyzed in the simulated multiple remote tower environment: baseline, i.e.,
without ABSR support and solution, i.e., with ABSR support. Section 2.3.1 describes the
ATCo tasks in the baseline condition; Section 2.3.2 explains the changes induced for the
ATCo when working in the solution condition.

2.3.1. ATCo Primary Tasks in Baseline Condition without ABSR Support

During the simulation runs, ATCos primarily needed to control the relevant traffic at
three remote airports (tower and ground), with the above-described hardware and software
setup consisting of an outside view, radar displays, and the electronic flight strip system.
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Hence, they mainly gave ATC clearances, allowed for startup and pushback, instructed taxi,
lineup/vacate and takeoff/landing/touch-and-go clearances for the single runway in use
at each airport, as well as approved to enter/leave the control zone and to contact adjacent
sectors. They also had to handle special situations on the ground with aircraft and ground
vehicles being involved, such as a bird strike following a runway check and an emergency
landing with the disembarkation of a sick passenger. The ATCos instructed all commands
to the relevant traffic verbally in the English language via an emulated radio system.

Three simulation pilots (one for each airport) in another room communicated with
the ATCo to run air and ground traffic with the support of a simulation pilot interface (see
Appendix D). The ATCos were instructed to speak as usual at their working position. This
also implies that some ATCos stick closer to the ICAO phraseology than others. The only
continuous additional content for each ATCo utterance was the name of the station the
ATCos are representing with the current utterance, i.e., “vilnius/kaunas/palanga tower,”
in order to fulfill safety requirements of the multiple remote tower concept.

The ATCos were asked to enter the semantic content of all utterances in terms of
changed flight status into the electronic flight strip system with an electronic touch pen.
Thus, they had to touch the flight status icon PUSHBACK in case they verbally instructed a
pushback clearance or TAXI and the name of the taxiway if there were multiple options in
case they issued to taxi via a certain taxiway (see Figure 6).

7
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Figure 6. Prototypic electronic flight strips (blue departures; violet arrivals) in different bays (air,
runway, ground, stand) with relevant information on the left (estimated time, callsign, aircraft type
and weight category, flight rules, runway, destination airport, stand, departure route, squawk) and
status icons on the right (e.g., CLEARED TOUCH_GO in green, ENTER_CTR, etc.).

The ontology defines 80 different command types as relevant for tower ATCos if they
also include the role of ground control. All of these command types have been implemented
within our command extraction algorithm.

The airport topologies were rather simple, i.e., the two smaller airports (Kaunas,
Palanga) had just one taxiway each from the apron to the lineup. They vacated the single
runway, and only the biggest airport (Vilnius) had two taxiway alternatives each for lining
up and vacating the single runway. No runway change occurred during the simulation time.
The weather conditions at all three airports remained visual meteorological conditions in
the daytime throughout the simulation.
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The relevant traffic in the two different one-hour simulation scenarios comprised
twelve flights in Vilnius (plus two ground vehicles), six flights in Kaunas (plus one ground
vehicle), and five flights in Palanga—at the latter airport, including training flights with
multiple approaches—so 23 flights plus three ground vehicles (the ground vehicles make
11.5% of total relevant traffic) in total. For later evaluation, the results refer to all 26 traffic
vehicles (flights plus ground vehicles) as ATC communication took place between ATCos
and pilots or ground vehicle drivers, respectively. The callsigns and timing of appearance
of the flights in these two scenarios were slightly different in order to reduce learning
effects.

2.3.2. ATCo Tasks in Solution Condition with ABSR Support

In the solution scenario, ATCos had the same hardware setup as in the baseline
scenario. The only difference was the support of the ABSR system. ATCos could majorly
resign from using the electronic pen to maintain flight strips and benefit from automatic
maintenance through the ABSR system, i.e., the ABSR output was used to highlight the
flight status icons and callsigns in electronic flight strips automatically (see lower zoomed
white box in Figure 7). The ATCos only needed to check the automatically highlighted
output, i.e., representing issued commands and thus changes in the aircraft flight status,
and correct if needed. A video about the simulation environment in the solution runs
can be downloaded from https://www.youtube.com/watch?v=Y76kQmo_ANUé&cbrd=1
(accessed on 4 April 2023). The ABSR output was only shown to the ATCos in solution
scenarios. However, recording of verbal utterances, automatic transcription and automatic
annotation was also performed in the background in baseline runs. The flow of using
speech recognition and understanding output in the flight strips can be traced in Figure 7.

good day clearsid :

% TS Tawer Lo
2z air nine kilo 11na paletes SONL e sz &

Wz2oKL 5TATION.

Figure 7. ATCo in front of electronic flight strip display with highlighted callsign and flight status
icons, as well as outside view with transcription and annotation of ABSR output.
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The complete transcription of words (first line) and the relevant annotation of com-
mands in the agreed ontology format (second line) have been displayed in the outside view
of the human-machine interface as shown in Figure 7 (zoomed white box on the upper area
of the figure) if the validation condition “with ABSR support” was active.

2.4. Questionnaires and Further Tasks during and after Simulation Runs

Every five minutes, the ATCos were requested to rate their workload on a displayed
graphical interface for an instantaneous self-assessment of workload (ISA) scale [32]. This
interface offered values from 1 (low workload) to 5 (high workload) and appeared in the
EFS system (see Figure 8).

Figure 8. Instantaneous self-assessment of workload (ISA) scale to be responded to. “1” corresponds
to “Under-utilized”, “2” to “Relaxed”, “3” to “Comfortable”, “4” to “High Workload”, and “5” to
“Excessive Workload”.

2.4.1. ATCo Secondary Tasks during Simulation Runs

Furthermore, the ATCos were asked to perform a secondary task next to their primary
ATC task. After 10 and 40 min in the scenario, ATCos were requested to sort a deck of
48 cards and name one to four randomly missing cards (see Figure 9). This sorting of cards
was repeated three times each or a maximum of 15 min (after 10 min) or 13 min (after
40 min), respectively. This secondary task is aimed to give a more objective impression
about workload when comparing the time needed to sort and identify missing cards
between baseline and solution scenarios. It is assumed that ATCos have more free cognitive
capacity (less workload) if they can sort the cards quicker in one of the simulation conditions.
The points in time (after 10 and 40 min) have been chosen as the ATCo workload should
have been slightly increased due to the traffic situation at that time. The need to respond to
ISA and to perform the card sorting remained identical in baseline and solution runs.

Figure 9. ATCo interrupts card sorting (secondary task) to check the outside view.
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2.4.2. ATCo Post-Run Questionnaires after Simulation Runs

The post-run questionnaires needed to be filled by ATCos twice on each validation
day, i.e., after each of the two simulation runs with the two different conditions. The
well-established questionnaires cover the most important factors of air traffic controller
work, such as situation awareness, workload, and trust [33] and are listed below:

NASA-TLX (National Aeronautics and Space Administration Task Load Index) [34,35];
Bedford Workload Scale [36];

Three SHAPE questionnaires (Solutions for Human Automation Partnerships in Euro-
pean ATM) [37]:

O AIM-s (Assessing the Impact on Mental Workload);
O SASHA (Situation Awareness for SHAPE) ATCo;
O SATI (SHAPE Automation Trust Index);

CARS (Controller Acceptance Rating Scale) [38];
SUS (System Usability Scale) [39,40].

2.4.3. Statistical Analysis Approach

When reporting the results of data that has been measured for baseline and solution
runs, there will also be a statistical significance analysis, e.g., of all the above-mentioned
questionnaires. Usually, there is a learning effect if ATCos perform multiple simulation
runs in a row, i.e., they will perform better in the later runs, because they are used to the
overall environment. Hence, better performance cannot simply be assigned to possibly
different simulation run conditions such as baseline or solution. The sequence of baseline
and solution runs is also an independent variable.

Therefore, two measures have been taken to compensate for the sequence effects as
much as possible. First, the order of simulation runs alternate, i.e., half of ATCos start
with a baseline run and end with a solution run and vice versa for the other half. The
performance usually is, of course, better in the later runs, but the effect on baseline and
solution runs should average out. Nevertheless, the standard deviations will be higher
than they would be without sequence effects. Hence, secondly, the sequence effects will
be compensated by considering the performance difference between the two runs. This
sequence effect compensation technique (SECT) is described in more detail in [41]. An
example shall illustrate the application of SECT. If any performance in all first runs of
ATCos is 50 s and in all second runs 30 s, i.e., 20 s better, the performance difference is
calculated as 50-30 = 20. Half of this difference (20/2), i.e., 10 s, is subtracted from each
result of a first run and half of the difference is added to each result of a second run.
Afterwards, the averages per run are the same. Furthermore, the averages of baseline and
solution keep the same. We had exactly half of the ATCos having a baseline run and a
solution run as the first run, respectively. However, the standard deviation will decrease,
i.e., statistical significance will increase. This was already shown for earlier project result
analyses such as of AcListant®-Strips when analyzing workload benefits [18].

Unpaired t-Tests can only reject hypotheses with some probability «. Therefore,
the so-called null hypothesis Hy is usually the opposite of the effect to be validated,
e.g., “ABSR support does not reduce workload as measured with a secondary task”. The test
value T is calculated as the product of (1) the difference between the mean value of the
performance measurement and iy which is set to zero, and (2) the square root of the
number of performance measurements, i.e., ten study subjects, divided by the standard
deviation of the performance measurement. If the measurement values follow a Normal
Gaussian distribution, the value T obeys a t distribution with n-1 degrees of freedom.
Therefore, the resulting value T is compared with the value of the inverse t-distribution
at the position t;.1,1. With n-1 degrees of freedom. If the calculated value T is bigger
than the t.1,1-« threshold, we can reject the null hypothesis with probability o. As this
falsifies the null hypotheses, we could assume that “ABSR support does reduce workload
as measured with a secondary task.” Additionally, the minimum « will be calculated, i.e.,
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so that the value T threshold is still exceeded. These calculations will be performed on all
single rated statements and answered questions, respectively, as well as for the group of
statements/questions that belong together in a single questionnaire, e.g., the aggregating
of the six items of NASA-TLX.

2.4.4. ATCo Post-Validation Overall Questionnaire

The post-validation questionnaire requested to be filled by ATCos only once after
finishing all simulation runs, i.e., there is an overall rating on the ABSR prototype instead
of a rating on baseline and solution each. It contained 28 statements to be rated regarding
human performance, safety, operating methods, and technical feasibility. If answers on
the post-validation questionnaire of the ten ATCos are reported in the following, the scale
ranges from 1 (fully disagree) to 10 (fully agree), i.e., the scale mean is 5.5.

2.5. Validation Schedule and Participants

Each validation day with an ATCo began with organizational tasks such as the signa-
ture of informed consent, a briefing, and a demographics questionnaire. It was followed by
60 min training run with low to medium traffic (30 min each with baseline and solution
condition, i.e., without ABSR and with ABSR support). Then, two simulation runs of 60 min
each with baseline and solution conditions, respectively, and medium traffic were carried
out. One run included a bird strike, and the other run included a sick passenger in an
aircraft as special situations that the ATCos needed to handle and coordinate with ground
vehicles. In order to average out the influence of the learning effect, baseline and solution
scenarios have been alternated for ATCos throughout the validation campaign. After each
run, the ATCos were requested to fill the mentioned questionnaires regarding workload,
situation awareness, etc., as sketched in Section 2.4.2 and gave comments and answers in
a debriefing. Finally, ATCos needed to fill out an overall tailor-made questionnaire (see
Section 2.4.4) on the ABSR system after the last debriefing.

It has to be noted that the technical team of the validation campaign replaced a laptop
and made a software update regarding the allowed central processing unit (CPU) load for
the automatic speech recognition (ASR) engine after the eighth ATCo in the simulation
campaign. However, no significant change in ABSR accuracy was noted due to this.

The validation campaign took place at DLR TowerLab in Braunschweig, Germany,
from 14 February to 3 March 2022 (8:30 a.m. to 4:30 p.m.). This study was conducted
with one ATCo per day for exactly ten days with five ATCos from Oro Navigacija (ON,
Lithuania) and five ATCos from AustroControl (ACG, Austria). All participants were
holders of an active tower ATCo license. The ten ATCos were not involved in the project in
terms of participation in previous work sessions.

The nine male and one female ATCo had an arithmetic mean age of 31.9 years (standard
deviation, SD: 5.5 years). The ATCos had 7.4 years of professional working experience
as an ATCo (SD: 5.8 years), while ON ATCos were already longer on duty (9 years, SD:
7.3 years) compared to ACG ATCos (5.7 years, SD: 3.9 years).

3. Results

Each of the ten ATCos participated in a baseline run without ABSR support and
a solution run with ABSR support, i.e., the data of twenty simulation runs with their
succeeding post-run questionnaires as well as the final ten post-validation questionnaires’
answers are analyzed in the following subsections. This section details:

(1) Objectively measured speech recognition performance;

(2) Objectively measured speech understanding performance;

(3) Perceived speech recognition and understanding performance;

(4) Operational and technical questions;

(5) Overall ratings on perceived workload, perceived situation awareness, satisfaction,
acceptance, trust, and usability;
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(6) Ratings per simulation run on perceived and more objectively measured workload,
perceived situation awareness, satisfaction, acceptance, trust, and usability;
(7)  General debriefing feedback.

The tailor-made statements of the questionnaires to be rated by ATCos described in
the following contained the term ASR for brevity, even if automatic speech recognition
and understanding was meant and experienced by the ATCos. Furthermore, the ABSR
performance and the effect on subjective, as well as objective results are shown in more
detail on a per-case basis by comparing ON and ACG ATCos for two reasons. First, the
amount of training data differs by a factor of four between ON and ACG ATCos which
influences the speech-to-text and text-to-concept performance. Second, the three controller
working positions that (1) the Lithuanian ATCos are used to, (2) the Austrian ATCos are
used to, and (3) is used as a prototypic environment in the simulation differ so that the
familiarization with the system differs as well.

3.1. Results of Speech-to-Text Analysis
3.1.1. Audio Recordings with Transcriptions and Annotations

Verbal utterances of ATCos that were triggered with the push-to-talk button during
twenty hours of simulation runs (radar data duration) have been recorded as wav-files.
For each wav-file of the twenty simulation runs (baseline and solution) exists an automatic
transcription and an automatic annotation. We recorded 2427 wav files with a net speech
time of 4.5 h (i.e., when ATCos speak) during 20 h of radar simulation, i.e., the frequency
load by ATCos was roughly 22%. The average duration per utterance was 6.6 s.

All wav-files have been manually transcribed and annotated (“gold”) with DLR’s Con-
troller Command Logging Tool for Context Comparison (CoCoLoToCoCo, see Figure 10) to
enable comparison and calculations about recognition and error rates on the word level
and semantic level.
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Figure 10. Software tool CoCoLoToCoCo to support transcription and annotation of ATC utterances.
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The upper area of CoCoLoToCoCo (red dotted line) lists all audio files of a selected
folder, has buttons and sliders to adjust the playback of the files, has a comment window
and an error output window, as well as offers some further file-checking opportunities.
The middle area (red solid line) shows the annotation view with a column per element of a
controller command, the resulting annotation of an audio file in ontology format [9] (green
font), and further buttons for rearranging and checking. The lower area (red point-dash
line) visualizes the transcription of a selected audio file following defined transcription
rules.

The gold transcriptions of the validation trials contain in total 37,238 words without
words that are not fully uttered and thus contain a “*” such as “lufthan*” due to our
transcription rules, i.e., each ATCo utterance contains roughly 15 words. Table A3 shows
the top-25 1-grams, i.e., the uttered words with their absolute and relative frequency. The
most often occurring words, “one” (6.43%) and “zero” (3.97%), are usually in the top three
for other ATC communication corpora as well. However, the word at rank three, “tower”
(3.96%), is specific for the multiple remote tower environment, in which the transmitting
entity should always be named and, therefore, appears quite often. Normally, the digits
from zero to nine fill the first ten ranks in ATC communication corpora.

Furthermore, the words “runway,” “to,” and “cleared” appear in the top 12 as runway
clearances and “cleared to” are often uttered. This latter result is confirmed by analyzing
two real-life ATCo utterance corpora from Vilnius tower, as well as from Vienna tower, with
roughly 7500 words in total each. This shows that the simulation setup and the challenges
for the speech-to-text engine were quite realistic.

Table A4 lists the number of different words to reach a relevant portion of all uttered
words, i.e., if speech-to-text performs well on the 100 most often occurring words, almost
90% of the total number of words are covered.

3.1.2. Speech-To-Text Performance

Some abbreviations that are used for analyzing purposes in the following and in the
Appendices A and B are introduced:

Onl = online (analysis as experienced by ATCos during simulation runs);

Off = offline (analysis of audio files after the simulation runs);

WER = Word Error Rate;

Subs = Substitutions;

Del = Deletions;

Ins = Insertions;

LevenDist = Levenshtein Distance [42] between automatic and gold transcription;

The speech-to-text accuracy is presented with details per each simulation run in the
tables of Appendix A (see Tables Al and A2). Table Al visualizes the WER for offline
recognition (Off) as evaluated after the end of the validation trials. It shows what results
would be already achievable when the technical setup is improved to deliver the offline
performance during the simulation runs. Table A2 visualizes the WER for online (i.e.,
real-time) recognition from the voice stream (Onl) as evaluated during the simulation runs,
i.e., the WER are usually worse than for Off.

There were some technical problems with the ABSR setup: (1) the audio device
continuously disconnected in one simulation run resulting in the loss of some data, and
(2) there was partly CPU overload, especially for the first eight ATCos. The performance of
the ASR engine was much worse in the online mode (as experienced by ATCos) than in
the later offline analysis of recorded audio files. Worse speech-to-text performance, i.e., a
higher WER being the sum of substitutions, insertions, and deletions regarding two-word
sequences divided by the total number of correct words, of course also led to worse text-
to-concepts performance. Some average and some specific results from these tables are
analyzed deeper in the following.

The average WER for all twenty runs was 5.1% in Off mode. When just considering
solution runs, the average WER even reached 4.4%, while baseline runs have an average
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WER of 5.7%. When omitting the single run with audio device problems, the maximum
WER was below 8% for all other 19 simulation runs in Off mode, i.e., the highest WER
in that single run was 11.5%, and the lowest WER for any run was 1.3%. It needs to be
admitted that the training data already contained a few speech samples from some ATCos
that also participated in the final validation trials.

In Onl mode, the average WER was 13.6%, while the average WER for solution runs
was 9.8% and for baseline runs 17.4% (see Table A2). There is a remarkable difference in the
WER of ON ATCos (6.8%) compared to ACG ATCos (12.8%) in solution runs. This probably
goes back to the amount of training data in the identical recording environment to the later
validation trials, which was only 3.6 h for ON and even 0.9 h for ACG.

Four of twenty runs still achieved good performance with WER < 3%. However,
three other runs that were affected by technical problems achieved a WER > 23%. Still,
the Onl performance was sufficient in almost all solution runs to produce an acceptable
text-to-concept quality. Nevertheless, the degradation of the speech-to-text performance is
higher from offline mode to online mode than expected and offers room for improvement.

3.2. Text-To-Concept Quality
3.2.1. Description of Gold Annotation Data Set

All twenty simulation runs consist of 7560 commands (ALL), whereof 3701 are from
baseline runs (BAS), and 3859 are from solution runs (SOL), respectively. Hence, there
were 3.1 commands per ATCo utterance and 5.1 words per command if we assume that all
words of an utterance are relevant to form a command.

However, it has to be noted that there are some word sequences annotated as com-
mands that do neither influence the aircraft status nor include any request, report or traffic
information from the ATCo side:

e  First, the annotations GREETING (e.g., “hello”), FAREWELL (e.g., “bye”), and NO_
CONCEPT (e.g., “thanks;” no relevant ATC command in the utterance) that are sum-
ming up to 9.8% of commands during this study. These command types can indicate
that the ATCo workload might not be assumed as overwhelmingly high if they still
have time for welcoming, saying goodbye, and thanking anybody.

e  Second, the annotation CORRECTION and CALL_YOU_BACK (e.g., “standby”) that
sum up to 1% of the commands might indicate a higher workload as ATCos often
correct themselves, are asking for repetition of the transmission or are telling to wait
for further information. The annotation SAY_AGAIN, which also belongs to this
command group, has not been used.

e  Third, the annotation AFFIRM and one annotation of DISREGARD that sum up to
4.1% of the commands have ATC communication relevant content, even if they are no
commands in a classical sense. The annotation NEGATIVE, that also belongs to this
command group, has not been used.

Though, the above-listed annotations enable a workload analysis of human ATC
operators that will be published in another paper. 15 of the 80 possible command types for
tower ATCos as defined in the ontology, such as GO_AROUND and ABORT TAKEOFE, did
not occur at all in the 7560 commands. This means 65 different command types have been
used by the ten ATCos, e.g., PUSHBACK, TAXI TO, CLEARED TAKEOFF/LANDING,
ENTER_CTR, etc. Table A5 lists the relative occurrence of all command types greater than
1%. The last type, “others”, groups all command types that occurred between 0.33% and
1%, such as CONTACT, ENTER_CTR, LINEUP_BEHIND, CLIMB, and DIRECT_TO. In
total, there are 36 different command types that appeared more than 25 times, i.e., more
than 0.33%.

The most often used command type is—unsurprisingly—STATION, as ATCos were
asked to utter it in each radio transmission. However, 1529 occurrences (20.2% of com-
mands) in 2427 utterances mean that ATCos did not follow this multiple remote tower
safety-related request in 37% of all utterances. This might not be critical if ATCos just
uttered “bye,” but in any case, it should be considered for the multiple remote tower
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concept. The (CONTINUE) TAXI TO/VIA commands sums up to 11.5% of commands.
The INFORMATION WINDSPEED/DIRECTION even sum up to 15% of the commands as
they were instructed for all takeoffs and landings/touch-and-gos. The exclusive runway
clearances CLEARED TAKEOFF/LANDING/TOUCH_GO/VISUAL sum up to 6.8% of
commands. The runway usage clearances LINEUP, LINEUP_BEHIND, VACATE (VIA),
and BACKTRACK sum up to 4% of commands.

A total of 29 of those 65 used command types occurred a maximum of 25 times for all
ATCos in total such as BACKTRACK, CLEARED VISUAL, HOLD_SHORT, JOIN_TRAFFIC
_CIRCUIT, LEAVE_CTR VIA, and ORBIT. For the above considerations, we neglect that
only 87% of all words that are available in the gold transcriptions have been used by the
automatic command recognition algorithm to classify commands (see column “Unknown
Classified Rate” in Tables A6, A8 and A10).

It needs to be mentioned that our prototype follows a more holistic approach than
some very basic prototypes of other actors in the field of speech recognition and understand-
ing [43]. Our command extraction algorithm does not only extract callsigns (DLH4TN),
basic types (TAXI), and values, but more sophisticated command types of multiple parts
(TAXI TO/VIA), units, qualifiers, conditions (WHEN READY), chain commands with
multiple callsigns, tackles many types of corrections through the ATCo and even robustly
recognizes elements of the ontology if there are minor and major (acceptable) deviations
from ICAO phraseology [44] in the utterances. Furthermore, we support a bigger number
of command types (from the agreed ontology) as defined by the different actors themselves.
The execution time of the command extraction per utterance in offline mode on a standard
laptop, i.e., on a complete transcription, has an arithmetic mean of 2 ms and a median
of 1.2 ms with a minimum execution time below 0.1 ms and a maximum execution time
below 40 ms independent of performing command extraction on gold, offline or online
transcription files. In addition, our prototype is—to the best of our knowledge—the first to
support multiple remote towers at the same time (not just one) and delivers recognition
error rates on an acceptable level despite all the above-mentioned complex add-ons.

3.2.2. Description of Results of Automatically Extracted Commands on Different Versions
of Speech-To-Text Transcriptions

The following three subsections present recognition and error rates on callsign and
command level, as well as the portion of words from the utterances that have not been used
for ATC concept extraction while referring to Appendix B. More details on the semantic
level metrics can be found in [45]. The command extraction results will also be presented
by comparing the different command type groups:

“AlL”

“Relevant” if appearing more than 25 times in all 20 runs;

“EFS” has a visible effect on the electronic flight strips;

“Status” that changed the aircraft status in the electronic flight strips;

“Outside” is just shown on the monitors for the outside view;

“Hypo-EFS” could have been highlighted in the flight strips but have not been during
the trials, such as recognizing the active runway in an utterance.

3.2.3. Speech Understanding Performance on Gold Transcriptions

In total, 65 different command types have been automatically extracted from the
gold transcriptions, i.e., the same number as in gold annotations. Table A6 shows how
well the ontology-conform automatic recognition of ATC commands is modeled. The
command recognition rate is around 96% with an error rate below 2.5%; the rejection rate
(not reported herein) causes a difference to 100% in the total sum of command rates. The
callsign recognition rate even achieved 99.8% with an error rate of 0.2%. The command
recognition rates in solution runs were 96.6% for ON and 95.4% for ACG.

A total of 18.3% of all problematic annotations (recognized commands) go back to the
three ground vehicles in the scenario that make up 11.5% of all relevant traffic. Further,
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7.3% of problematic annotations go back to the emergency aircraft, even if this makes up
3.8% of the flights.

18 of the 80 defined command types from the ontology had visible effects in the flight
status icons of the electronic flight strips—hereinafter referred to as command type group
Status. Three further commands had a visual effect on the textual data of the electronic
flight strips. These 21 commands that influenced the appearance of the electronic flight
strips are grouped in the command type group EFS. Three supported commands contained
weather information from the Outside view (QNH, INFORMATION WINDDIRECTION and
WINDSPEED); the values of four further supported commands could have been displayed
in the relevant field of the electronic flight strip. However, this highlighting has not been
fully implemented yet (command group Hypo-EFS), i.e., STATION, INFORMATION ATIS,
INFORMATION ACTIVE_RWY, and HOLD_SHORT for all possible airfield elements such
as taxiways. The command type group Relevant includes all commands that have been
automatically extracted more than 25 times. Table A7 shows the command recognition
performance on the above-mentioned command type groups, i.e., presenting command
recognition rates of 96% and more.

3.2.4. Speech Understanding Performance on Offline Transcriptions

The command recognition results of Table A8 are based on the output of the speech
recognition engine, i.e., the transcription from Off mode. The command recognition rate
is above 91%, with an error rate below 5%. The callsign recognition rate achieved almost
98.5% with an error rate below 1%. The command recognition rate of command type group
EFS is beyond 93%, as Table A9 shows. 16.2% of all problematic annotations go back to the
three ground vehicles that comprise 11.5% of all relevant traffic.

3.2.5. Speech Understanding Performance on Online Transcriptions

Tables A10 and A1l present the command recognition results on transcriptions from
Onl mode. The command recognition rates are roughly 10% worse than in Off mode. The
command recognition rate for solution runs in which the ATCos saw the ABSR output was
82.9%, with an error rate of 6.6%. However, there is a huge difference in the command
recognition rate for ON ATCos (88.0% based on WER of 6.8%) compared to ACG ATCos
(77.7% based on WER of 12.8%). As the command recognition rates for ON and ACG
ATCos were both close to 96% on gold transcriptions, the high WER resulting from the
mentioned low amount of available training data was a major impact on the online com-
mand recognition next to some deviations of ATCos from ICAO phraseology. The online
callsign recognition rate achieved 94.2% with an error rate of 2.4%. This again shows the
influence of the high WER on the ATC concept extraction.

The following measurements, especially the questionnaire ratings of ATCos, are based
on the Onl mode, as this performance was “experienced” by ATCos during simulation
runs.

3.2.6. Subjectively Perceived Speech Recognition and Understanding Performance and
Functionality (Post-Validation)

The post-validation questionnaire contained nine statements about technical feasibility
with respect to the recognition and error rate of callsigns and commands as well as the ASR
functionality:

1.  The recognition rate and recognition error rates for callsigns by ASR were at an
acceptable level. [CsgnRecRateOK];

2. The recognition rates and recognition error rates for commands by ASR were at an
acceptable level. [CmdRecRateOK];

3. Overall, the level and quality of information provided by ASR were an acceptable
level. [ASRQualInfOK];

The post-validation questionnaire contained four statements about the ASR interface:
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4. The ASR tool interface (HMI) provides suitable access to relevant information in all
situations. [ASRrelevInfo];

5. The ASR tool interface (HMI) does not display any non-essential information (clutter).
[ASRessentInfo];

6.  The ASR tool display is both comprehensible and acceptable. [ASRcomprehaccep];

7. The timeliness of the ASR tool display is within acceptable limits. [ASRtimeliness];

8. Automatic Speech Recognition (ASR) highlighting aircraft callsigns in the electronic
flight strip display technically worked well. [Highl-Csgn];

9.  Automatic Speech Recognition (ASR) highlighting aircraft callsigns in the electronic
flight strip display supports recognizing which aircraft callsign has been (speech)
recognized quickly. [Recog-Csgn].

The results are shown in Figure 11. ATCos rated the recognition of callsigns as almost
perfect, with a mean value of around 9 on a scale from 1 to 10. The recognition rates of
ATC commands were also perceived as good, with a mean value of around 7. The general
quality level of information presentation from ASR was rated to be at an acceptable level
with a mean value of slightly beyond 7. It has to be noted that the command recognition
and overall ASR information displayed were rated much higher from ON than from ACG
ATCos. This is most probably due to the underlying WER of 13% for ACG ATCos and 7%
for ON ATCos, which is, however, still improvable to reach the 4% WER of offline analysis.
Relevant information about the ABSR system can be assessed (mean value 7.4, but more
than 1.5 points rated higher by ON than by ACG). The ASR tool seems to only present
essential information with a mean value of 8.2 (again, ON rated almost 1.5 points higher
than ACG). The ASR visualization is perceived as comprehensible with a mean value of 7.7
(again, ON rated almost 2 points higher than ACG). Finally, the output of the ABSR system
was shown timely (mean value 7.5) due to the ATCo feedback.

ASR Functionality

ngnRecRateOKCdeecRateOK ASRQuallnfOK =~ ASRrelevinfo = ASRessentInfo ASRcompracc ASRtimeliness H|gthsgn Recog ngn

8.9
8.0
9.8

7.6 8.4 8.2 9.0 8.6 7.2 9.4 8.0
6.0 6.2 6.6 7.6 6.8 7.8 10.0 8.2

Figure 11. Subjective ATCo ratings on ASR accuracy and functionality.

The highlighting of callsigns in the electronic flight strip display (Highl-Csgn) was
perceived as working technically very well, with a mean of 9.7 on a 10-point scale and a low
standard deviation of 0.5. The second statement Recog-Csgn rated with a mean value of 8.1,
helped the ATCos to detect which aircraft callsign has been recognized by the ABSR system.
This information is needed to decide whether the following recognized ATC commands are
highlighted for the correct callsign. The interesting part of these answers is the comparison
with the objective measurements, i.e., the online callsign recognition rates, which are 92.1%
for Lithuanian ATCos and 91.3% for Austrian ATCos (see Table A10). The same applies to
the callsign recognition error rates, which are 3.9% for ACG, and also much higher than the
2.4% for ON ATCos. We have no real answer for this discrepancy between subjective rating
and objective measurement.
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3.3. Answers to Subjective Post-Validation Questionnaires
3.3.1. Operational Use of ASR (Post-Validation)

The post-validation questionnaire contained five statements about the operational
feasibility of the ASR system:

1. Ican apply operating methods in an accurate, efficient, and timely manner with ASR.
[AccOpMeth];

2. Ithink that operating methods are clearly identified and consistent in all operating
conditions. [OpMethConsis];

3. Procedures and operating methods are acceptable when using the ASR tool. [ProcOK-
WwASR];

4. There are no changes needed to current working methods/procedures to fully support
the use of the ASR tool. [NoChgNeed];

5. The ASR tool would be operationally acceptable under either nominal or non-nominal
conditions. [OpAccAllCond].

The results are shown in Figure 12. The operating methods with ASR seem to be
accurate, efficient, timely, and consistent in different conditions, with mean values of 8 and
7.4, respectively. Procedures and operating methods seem to be fine, with a mean value
of 8.5 and a standard deviation of only 1.0. There are some changes to current working
methods needed to fully support the use of the ASR tool, as the mean value equals the
scale mean value of 5.5. However, ON ATCos rated this statement with almost 7, while
ACG ATCos rated it with slightly above 4 points. The ASR seems to be operationally
acceptable under different conditions, most probably under the majority of nominal and a
few non-nominal conditions, as the ATCo rating was just slightly beyond the scale mean
value.

Operational Feasibility
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1

AccOpMeth OpMethConsis ProcOKwWASR = NoChgNeed OpAccAllCond

H MEAN all 8.0 7.4 8.5 5:5 6.0
H MEAN ON 8.0 8.6 8.8 6.8 6.2
m MEAN ACG 8.0 6.2 8.2 4.2 5.8

Figure 12. Subjective ATCo ratings on operational feasibility and operating methods.

3.3.2. Human Factors Questions (Post-Validation)
The post-validation questionnaire contained six statements on human factors:

1. I think that ASR supports me in maintaining my workload at an acceptable level.
[ASRsupATCoWL];

2. Ithink that ASR supports me in maintaining an adequate level of situational aware-
ness. [ASRsupATCoSAw];

3. My situational awareness is maintained at an acceptable level with Automated Speech
Recognition (ASR). [ASRmaintSAw];
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4. Isee many safety-related issues to be solved regarding automatic speech recognition
implementation. [ASRindSafelssu];

I think that ASR did increase the potential for human errors. [ASRincrHumErr];

6.  Opverall, I was satisfied performing my task with ASR. [JobSatisf].

54

The results are shown in Figure 13.

Human Factors
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ASRsupATCoWL ASRsupATCoSAw ASRmaintSAw = ASRindSafelssu = ASRincrHumErr JobSatisf
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Figure 13. Subjective ATCo ratings on human factors.

ASR seems to support maintaining situation awareness and workload of ATCos
at an acceptable level with mean values of 7.5 and beyond on a 10-point scale. The
ASRsupATCoWL statement was rated with 7.8 on a 10-point scale (90% of ATCos rated this
item with 7 or above). The ASRsupATCoSAw statement was rated with 7.7 on a 10-point
scale (90% of ATCos rated this item with 7 or above). The statement, if ASR induced safety
issues or increased the potential for human errors, was rated with mean values below the
scale mean of 5.5. ATCos rated their job satisfaction with using ASR high (mean value of 8
on the 10-point scale).

3.3.3. Acceptance (Post-Validation)

The post-validation questionnaire contained three statements about acceptance of and
trust in the ASR system:

1. I'think that the ASR system is adequately usable. [ASRadequse];
2. I'would accept such an ASR system in my future tower CWP. [ASRacceptCWP];
3. My trust in the ASR system is at an acceptable level. [ASRtrust].

The results are shown in Figure 14. ATCos rated the adequate usage of ASR with a
mean value of around 7. However, it has to be noted that it was rated much higher by
ON than by ACG ATCos. All ATCos would accept such an ASR system in their future
tower CWP with a mean value of 7.5. They trusted the ASR system with a mean value of
around 7.
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Figure 14. Subjective ATCo ratings on technical ASR acceptance.

3.4. Answers to Subjective Post-Run Questionnaires
3.4.1. Controller Acceptance Rating Scale (CARS) (Post-Run)

The post-run questionnaires contained the CARS statement to be rated on a scale
from 1 to 10, with 10 being the best value, as listed in Appendix C.1. The results of the
CARS questionnaire are shown in Figure 15. The acceptance was, on average, 0.6 points
higher on the CARS scale for the baseline condition compared to the solution. The CARS
questionnaire was filled out by each ATCo twice, once after the run with ABSR support
and once after the run without ABSR support. Therefore, we are able to perform a paired
t-test. After compensating sequence effects, the o« was 0.1 to reject the inverse hypothesis
that ABSR support reduces the controller acceptance due to CARS. The absolute value
was 6.8 versus 6.2 (0.8 points higher for ON on average and 0.8 points lower for ACG
on average).

Controller Acceptance Rating Scale
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MEAN all MEAN ON MEAN ACG

W BAS (without ASR) 6.8 7.6 6.0
® SOL (with ASR) 6.2 7.0 5.4

Figure 15. Subjective ATCo ratings on CARS.

3.4.2. Trust (SATI) (Post-Run)

The post-run questionnaires contained the six statements of SATI, as listed in Ap-
pendix C.2. The seven-item answer scale ranged from “Never, Seldom, Sometimes, Often,
More Often, Very Often, and Always.” To present the results in a bar diagram, “Never” is
translated to 0%, “Seldom” to 1/6 %”...“Very Often” to “5/6 %" until “Always” to 100%.
The results are shown in Figure 16.
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SATI Ratings
100% -
90% -
80% -
70% -
60% -
50% -
40%
30% -
20% -
10% -
0% -
USEFUL RELIABLE ACCURACY | UNDERSTAND  ROBUST CONFIDENT
B BAS (without ASR) 58.3% 66.7% 66.7% 75.0% 53.3% 66.7%
B SOL (with ASR) 70.0% 55.0% 61.7% 71.7% 41.7% 58.3%

Figure 16. Subjective ATCo ratings on SATI questionnaire.

ABSR support reduced trust in automation due to SATI («x = 0.25). However, the
usefulness of the system (USEFUL in Figure 16) was rated much better for SOL than for
BAS (a = 0.05). The other five mean values are better for BAS than for the SOL condition.
It is noteworthy that the four statements RELIABLE, ACCURACY, UNDERSTAND, and
ROBUST from ON ATCos have better ratings for SOL than for BAS condition on average.
The ambivalence of results will be discussed in Section 4.

3.4.3. Perceived Situational Awareness (SASHA ATCo) (Post-Run)

The post-run questionnaires contained the six statements of the SASHA ATCo, as listed
in Appendix C.3. The seven-item answer scale ranged from “Never, Seldom, Sometimes,
Often, More Often, Very Often, and Always.” To present the results in a bar diagram,
“Never” is translated to 0%, “Seldom” to 1/6 %”..."Very Often” to “5/6 %” until “Always”
to 100%. The results are shown in Figure 17.

SASHA ATCo Ratings
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20% A
=/ 1N 10 HR e
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AHEAD FOCUS FORGET PLAN SURPRISE  SEARCH
M BAS (without ASR)  76.7% 23.3% 21.7% 66.7% 18.3% 36.7%
M SOL (with ASR) 71.7% 40.0% 21.7% 68.3% 15.0% 30.0%

1

Figure 17. Subjective ATCo ratings on SASHA ATCo questionnaire.

ABSR support reduced the situation awareness of ATCos due to SASHA (a = 0.33).
However, “searching for information” was less needed in the SOL condition (&t = 0.15).
The mean values of the first two items, AHEAD and FOCUS, are better for BAS than for
SOL conditions. The mean values of the last four items, FORGET, PLAN, SURPRISE, and
SEARCH, are equal or better for the SOL condition compared to the BAS condition without
analyzing standard deviations, as differences in mean values are rather small.
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3.5. Perceived Workload (High Workload Contribution) (Post-Run)

The post-run questionnaires contained a free-text question about high workload:
“Which factors/events/conditions have contributed to potentially high workload?”.

The structured answers and the number of ATCos noting this after each conducted
simulation run (multiple notions in one questionnaire answer possible) were as follows:

New /unknown airspace/airport layout (especially multiple remote towers): 15 times;
New /unknown equipment/hardware/software/electronic flight strips: 7 times;
Checking of ABSR output (only in solution condition): 4 times;

Unexpected /unusual air traffic situations: 3 times;

Other: Secondary task (2 times), tower view /runway perspective (2 times), slightly
different phraseology to always name the calling tower (2 times), miscommunication,
system errors.

Interpreting the above results, 15 of 20 ATCo answers stated that the unknown multiple
remote tower environment with unknown airport layouts induced a higher workload.
Furthermore, many ATCos remarked that the flight strip handling was difficult (as some
details were different from “home”). This means that the majority of workload-increasing
factors can be assigned to environmental aspects that should normally not be tested in the
ABSR validation trials. The above-listed checking of ABSR output, as well as unexpected
situations and some further aspects, seem to have been only a minor factor for the higher
workload.

3.6. Perceived Workload (NASA-TLX and Bedford Workload Scale) (Post-Run)

The post-run questionnaires contained the six statements of NASA-TLX (National
Aeronautics and Space Administration—Task Load Index) as listed in Appendix C.4 and
the two statements of the Bedford workload scale to rate the average workload (AVG) and
peak workload (PEAK) on a scale from 1 to 10 with 10 being the highest workload. In
addition, the 15 pair-wise comparisons of workload contributing factors (as the other part
of the weighted NASA-TLX questionnaire) were assessed with ATCos once.

The results of the weighted NASA-TLX and the Bedford workload scale are shown
in Figure 18. Figure Al in Appendix C shows the weight per each of the six dimensions
for NASA-TLX, which is almost equally distributed except for more weight for mental
workload than for physical workload. The overall weighted workload (OW) due to NASA-
TLX was higher for the solution than for the baseline condition: 43.1 and 38.9 (x = 0.02),
respectively, with huge standard deviations around 17.5. However, the general difference
between baseline and solution was only induced by the ON ATCo ratings, as the OW for
ACG remained the same in baseline and solution.

Perceived Workload (NASA-TLX, Bedford)

B ERL TR

Bedford AVG Bedford PEAK NASA-TLX ON Bedford AVG Bedford PEAK NASA-TLX ACG Bedford AVG Bedford PEAK
all all ACG ACG
4.0 5.6 4.0 5.0 6.6 34 3.0 4.6
49 6.3 5.2 6.0 7.4 3.4 3.8 5.2

Figure 18. Subjective ATCo ratings on NASA-TLX (Weighted Overall Workload).

Furthermore, a clear learning effect during the validation day in terms of NASA-TLX
OW can be seen. Those five ATCos who started with a baseline, rated the baseline (their
first run) with an OW of 41.9; those five ATCos who started with a solution, rated the
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baseline (their second run) with an OW of 32. Those five ATCos who started with the
solution, rated the solution (their first run) with an OW of 48.9; those five ATCos who
started with baseline, rated the solution (their second run) with an OW of 37.2.

The average and peak Bedford workload were 0.9 and 0.7 points higher, respectively,
in the solution condition with ABSR support compared to the baseline condition (ot = 0.001).
The peak workload was roughly 1.5 points higher than the average workload. The workload
level, in general, was roughly two points lower for ACG than for ON ATCos.

3.7. Perceived Workload through Automation Impact (AIM-s) (Post-Run)

The post-run questionnaires contained the sixteen statements of AIM-s as listed in
Appendix C.5. The seven-item answer scale ranged from “None, Very Little, Little, Some,
Much, Very Much, Extreme.” To present the results in a bar diagram, “None” is translated
to 0%, “Very Little” to 1/6 %”...“Very Much” to “5/6 %" until “Extreme” to 100%. The
statements SHARE and TMN are not analyzed further as there were no team members
during the simulation runs (fourteen statements remain). Figure 19 shows the results.

AIM-s Ratings

IDENT | SCRD = EVAL ANTIC RECOG TIMELY PLAN MANG RECL PRIRQ SCFP ACCD GETI
433% 51.7% 33.3% 41.7% 38.3% 33.3% 35.0% 43.3% 23.3% 26.7% 43.3% 283% 41.7%
41.7% 46.7% 33.3% 28.3% 51.7% 30.0% 28.3% 35.0% 28.3% 26.7% 483% 43.3% 48.3%

Figure 19. Subjective ATCo ratings on AIM-s questionnaire.

After compensating sequence effects, the overall perceived workload due to AIM-s is
not statistically better with or without ABSR support. We measured an o of 0.49, which is
not better than throwing a coin. However, the anticipation of the future air traffic situation
was much better for SOL than for BAS (« = 0.02). Nine of the fourteen statements have
been rated better on average (less) for the SOL condition than for the BAS condition. Only
the five statements related to information RECOG, RECL, SCFP, ACCD, and GETI have
been rated worse for SOL condition compared to BAS condition.

3.8. Perceived Workload (Instantaneous Self-Assessment of Workload (ISA)) (Within-Run)

During each simulation run, ATCos needed to rate their workload of the recent
five minutes on a scale from 1 (bored) to 5 (almost overloaded). The results are shown
in Figure 20. The average ISA workload was 0.1 points less, i.e., better, in solution
condition with ASR support compared to baseline condition with « = 0.15 (2.1 and
2.0 points, respectively).
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Instantaneous Self-Assessment of Workload (ISA)
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Figure 20. Subjective ATCo workload self-assessment (ISA).

The ISA of ON ATCos was on a higher level with 2.6 and 2.4, respectively, and had a
much lower standard deviation of below 0.3. The ISA score of ACG ATCos was around 1.6,
with a standard deviation more than twice as much as of ON ATCos.

3.9. Objectively Measured Workload with Secondary Task (Card Sorting) (Within-Run)

The ATCos always needed to make sure that their primary task of doing ATC remains
safe and efficient. However, if they had time for a secondary task, i.e., free mental capacity,
they should sort cards. This method has already been used in earlier ASR projects to
generate a more objective measure of mental workload than just via self-ratings.

ATCos needed to sort 48 cards of a German Doppelkopf deck into six decks (Aces,
Kings, Queens, Jacks, Tens, and Nines). In the beginning, all 48 cards are on one stack, with
the picture side of the cards looking downwards. Each card needed to be turned around in
a single move with just one hand to put it onto the correct of the six decks. After sorting,
ATCos should name one to four randomly missing cards that the supervisor took out of
the 48 cards deck prior to starting sorting. If there was an error in naming the missing
cards, e.g., not all missing cards are named, ATCos must try again until all missing cards
are named correctly. The time measurement in seconds started when the deck of 48 cards
was put next to the electronic flight strip display. The time measurement ended when all
missing cards were named correctly. Sorting cards were trained once in each of the thirty
minutes training runs. Card sorting in the baseline and solution runs started after 10 min
(for at least 15 min or at least three rounds) and again after 40 min (for at least 13 min or
at least three rounds). Those time frames comprised higher traffic density to measure any
difference in workload through ASR support.

The results are shown in Figure 21. ATCos finished their secondary task 8% slower in
baseline runs when not being supported by ASR (395 s vs. 364 s with a standard deviation
of 305 s and 262 s). This difference was 9% for ON and 7% for ACG ATCos. When
compensating sequence effects with the SECT technique, ATCos were even 9% slower in
baseline runs compared to solution runs. After compensating sequence effects, the & was
0.24 to reject the hypothesis that ABSR support does not reduce the workload of ATCos.
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Figure 21. ATCo performance in the secondary task (card sorting).

When translating the timing results into workload, again, ON ATCos experienced a
higher workload level (around 9 min sorting average) than ACG ATCos (around 3 min
sorting average with more task repetitions than ON ATCos), but workload in solution
condition seems to be lower than in baseline regarding the secondary task of card sorting.
Additionally, the secondary task showed a great learning curve, i.e., ATCos were almost
19% slower in sorting the cards in their first simulation run compared to their second
simulation run (baseline and solution alternated).

3.10. System Usability (Post-Run)

The post-run questionnaire contained the ten statements of the System Usability Scale
(SUS), as listed in Appendix C.6. The results are shown in Figure 22 (one ATCo did not
answer one of his ten statements both in baseline (without ASR) and solution (with ASR)
condition. Therefore, the scale mean “3” ((5-1)/2) was chosen as a replacement to not
heavily influence the overall result). ABSR support increases the system usability due to
SUS ratings ( = 0.16). There were three statements rated in the expected direction with an
o < 0.075, i.e., ATCos like to use the system, they do not deem it complex, and they hardly
need support to use it.

System Usability Scale
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Figure 22. Subjective ATCo ratings on system usability.

Considering all ATCos, the SUS score was 4 percent absolute (5.7% relative) higher in
the solution condition (SOL) with ABSR support compared to the baseline condition (BAS)
without ABSR support. The difference of 4 percent remains when just analyzing the ON
score or ACG score independently. However, the score itself is 14.5%, absolutely higher
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for ON than for ACG. This is probably due to the fact that ON really liked the electronic
flight strip display (also in the baseline version), whereas ACG ATCos needed to adapt
themselves more to the strip system due to the difference in their daily-life system.

3.11. Debriefing Feedback (Post-Validation)

The debriefing was conducted as a semi-structured interview with some pre-defined
questions and some options for further thoughts and inputs. The feedback of ATCos
is semantically reported per category in the following subsections—the most important
feedback relevant for future usage of ABSR is listed after arrow symbol bullets. However,
also the remaining feedback helps to improve future simulation planning, i.e., to know
which aspects that are not the core part of the study do influence the subject’s experience
and study results. For example, the prototypic flight strip system induced a row of effects
on how the ABSR output is perceived. The last question outlines further research or usage
of ABSR systems.

3.11.1. Study Preparation and Conduction

e  Briefing slides via e-mail two weeks before the trials and briefing at DLR was

very good;

All ATCos felt well-trained for the purpose of the validation after one hour of training;

Simulation pilots performed well;

Air traffic scenarios were rated to be fine for the study purpose;

On the one hand, the baseline condition (manual work) was similar to everyday work,

so performance might be better, therefore (2 ATCos);

> On the other hand, ASR in solution condition was good because it supported using a
flight strip system that ATCos were not used to.

3.11.2. ABSR Functionality (also Related to Electronic Flight Strip Display)

> ABSR concept and implementation were found to be good by many ATCos;

> Checking ABSR output in the flight strip display slows some ATCos because, in the
baseline mode, ATCos tick while speaking;

>  Some ATCos judged the speed of ABSR output while speaking as sufficient; two

ATCos wanted to have faster output;

Non-standard situations should be covered well, i.e., better, by ASR;

Speech understanding (annotation process) was good for covering errors in speech

recognition (transcription process);

> Highlighting of callsigns and status icons (in green) and the 10s-highlighting mecha-

nism in electronic flight strips were fine for all ATCos;

When ASR worked fine, a tendency to over-rely on automatism existed;

In case of non-recognition, a double effort to manually recognize the error and correct

it compared to pen input (2 ATCos);

e  ABSR output in outside view (complete transcription and annotation in solution
condition) was just checked for curiosity by all ATCos.

vy

vy

3.11.3. Feedback to Colleagues Not having participated

When I am home in Lithuania/Austria, I tell my colleagues that working with DLR'’s
speech recognition was:

Interesting (said by all ON ATCos);

Worked pretty well (2 ATCos);

Positively surprising (even when speaking fast);

Very good even if not being an early adaptor of new technologies and being very
safety critical.

YYVYYV
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3.11.4. Usefulness of ASR

If you would use it tomorrow in your tower controller working position (not multiple

remote towers), would ASR help?

>
>
>

Yes, that would be great (3);
Nothing to be changed to be used tomorrow (1);
Great support is possible if some/many aspects are improved (4).

3.11.5. Used Phraseology in Baseline and Solution Runs

yVYyYy

Did you think you have spoken differently in baseline and solution conditions?

In baseline less carefully spoken because only simulation pilots needed to understand
(3 ATCos);

Spoken closer to phraseology in solution as being better supported (2 ATCos);

Some stated that there was no difference in speaking;

“ATCos automatically become more phraseology conform: That is one of the greatest
advantages of such a technology.”

3.11.6. Flight Strip System (More Related to “‘Multiple Remote Tower” than the Core Study
Purpose “ABSR Support’)

Runway bay handling needs to be improved (sorting, highlighting, timing, etc.);
Drag-and-drop functionality over the borders of flight strip bays for individual plan-
ning purposes was needed;

Handling training flights (touch-and-go/low approach) that do not switch from an
arrival flight strip to a departure flight strip were slightly difficult;

Strip handling for aircraft crossing the control zone is difficult with status options;
Visual flagging of strips (left/right) would be beneficial;

Hide some non-frequent status icons;

“Takeoff” status should include “lineup”-status (if not given explicitly);

A combination of the selection of taxi status and taxiway would be easier;
Suggestions for colors, e.g., ground vehicles, consistency with other systems;

One ATCo loved the flight strip system; the majority of ATCos were ok with it;
Many ATCos liked the fade-away functionality of flight strips;

The portion of gazes at the three areas ‘flight strip display,” ‘outside view,” and ‘radar
view’: too much on flight strips and too few on outside view where one can hardly
identify small objects.

3.11.7. Further Applications/Ideas/Things to Be Changed?

>

>

Callsign highlighting in flight strip display from pilot utterance would help to identify
the communication partner;

Speech log for pilot utterances (especially in emergency situations) anywhere on the
controller screen;

Connect ABSR output with:

Radar information for automatic setting of landed/departed status;

Lighting system to turn off stop bar lights in case of lineup clearance;

Follow the greens for correct lighting;

Airport phone conversation to automatically extract and include stand num-

bers given by the airport;

e. Safety net functionality for dedicated aspects in case of good error rates, e.g.,
readback error detection;

f. Transcription for incident analysis and searching for callsigns; other analysis
on transcribed data;

g. Great technology for on-the-job training.

e ow
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4. Discussion on Major Study Results

The results on mental workload, situation awareness, satisfaction, acceptance, trust,
and usability are ambivalent. The subjective post-run ratings on NASA-TLX, Bedford
workload scale, and AIM-s, when interpreted as a whole, indicate a worse performance in
solution runs with ABSR support compared to baseline runs without ABSR support.

However, the subjective post-validation rating on ABSR support for workload, the
self-assessed workload ratings during the simulation runs by ISA, and the performance
measurement of the objective secondary task indicate that ABSR support positively influ-
ences ATCo workload.

There might also be an influence through the usage of standardized and tailor-made
questionnaires. The general low to medium workload level, as rated with roughly two on
average on the five-point instantaneous self-assessment of workload scale, causes that it
is hard to unambiguously measure a workload effect. Hence, the necessity for controller
support functionalities might also be low in such a multiple remote tower environment.

The complexity of the task came with supervising three airports remotely at the same
time with a working position the ATCos had not seen before. This could be the reason why
especially the callsign highlighting was well-acknowledged by ATCos in order to reduce
search times at the different displays. A workload reduction, especially in low workload
conditions, is not always beneficial. Hence, it is also a success if the mental workload of
ATCos is balanced at a medium level without peaks and boredom.

Similarly, the post-run rating on situation awareness (SASHA) indicates a negative
influence, whereas the two rated post-validation statements on situation awareness at an
acceptable level with ABSR support have answer values in the most positive scale third.
Very similar effects were also seen for satisfaction, acceptance, and trust when comparing
post-run ratings with overall post-validation answers.

The usability ratings (post-run and post-validation) seem to all indicate favor for ABSR
support. The score of the system usability scale was four points better for the solution (with
ABSR support) compared to the baseline (without ABSR support). A total of 80% of ATCos
(with 8/10 or more points on the questionnaire scale) stated that they would accept such an
ABSR system in their usual working position and that they could apply operating methods
in a timely manner. Though, a row of adjustments were encouraged by ATCos, i.e., to make
ABSR also reliable under non-nominal conditions where the pressure on ATCos is already
high. The need for changes was rated very inhomogeneous by the different ATCos, i.e.,
some had already seen good support with the prototype’s current technology readiness
level, and others wanted to increase the number of covered situations and examples.

However, the comparison of a further objective measure with a subjective measure-
ment again shows the ambivalence of some ATCo ratings: While ACG ATCos rated the
perceived callsign recognition quality with 1.8 points higher than ON ATCos on a 10-point
scale and the perceived command recognition quality with 1.6 points lower than ON ATCos
such an effect cannot be seen in the online recognition rates where the callsign recognition
rate and the command recognition rate in solution runs of ON ATCos was 2% and 10%
(consistently both) better than of ACG ATCos, respectively.

Our study results based on text-to-concept analysis also revealed a potential safety
issue for multiple remote towers: Even if ATCos were asked to utter the name of their
current transmission station in each radio transmission, the station name, e.g., vilnius tower,
was missing in every fifth utterance. This might confuse listening to cockpit crews being
on or flying to one of the other two airports.

The subjective feedback through questionnaires etc., and the results from objective
measurements at least are not consistent or even contradictory. This is a hint that ABSR’s
performance does not match with ATCos expectations. Objectively a word error rate of
10% with a command recognition rate of 80% might be sufficient to already have positive
effects on workload. The ATCos are then, however, not trusting the system, which will be a
showstopper. Objective improvements are not enough. ATCos also need to be convinced
by their subjective feelings. Previous validation trials for Frankfurt airport to support apron
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controllers by ABSR to reduce workload for pre-filling electronic flight strips [12] and for
Vienna approach controllers [41] indicate that a command recognition rate greater than
90% is needed.

5. Conclusions and Outlook
5.1. Conclusions on ABSR Study in Multiple Remote Tower Environments

Human-in-the-loop trials were conducted with five Austrian and five Lithuanian
air traffic controllers (ATCos) to validate whether an assistant-based speech recognition
(ABSR) system can support air traffic controllers in a multiple remote tower environment.
In baseline runs, controllers needed to manually maintain electronic flight strips without
ABSR support, whereas in solution runs, they were supported by ABSR through callsign
highlighting and automatically inputting recognized commands from ATCo utterances
into electronic flight strips.

This study recorded a huge amount of data with results analyses that are shared
with other researchers by this article. The chosen “within-subject design” [46] assessed
the dependent variables mental workload, situation awareness, satisfaction, acceptance,
trust, and usability with the independent variable “availability of ABSR support”. Further
qualitative feedback was gathered on ABSR accuracy, technical functionality, and operating
methods. Although a very small number of training data of 3.6 and 0.9 h, respectively,
was available for the adaption of the ABSR models to Lithuanian and Austrian tower
phraseology, some results show statistical significance and are in line with findings of
earlier ABSR projects from an approach environment [8]. The text-to-concept accuracy of
the speech understanding module performed well, i.e., correcting wrong word recognition
by context information. A callsign recognition rate of 94.2% and a command recognition
rate of 82.9% were achieved, although each 10th word was wrongly recognized due to
the observed word error rate of 9.8%. Given an independent distribution of word errors
and an average callsign length of five words, a word error rate of 10% would result in a
callsign recognition rate of below 60%, i.e., (1-0.1)°. For an average command length of six
words, including values, qualifiers, and conditions plus the five words for the callsign, the
expected command recognition rate would be below 35%, i.e., (1-0.1)!'. These theoretical
values were outperformed by our speech understanding module (command recognition)
by using context information.

The study results on human factors comprised subjective ratings on mental workload,
situation awareness, satisfaction, acceptance, trust, and usability via standardized and
tailor-made questionnaires, the self-assessed workload during simulation runs, and an
objective method to assess workload based on a secondary task.

The analysis results on the dependent variables were ambivalent. The reasons are
the small number of study subjects, the prototype of a non-operational user interface,
and the low workload resulting from low to medium traffic in the multiple remote tower
environment of the chosen airports. A positive influence on workload was found with
the self-assessed workload ratings during the simulation runs and the performance in the
secondary task as a more objective measurement during simulation runs. Future validation
trials involving ATCos should focus more on objective or live measurements than on
retrospective ratings.

Our study results with ATCos reporting on benefits and drawbacks raise detailed
awareness and give recommendations on which aspects of automatic speech recognition
and understanding for a multiple remote tower environment are already solved and which
aspects require deeper research to go beyond the now achieved technology readiness level
four.

The speech-to-text performance is a prerequisite to enable good text-to-concept perfor-
mance. An error analysis after the validation trials revealed processor overload as a factor
in decreasing our speech-to-text performance. When applying our command extraction
on offline speech-to-text analysis results having a word error rate of 4.4%, we achieve a
command recognition rate of 91.8% and a callsign recognition rate of 98.2%. The data
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analysis showed that ABSR support has a statistically significant positive effect on the
usage of ICAO phraseology: The above-reported solution runs have higher command
recognition rates than baseline runs because ATCos obtain better support if recognition
rates are higher. If ATCos are sticking closer to ICAO phraseology just by the pure presence
of an ABSR system, that will already be a safety feature. Some ATCos, i.e., the human
operators that would use the operating system later on, highlighted that such an ABSR
system would be a great support in their working position.

5.2. Outlook on Future Work

The amount of training data must be further increased, given representative samples.
Furthermore, a large amount of data must be recorded from operations rooms (not from
labs) because this is the operational environment. The European-wide agreed ontology
for the annotation of ATC utterances was successfully used and enhanced in this study
and should be further exploited or standardized. The continuous mutual enhancements
of the ontology for en-route/oceanic, approach, tower, and apron traffic within the ASR
projects HAAWAII (Highly Automated Air Traffic Controller Workstations with Artificial
Intelligence Integration (HAAWAII), Homepage: https://www.haawaii.de (accessed on
4 April 2023)) (as the successor of MALORCA (Machine Learning of Speech Recognition
Models for Controller Assistance (MALORCA), Homepage: https://www.malorca-project.
de (accessed on 4 April 2023)), and STARFiSH (Safety and Artificial Intelligence Speech
Recognition (STARFiSH), Homepage: https://www.dlr.de/fl/desktopdefault.aspx/tabid-
1149/1737 _read-74905/ (accessed on 4 April 2023)) tremendously build a base for interop-
erability of systems. Hence, following ASR activities can build on strong shoulders and
reuse the achieved good results and methods of such ABSR projects.

For the specific case of electronic flight strips, eye tracking technology could be of
further help to make sure that ATCos checked the ABSR output [47]. This technology
could also be used to assess the time to recognize and correct an ABSR error (Times to
correct ABSR errors in an ATM environment have been investigated in “Automatic Speech
Recognition and Understanding for Radar Label Maintenance Support Increases Safety
and Reduces Air Traffic Controllers” Workload” of Helmke et al. presented at the 15th
USA /Europe Air Traffic Management Research and Development Seminar (ATM2023),
Savannah, GA, USA, 5-9 June 2023). Furthermore, the support through callsign highlighting
when recognized from pilot utterances should be investigated and potentially feed attention
guidance systems at the controller working position. To summarize, the validation trials
have shown the potential of using the output of an ABSR system in the multiple remote
tower environment and revealed aspects to be considered when moving forward to higher
technology readiness levels.
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Abbreviations

ABSR Assistant Based Speech Recognition

ACG Austro Control

AlM-s Assessing the Impact on Mental Workload

ASR Automatic Speech Recognition

ATC Air Traffic Control

ATCo Air Traffic Controller

ATIS Automatic Terminal Information Service

ATM Air Traffic Management

BAS Baseline Runs

CARS Controller Acceptance Rating Scale

CoCoLoToCoCo  Controller Command Logging Tool for Context Comparison
CPU Central Processing Unit

Cwp Controller Working Position

Del Deletions

DLR German Aerospace Center

DTT Digital Tower Technologies

EASA European Union Aviation Safety Agency

EFS Electronic Flight Strip System

EUROCAE European Organization for Civil Aviation Equipment

HMI Human Machine Interface

ICAO International Civil Aviation Organization

Ins Insertions

ISA Instantaneous Self-Assessment

LevenDist Levenshtein Distance

NASA-TLX National Aeronautics and Space Administration Task Load Index
Off Offline (analysis of audio files after the simulation runs)

ON Oro Navigacija

Onl Online (analysis as experienced by ATCos during simulation runs)
ow Overall Weighted Workload

SASHA Situation Awareness for SHAPE

SATI SHAPE Automation Trust Index

SD Standard Deviation

SECT Sequence Effect Compensation Technique

SHAPE Solutions for Human Automation Partnerships in European ATM
SOL Solution Runs

Subs Substitutions

SUS System Usability Scale

TWR Tower

WER Word Error Rate

Appendix A. Speech-To-Text Accuracy

The following tables in this Appendix A show the speech recognition performance
on the word level, i.e., the word error rates (WER). The first row must be read like this;
1,944 words were spoken. Ninety-seven errors occurred, i.e., 43 words were substituted
by another word, 38 words were not recognized at all (deleted), and 16 words were
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inserted, i.e., not said, but a word was recognized. This results in a word error rate of 5.1%
(97/1944).

Table Al. Speech-To-Text performance for offline recognition on audio files (Off).

Sample # Words LevenDist # Subs # Del # Ins % WER
MEAN all 1944 97 43 38 16 5.1
MEAN ON 1966 94 38 36 20 5.0
MEAN ACG 1921 99 48 39 13 5.1
MEAN w /o outlier run 1971 90 40 34 16 4.5
MEAN BAS all 1902 104 46 43 15 5.7
MEAN BAS ON 1891 100 41 43 16 5.7
MEAN BAS ACG 1913 109 51 44 14 5.7
MEAN BAS w/o outlier run 1961 98 44 39 15 5.0
MEAN SOL all 1985 89 40 32 17 4.4
MEAN SOL ON 2041 88 36 30 23 4.3
MEAN SOL ACG 1929 90 44 34 11 4.6
MEAN SOL w/o outlier run 1980 81 36 28 17 4.1

Rows are shaded, when containing all ATCos, i.e., both from ACG and ON.

Table A2. Speech-To-Text accuracy for real-time online recognition from voice stream (Onl).

Sample # Words LevenDist # Subs # Del #Ins % WER
MEAN all 1936 245 46 175 24 13.6
MEAN ON 1954 199 38 140 21 11.9
MEAN ACG 1918 290 54 209 27 15.3
MEAN w/o outlier run 1967 212 41 152 19 11.0
MEAN BAS all 1891 300 54 219 27 17.4
MEAN BAS ON 1871 261 42 196 23 17.1
MEAN BAS ACG 1911 339 66 241 32 17.8
MEAN BAS w/o outlier run 1959 254 50 181 23 13.2
MEAN SOL all 1980 189 38 131 21 9.8
MEAN SOL ON 2037 136 34 83 19 6.8
MEAN SOL ACG 1924 242 42 178 22 12.8
MEAN SOL w/o outlier run 1976 171 32 123 15 8.9

Rows are shaded, when containing all ATCos, i.e., both from ACG and ON.

The following two tables show the frequency of certain words appearing in the gold
transcriptions and the number of unique words needed to reach a certain portion of all
words in the gold transcriptions, respectively.

Table A3. 1-grams of gold transcriptions.

Rank Word Count Portion
1 one 2393 6.43%
2 Zero 1479 3.97%
3 tower 1473 3.96%
4 three 1356 3.64%
5 runway 1154 3.10%
6 five 1085 2.91%
7 seven 925 2.48%
8 two 923 2.48%
9 four 898 2.41%
10 to 888 2.38%
11 cleared 808 2.17%
12 right 795 2.13%
13 vilnius 747 2.01%
14 eight 721 1.94%
15 nine 720 1.93%
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Table A3. Cont.

Rank Word Count Portion
16 via 601 1.61%
17 air 571 1.53%
18 degrees 556 1.49%
19 and 539 1.45%
20 knots 531 1.43%
21 bravo 465 1.25%
22 wind 456 1.22%
23 alfa 409 1.10%
24 taxi 408 1.10%
25 kaunas 390 1.05%

others 15,947 42.8%
1-505 SUM 37,238 100%

Table A4. The number of different words needed to reach a certain portion of all uttered words.

Count Portion
61 80%

101 90%
145 95%
283 99%
505 100%

Appendix B. Text-To-Concept Accuracy

The following tables lists the relative frequency of supported air traffic control com-
mand types from the gold annotations.

Table A5. Percentage of used command types in gold annotations occurring more often than 1%
(7560 commands in total).

Command Type Portion of All Commands
STATION 20.2%
INFORMATION WINDSPEED 7.5%
INFORMATION WINDDIRECTION 7.5%
TAXITO 6.4%
GREETING 5.6%
TAXI VIA 4.8%
AFFIRM 4.0%
INFORMATION QNH 3.3%
CLEARED VIA 2.9%
STARTUP 2.9%
CLEARED TO 2.9%
CLEARED TAKEOFF 2.8%
FAREWELL 2.8%
CLEARED LANDING 2.8%
SQUAWK 2.8%
LINEUP 2.4%
REPORT 1.5%
PUSHBACK 1.4%
INFORMATION ACTIVE_RWY 1.4%
NO_CONCEPT 1.4%
REPORT_MISCELLANEOUS 1.4%
VACATE VIA 1.2%
CLEARED TOUCH_GO 1.1%
others 8.9%
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The following six tables present the speech understanding performance per study subject
group and per command type group for gold, offline, and online transcriptions, respectively.

Table A6. Text-to-concept quality for gold transcriptions (assumed to be 100% correct).

Command Command Callsign Callsign Unknown Amount
Gold Transcription Recognition Error Recognition Error Classified of
Rate Rate Rate Rate Rate Data
all ATCos ALL 95.9% 2.4% 99.8% 0.2% 13.3% 100.0%
ON ATCos ALL 97.1% 1.5% 99.7% 0.2% 12.5% 49.9%
ACG ATCos ALL 94.8% 3.2% 99.9% 0.1% 14.2% 50.1%
OAEti‘e’j fi} w/o 95.8% 2.5% 99.8% 0.2% 13.2% 91.8%
all ATCos BAS 95.9% 2.4% 99.7% 0.3% 13.8% 49.0%
ON ATCos BAS 97.6% 1.3% 99.7% 0.3% 13.0% 24.1%
ACG ATCos BAS 94.1% 3.5% 99.8% 0.2% 14.7% 24.8%
all ATCos SOL 96.0% 2.3% 99.8% 0.1% 12.8% 51.0%
ON ATCos SOL 96.6% 1.8% 99.7% 0.2% 12.0% 25.8%
ACG ATCos SOL 95.4% 2.9% 100.0% 0.0% 13.7% 25.3%
Table A7. Text-to-concept quality for gold transcriptions (assumed to be 100% correct) per command
type groups.
Command # Command Command
Type Group Types Recognition Rate
Relevant 34 97.3%
EFS 21 97.4%
Status 18 96.7%
Outside 3 96.0%
Hypo-EFS 4 99.2%
Table A8. Text-to-concept quality for Off transcriptions (current best word error rates of automatic
speech-to-text with callsign boosting on audio files).
Command Command Callsign Callsign Unknown Amount
Offline Recognition Error Recognition Error Classified of
Rate Rate Rate Rate Rate Data
all ATCos ALL 91.4% 4.5% 98.4% 0.9% 14.0% 100.0%
ON ATCos ALL 92.7% 3.9% 98.6% 0.6% 12.8% 49.9%
ACG ATCos ALL 90.1% 5.1% 98.2% 1.2% 15.2% 50.1%
ATCos ALL w/o outlier run 91.7% 4.4% 98.7% 0.9% 13.9% 91.8%
all ATCos BAS 91.0% 4.6% 98.6% 0.8% 14.5% 49.0%
ON ATCos BAS 92.8% 3.6% 99.0% 0.3% 13.2% 24.1%
ACG ATCos BAS 89.3% 5.5% 98.1% 1.2% 15.8% 24.8%
all ATCos SOL 91.8% 4.5% 98.2% 1.1% 13.6% 51.0%
ON ATCos SOL 92.7% 4.1% 98.1% 0.9% 12.6% 25.8%
ACG ATCos SOL 90.9% 4.8% 98.3% 1.2% 14.6% 25.3%
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Table A9. Text-to-concept quality for Off transcriptions (current best word error rates of automatic
speech-to-text with callsign boosting on audio files) per command type groups.

Command # Command Command
Type Group Types Recognition Rate
Relevant 31 92.4%
EFS 21 93.4%
Status 18 92.7%
Outside 3 90.5%
Hypo-EFS 4 96.3%

Table A10. Text-to-concept quality for Onl transcriptions (automatic speech-to-text with callsign
boosting from continuous stream).

Command Command Callsign Callsign Unknown Amount
Online Recognition Error Recognition Error Classified of
Rate Rate Rate Rate Rate Data
all ATCos ALL 79.4% 7.0% 91.7% 3.1% 15.4% 100.0%
ON ATCos ALL 84.2% 5.5% 92.1% 2.4% 13.8% 49.9%
ACG ATCos ALL 74.6% 8.6% 91.3% 3.9% 17.0% 50.1%
ATCos ALL w/o outlier run 81.2% 6.6% 94.0% 2.5% 14.9% 91.8%
all ATCos BAS 75.7% 7.5% 89.1% 3.8% 16.2% 49.0%
ON ATCos BAS 80.1% 5.6% 88.9% 2.8% 14.6% 24.1%
ACG ATCos BAS 71.4% 9.3% 89.3% 4.8% 17.9% 24.8%
all ATCos SOL 82.9% 6.6% 94.2% 2.4% 14.5% 51.0%
ON ATCos SOL 88.0% 5.4% 95.2% 2.0% 13.2% 25.8%
ACG ATCos SOL 77.7% 7.9% 93.2% 2.9% 16.1% 25.3%

Table A11. Text-to-concept quality for Onl transcriptions (automatic speech-to-text with callsign
boosting from continuous stream) per command type groups.

Command # Command Command
Type Group Types Recognition Rate
Relevant 31 80.7%
EFS 21 79.2%
Status 18 80.0%
Outside 3 81.0%
Hypo-EFS 4 87.2%

Appendix C. Questions and Statements of Questionnaires

The following full-text questions and statements were contained within the listed
post-run questionnaires:

Appendix C.1. Statement and Answer Scale from CARS

The color coding shows worse answers in red and good answers in green.
“Please read the descriptors and score your overall level of user acceptance experienced during
the run. Please check the appropriate number.”
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Improvement mandatory. Safe operation could not be maintained.

Major Deficiencies. Safety not compromised, but system is barely controllable and only
with extreme controller compensation.

Major Deficiencies. Safety not compromised but system is marginally controllable.
Considerable compensation is needed by the controller.

Major Deficiencies. System is controllable. Some compensation is needed to maintain safe
operations.

Very Objectionable Deficiencies. Maintaining adequate performance requires extensive
controller compensation.

Moderately Objectionable Deficiencies. Considerable controller compensation to achieve
adequate performance.

Minor but Annoying Deficiencies. Desired performance requires moderate controller
compensation.

Mildly unpleasant Deficiencies. System is acceptable and minimal compensation is needed
to meet desired performance.

Negligible Deficiencies. System is acceptable and compensation is not a factor to achieve
desired performance.

Deficiencies are rare. System is acceptable and controller does not have to compensate to
achieve desired performance.

Appendix C.2. Statements from SATI Questionnaire

1.
2.
3.

In the previous working period, I felt that the system was useful. [USEFUL]

In the previous working period, I felt that the system was reliable. [RELIABLE]

In the previous working period, I felt that the system worked accurately. [ACCU-
RACY]

In the previous working period, I felt that the system was understandable. [UNDER-
STAND]

In the previous working period, I felt that the system worked robustly (in difficult
situations, with invalid inputs, etc.). [ROBUST]

In the previous working period, I felt that I was confident when working with the
system. [CONFIDENT]

Appendix C.3. Statements from SASHA Questionnaire

1.
2.

6.

In the previous run, I was ahead of the traffic. [AHEAD]

In the previous run, I started to focus on a single problem or a specific aircraft.
[FOCUS]

In the previous run, there was a risk of forgetting something important (such as
inputting the spoken command values into the labels). [FORGET]

In the previous run I was able to plan and organize my work as wanted. [PLAN]

In the previous run I was surprised by an event I did not expect (such as an aircraft
call). [SURPRISE]

In the previous run I had to search for an item of information. [SEARCH]

Appendix C.4. Questions from NASA-TLX Questionnaire

1.

2.
3.
4

o

How mentally demanding was the task? [Mental Demand, MD]

How physically demanding was the task? [Physical Demand, PD]

How hurried or rushed was the pace of the task? [Temporal Demand, TD]

How successful were you in accomplishing what you were asked to do? [Operational
Performance, OP]

How hard did you have to work to accomplish your level of performance? [Effort, EF]
How insecure, discouraged, irritated, stressed, and annoyed were you? [Frustration, FR]

Furthermore, the 15 pairwise comparisons of workload contributing factors have been

analyzed. When looking at the subscores for all six NASA-TLX dimensions, half of them
(three) were rated equal or better in SOL compared to BAS (PD, EF, FR), and the other half

126



Aerospace 2023, 10, 560

38 of 42

was rated vice versa (MD, TD, OP). In general, physical demand (PD, 3.3%) was rated as
being a less important contributor to workload, and mental demand (MD, 23.3%) was the
most important contributor to workload. The other four dimensions were rather equally
important contributors to the overall workload (TD 22%, OP 18%, EF 16.7%, FR 16.7%).
The horizontal axis in Figure A1 shows the weight; the area shows the contribution of this
very dimension to the OW of BAS and SOL conditions, respectively.

NASA-TLX Weighted Rating Dimensions

B MD BAS m MD SOL m PD BAS m PD SOL m TD BAS m TD SOL m OP BAS m OP SOL m EF BAS m EF SOL mFR BAS mFR SOL

Figure A1. ATCo ratings on NASA-TLX (Weighted Workload Factors).

Appendix C.5. Questions from AIM-s Questionnaire

1.
2.

3.

10.

11.
12.
13.
14.
15.

16.

In the previous run, how much effort did it take to prioritize tasks? [PRIOT]

In the previous run, how much effort did it take to identify potential conflicts?
[IDENT]

In the previous run, how much effort did it take to scan radar or any display? [SCRD]
In the previous run, how much effort did it take to evaluate conflict resolution options
against the traffic situation and conditions? [EVAL]

In the previous run, how much effort did it take to anticipate the future traffic situa-
tion? [ANTIC]

In the previous run, how much effort did it take to recognize a mismatch of available
data with the traffic picture? [RECOG]

In the previous run, how much effort did it take to issue timely commands? [TIMELY]
In the previous run, how much effort did it take to evaluate the consequences of a
plan? [PLAN]

In the previous run, how much effort did it take to manage flight data information?
[MANG]

In the previous run, how much effort did it take to share information with team
members? [SHARE]

In the previous run, how much effort did it take to recall necessary information? [RECL]
In the previous run, how much effort did it take to anticipate team members’ needs? [TMN]
In the previous run, how much effort did it take to prioritize requests? [PRIRQ]

In the previous run, how much effort did it take to scan flight progress data? [SCFP]
In the previous run, how much effort did it take to access relevant aircraft or flight
information? [ACCD]

In the previous run, how much effort did it take to gather and interpret information? [GETI]

Appendix C.6. Statements from SUS Questionnaire

1.
2.
3.

I think that I would like to use this system frequently.
I found the system unnecessarily complex.
I thought the system was easy to use.
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I think that I would need the support of a technical person to be able to use this system.
I found the various functions in this system were well integrated.

I thought there was too much inconsistency in this system.

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

I found the system very cumbersome to use.

I felt very confident using the system.

10. Ineeded to learn a lot of things before I could get going with this system.

O XN NG

Appendix D. Validation Setup Details

The left and right sides of the outside view areas presented current meteorological data
as relevant for aircraft takeoff and landing (see Figure A2), i.e., wind speed in knots (here
10) and wind direction with an additional red arrow (here 070°) according to the runway
orientation (grey rectangle), the active runway name (here 05), the airport International Civil
Aviation Organization (ICAO) code (EYKA), the QNH (here 1001), the visibility conditions
(here 9999, i.e., no visibility restrictions), and cloud information (in green circles).

Figure A2. Remote tower outside view with a small aircraft passing a parking aircraft on the apron
and meteorological information in and around the compass rose on the right.

An adjacent laboratory room accommodated three simulation pilot workstations. Each
workstation consisted of a monitor to visualize the simulation pilot interface (see Figure A3)
for one of the three simulated airports, a keyboard, and a mouse.

Figure A3. Simulation pilot interface for a simulated airport with time, pseudo flight strips for arrival
and departure traffic, and radar views for airport surface and surrounding.
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Abstract— Air Traffic Control (ATC) and its dedicated radio
telephony communication are critical components of safe and
efficient air traffic. After the COVID-19 pandemic, the aviation
industry faced a shortage of air traffic controllers (ATCos) and
pilots, highlighting a significant problem: managing resources for
training new ATCos and pilots.

This paper explores using a text-to-speech application (TTS
app) to simulate aviation radio telephony communication. The app
utilizes open-source pre-trained TTS models fine-tuned using pub-
licly available ATC communication-specific datasets. It synthesizes
textual ATC utterances to simulate ATCo instructions and pilot
responses, creating a realistic two-way communication scenario. It
includes twenty ATCo and eight pilot voice models developed using
two distinct fine-tuning approaches: (1) an end-to-end TTS method
leveraging deep learning techniques and (2) a voice cloning method
supporting multi-lingual speech generation.

The app was evaluated in an online study by 20 international
study subjects, comprising 14 ATCos, 4 pilots, and 2 individuals
from other aviation backgrounds. The performance of the voice
models varied across different aspects of audio quality such as
overall experience, clarity, pronunciation, intonation, naturalness,
and speed due to more than 4100 subjective rating values. The
voice cloning models were rated significantly better overall than
the end-to-end models. The female voice cloning models were rated
significantly better overall than the male voice cloning models —
both fine-tuned with ATCo data. The majority of voice cloning
models especially for ATCo utterances received average overall
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ratings between 4 and 4.5 out of the highest score of 5. More than
83% of ratings classified the audio articulation speed as optimal.
‘While some issues on pauses, pronunciation, and volume consistency
were noted, the general feedback, especially on realism, showed the
feasibility of TTS for ATC communication training. The possibility
to synthesize speech faster than real-time and initial explorations of
Large Language Models for TTS show that developing operational
downstream applications is on the horizon.

Index Terms— Air Traffic Control (ATC), Aviation Radio Tele-
phony Communication Simulation, Phraseology, Text-To-Speech
(TTS), Voice Cloning

[. INTRODUCTION

The aviation sector is grappling with a shortage of
air traffic controllers (ATCo) and pilots after COVID-19
pandemic. A significant proportion of European ATCos
are approaching retirement age or are attracted to other
regions such as Middle East, exacerbating the shortage
[1]. The pilot shortage is expected to worsen with pro-
jections indicating a global shortage of 50,000 pilots
by 2025 due to an increase in the size of the aircraft
fleet worldwide and a large proportion of current pilots
reaching retirement age [2].

The training of this amount of new aviation operators
including ATCos and pilots requires a lot of resources.
Thus, any potential reduction of human working hours
for training support directly decreases costs. Effective
communication between ATCos and pilots — being a basic
element in initial training and all kind of ATC simulations
— is a cornerstone of air traffic control (ATC) operations
next to skills such as strategic planning, quick decision-
making, or managing unexpected situations. Aviation
operators are learning the standard International Civil
Aviation Organization (ICAO) phraseology to quickly and
efficiently convey information and instructions via radio
telephony [3, Chapter 12]. This includes the mechanisms
of pilots listening to verbal ATCo instructions, pilots read-
ing back the content of the heard instructions, and ATCos
hearing back the pilot’s readback in order to check the
instruction understanding and potentially correct readback
errors for safety reasons.

An example conversation with an utterance pair of
an ATCo instruction and a pilot readback following the
ICAO phraseology could look like this:

ATCo: “lufthansa one eight two lineup runway two six”
Pilot: “lining up runway two six lufthansa one eight two”

Such a simple example should reflect how aviation
operators communicate in real-life — and especially in
their early operational life.

A. Problem

However, in later operations, aviation operators often
deviate from the ICAO phraseology to different extents
and speak with a diversity of strong accents and audio
speeds, which is currently less reflected in training.

A second example of an ATCo utterance omitting
verbalizing the prescribed units “degrees” and “knots” for
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the wind direction value “180°” and wind speed value “6
kt” may look like this:

“air france three eight victor wind one eight zero six
runway two five cleared for takeoff”

A third example of a pilot utterance may look like this:
“contacting two three eight bye”

This example contains a sloppy abbreviated readback of
the frequency “123.800” not repeating (1) the first digit
always being one, (2) the decimal, (3) the trailing zeros,
and (4) the aircraft callsign in direct response of a prior
ATCo-pilot conversation chain.

The second and third example have the potential to
mix up numbers for unintended ATC command types
or command values. In current, fully automated training
procedures, the degree of tolerance of such phraseology
deviations is very low, while it is much higher facing
operational pressure.

A fourth example of a pilot response contains a
readback error with the digit “3” of the above frequency
being accidentally replaced by “2” that the ATCo should
spot when hearing back:

“contacting one two two decimal eight ...”

Traditional training methods are resource-intensive
and may not be scalable given current and projected
demand. Furthermore, they may not be accessible to
all potential trainees, particularly in regions with lim-
ited access to conventional training facilities. Therefore,
there is a need for a more accessible, cost-effective, and
scalable approach to training, including communication
training, in the aviation sector. Potential improvements to
current training procedures and simulation technologies
have been identified, such as reducing dependence on
instructors during simulation training, utilizing web-based
training methods, and updating current simulator systems
to include recording and playback features [4],[5].

B. Solution

The digitization and innovative automation of ATC
communication simulation without the need for costly
human simulation operators can help to lightweight train
new generations of aviation operators in various aspects
of standard and real-life ATC communication.

This is where the potential of artificial intelligence
(AI) technologies comes into play. One such Al-driven
solution is the use of text-to-speech (TTS) technology
for aviation radio telephony communication training. A
TTS application, tailored for this specific context, could
provide a realistic and interactive training environment
that is accessible and affordable. It could simulate a
variety of scenarios and accents, enhancing the adapt-
ability and preparedness of trainees. Furthermore, the use
of open-source datasets and voice models could reduce
the dependence on extensive human resources such as
simulation pilots, making the training approach more
flexible.

Our developed text-to-speech application (TTS app)
uses voice models fine-tuned on open-source datasets,

such as the Air Traffic Control Simulation Speech (AT-
COSIM') corpus from Graz University of Technology [6]
and the English TTS corpus of pilot speech with var-
ious accents hosted at LINDAT/CLARIAH-CZ? [7],[8].
The TTS app employs open-source Coqui-TTS? scripts
to fine-tune two existing models: (1) the end-to-end
encoder-vocoder LISPEECH-VITS* model [9] and (2)
the LISPEECH-XTTS® model, which incorporates voice
cloning technology to synthesize text to speech in 16
languages.

The app simulates aviation radio telephony commu-
nication by synthesizing an ATCo and a pilot speech
audio file based on textual ATC utterances. More specif-
ically, textual ATCo utterances are analysed by regular
expressions to generate appropriate pilot responses to
ATC commands, after which audio files are synthesized
considering ATCo and pilot voice models for the two
ATCo and pilot text inputs.

The TTS app introduces a suite of 28 unique voice
models, each representing a distinct character with vari-
ations in origin, native language, linguistic background,
accent, and specialization in the ATC sector, some em-
bodying ATCos and others pilots. Amongst other mecha-
nisms, it introduces random readback errors for the pilot
text input and connects airline origin with speaker accent
to enhance realism. Hosted locally via a Python Flask app,
it is also web-accessible, allowing users to interact and
provide feedback on each voice model’s quality, thereby
contributing to the refinement of the models for a more
realistic simulation. Looking even more into the future,
the TTS technology can as well be used for operational
downstream applications to replace or support the articu-
lation of utterances in aviation operators’ communication.

C. Paper Structure

Section II presents a comprehensive review of the
literature, setting the foundation for the methodology
explained in Section III. The implementation details of
the TTS app are presented in Section IV, while Section V
details evaluating of the app and results. A critical dis-
cussion in Section VI provides insight and implications
of the findings. Finally, Section VII, concludes and makes
suggestions for future work.

[I. LITERATURE REVIEW

This section presents the state-of-the-art on TTS ac-
tivities relevant for the aviation environment from early
studies to commercial products, dedicated speech corpora,
and its combination with speech-to-text.

Uhttps://www.spsc.tugraz.at/databases- and-tools/atcosim-air-traffic-con
trol-simulation-speech-corpus.html

Zhttp://hdl.handle.net/11234/1-1587 [1588/1462/1461]

3More background on Coqui-TTS will be given in Section III
4https://docs.coqui.ai/en/latest/models/vits.html
Shttps://docs.coqui.ai/en/stable/models/xtts.html
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A. Early Text-To-Speech Studies

The use of TTS technology in general telephony has
already been discussed decades ago [10]. Initial ideas
of TTS in aviation highlighted the potential to alleviate
pilot workload by reducing reliance on visual information.
Several factors such as safety standards and validation
processes to ensure accuracy and intelligibility of TTS
generated speech might be reasons for slow introduction
of this innovation into different aviation domains. The
evolution of TTS technology, along with advancements
in AI and natural language processing, has now reached
a level of sophistication where its application in critical
environments such as aviation becomes feasible.

Early experiments with pilots listening to ATC ut-
terances found that intelligibility of synthetic voice is
at least as good as human radio voice in average [11].
Furthermore, response times to synthetic voice messages
were found to be comparable to human voice message
responses [12],[13]. The level of persuasion and percep-
tion in another experiment were also rated very similar
for human and synthetic voice, while the level of trust
was marginally better for the human voice [14].

Conventional TTS systems often lack prosodic vari-
ation, e.g., resulting from emotion, so that the artificial
nature of a voice is easily identified even while having
good intelligibility [15]. Therefore, the use of synthetic
voice communication has been suggested to make dif-
ferent accents of ATC communication partners easier to
understand in order to reduce misunderstandings between
ATCos and pilots [16].

B. Commercial Text-To-Speech Products

There exists a row of commercial TTS products in the
aviation domain. Announcements for automatic terminal
information service in the tower domain (D-ATIS) and
en-route domain (D-VOLMET) are powered by TTS°.
Voice warning systems in aircraft cockpits for imminent
safety-critical situations exist for more than half a cen-
tury [17],[18].

More than 100 artificial voices were created with a
deep learning approach on 3000 hours of ATC audio data
for Microsoft Flight Simulator’s communication system to
address the earlier existing limitation of the robotic nature
of ATC voices’. The combination of voice recognition
for verbal ATCo utterances and TTS technology for
pilot responses® has been integrated with the NEWSIM
platform of the German air navigation service provider
DFS Deutsche Flugsicherung GmbH in Munich center to
train multiple hundred ATCos® and was enrolled to further
centers, training facilities, and ATC domains [19].

Shttp://www.speechtech.com/
7https://azure.microsoft.com/en-us/solutions/ai/dev-resources
8https://www.ufainc.com/atvoice
https://www.airport-technology.com/news/newsmunich-center-uses-u
fas-atvoice-system-to-train-air-traffic-controllers-5769131/

C. Combining Text-To-Speech and Speech-To-Text

Speech-To-Text technologies as part of automatic
speech recognition and understanding systems have
been successfully explored to support ATCos [20]. A
European-wide agreed ontology has been defined to an-
notate the semantic meaning of ATCo and pilot utter-
ances [21]. This ontology has as well been used to com-
pare succeeding ATCo and pilot utterances to automati-
cally detect readback errors [22]. However, high detection
rates with low false alarm rates remain a challenge for
automated systems [23]. Thus, it is important that human
aviation operators are well-trained in detecting readback
errors by themselves.

Recently, the design of an ATC-simulation chat bot
providing students with additional training opportunities
on their own has been proposed [24]. Furthermore, the
feasibility of automating ATC within simulation environ-
ments for both training and experimentation has been
assessed [25]. An early TTS functionality for ATCo
commands and pilot readbacks has been developed and
integrated into aircraft radar labels of a prototypical
air situation display [26]. Furthermore, a simple TTS-
based ATC communication training environment has been
proposed and prototypically implemented [27]. This en-
vironment utilizes Google’s Cloud Speech-To-Text voice
input for three defined air traffic scenarios to manipu-
late simulated airborne aircraft movements. However, the
speech synthesis of this prototype was claimed to not
deliver realistic audio output [27].

ATC human-in-the-loop simulation trials usually re-
quire human simulation pilots to react on the ATCo utter-
ances [28]. The number of simulation pilots often exceeds
the number of ATCos in those trials, which comes with
significant costs. The idea of replacing simulation pilots
through the help of TTS systems arose already many
years ago and has been implemented on a low technology
readiness level [29]. A virtual simulation pilot engine
using up-to-date advanced Al tools was suggested very
recently [30]. This engine is capable of transcribing and
understanding spoken instructions from ATCo trainees.
Further, it can generate spoken pilot prompts following
ICAO phraseology [31].

The same mechanism of automatically generating pi-
lot repetitions in an autonomous pilot agent with speech
recognition and understanding of ATCo utterances and
speech synthesis for artificial pilot responses have been
implemented in a deep learning-based framework [32].
Despite these innovative approaches, the study acknowl-
edged limitations, notably the absence of qualitative
analysis on the TTS-produced speech and the lack of
exploration in fine-tuning the TTS module with ATC-
specific audio data [33].

An Automatic Training Tool for ATC communication
training has been designed leveraging cloud-based speech
recognition and TTS technologies [34]. The integrated
noise module could simulate, e.g., background noise,
beeps, and signal volume changes [35]. An autonomous
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pseudo pilot software that could communicate with hu-
man ATCos was as well discussed for unmanned aerial
vehicles [36]. The above-mentioned activities show the
potential use cases of a TTS app or options to integrate
it, respectively.

D. Speech Corpora for Training and Fine-Tuning

To fine-tune TTS models, audio datasets along with
corresponding text transcriptions are required. The public
domain Linda Johnson Speech (LISPEECH) based TTS
models [37] fulfill this requirement, comprising more than
13,000 brief audio recordings. These recordings feature a
single speaker who reads excerpts from seven different
nonfiction books [38]. It is widely used in the TTS
community due to its high quality and the variety of
contained speech.

For a realistic audio experience, there is the further
requirement for audio data specifically from the aviation
domain, particularly radio telephony communication. This
leads to two valuable speech corpora: (1) The ATCOSIM
corpus from TU Graz [6] and (2) the English TTS speech
corpus of air traffic (pilot) messages (with German,
Czech, Serbian, and Taiwanese accents) [7].

Further corpora deal with specific aspects or lack
transcriptions, e.g., Mandarin Chinese and English audio
ATC utterances in the ATCSpeech corpus [39], a French-
accented corpus [40], ATC utterances with differently
added noise conditions in HIWIRE!? [41], and around 140
hours of recorded English ATC communication across
ground, tower, approach, and area control [42].

E. Summary of Contributions of Related Work

A few specialized speech corpora to enhance TTS
and speech-to-text system performance have been set
up, to facilitate the improvement of intelligibility and
accuracy in ATC communication. Al-driven simulation
engines have been deployed, offering nuanced, interactive
training experiences for ATCos, focusing on phraseology,
speaking, and comprehension. The adoption of deep learn-
ing TTS models significantly improved voice quality and
naturalness. However, there is a notable absence of com-
parative performance analysis between systems developed
with ATCC-specific corpora and general-purpose speech
corpora.

. METHODOLOGY

Our paper focuses on the development of a TTS app
designed to simulate aviation radio telephony communi-
cation and the evaluation of its voice models. The primary
objective is to create an interface that allows users to
input ATC commands and synthesize these commands
into speech using selected ATCo and pilot voice models.
To accomplish this, the following steps are required:

10https://catalog.elra.info/en-us/repository/browse/ELR A-S0293/

1) Selection of a proper TTS framework, preferably
open-source, to serve as the back-end of the app.

2) Identifying pre-trained open-source English lan-
guage TTS models that can be fine-tuned with
aviation-specific datasets.

3) Searching for publicly available aviation-specific
speech corpora, preferably of various genders and
accents, for fine-tuning pre-trained TTS models.

4) Fine-tuning of TTS models and monitoring the
training and evaluation process.

5) Development of scripts to download, clean, and
rearrange the data from speech corpora as per the
requirements of the fine-tuning process.

6) Acquiring hardware resources, specifically a pow-
erful graphical processing unit (GPU) required to
run the fine-tuning process, as well as the synthesis
of ATC commands to speech using the fine-tuned
models.

7) Conceptualize and implement front-end and back-
end, as well as an application programming in-
terface (API), preferably a web-based interface so
that the app is platform-independent and allows
users to input ATC commands in text form and
convert them into speech including clear instruc-
tions and feedback on the conversion process.

8) Coming up with a hosting mechanism for the app,
preferably accessible from internet through a user-
friendly domain name.

9) Setting up and maintaining the TTS app during
the evaluation phase, creating of textual utterances,
and analysing the results and feedback of study
subjects.

The subsequent subsections will detail the methodology,
covering each of the steps above in detail.

A. Selection of proper Text-To-Speech Framework

There are several free, open-source or commercial
TTS tools, apps, and models available online. For this
work, three aspects are important. Firstly, open-source
tools are cost-effective as they are free to use and modify.
Second, they promote reproducibility as the source code
is publicly available, allowing others to replicate and
verify the results. Third, open-source tools usually have
a community of developers who contribute to their im-
provement and troubleshooting, which can be a valuable
resource. Therefore, the open-source Coqui-TTS models
were chosen for this work.

Coqui-TTS is an advanced library designed for high-
quality TTS generation''. It offers several notable features
and advantages over other TTS toolkits'?:

e Pre-trained models in more than 1100 languages,
supporting a wide linguistic range.

https://docs.coqui.ai/en/latest/
"https://ilikeai.ai/coqui-ai/
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e Tools for training and fine-tuning models in any
language, enhancing flexibility and customization.

e Ultilities for dataset analysis and curation, crucial for
TTS applications.

e High-performance deep learning models for TTS
tasks with various acoustic and vocoder models.

e Efficient model training, multi-speaker support, and
a modular code base enabling innovation.

e Voice cloning with minimal audio, allowing for a
highly customizable user experience.

e An advanced editor for detailed audio customization,
including pitch and loudness adjustments.

Specifically, our work makes use of the Conditional Varia-
tional Autoencoder with Adversarial Learning (VITS) and
XTTS models.

VITS is a TTS model that is end-to-end (encoder —
vocoder together) and leverages cutting-edge deep learn-
ing techniques such as Generative Adversarial Networks
(GANS) [43], Variational Autoencoders (VAESs) [44], and
Normalizing Flows. It learns the text-to-audio alignment
using Monotonic Alignment Search (MAS) without the
need for external alignment annotations. The model’s
architecture is a fusion of the GlowTTS [45] encoder and
HiFiGAN vocoder [46]. It is a feed-forward model with
real-time capabilities on a GPU. The VITS model can
also learn a new language or voice with approximately a
one minute long audio clip, making it a potent tool for
training TTS models in languages with limited resources.

XTTS is a generative TTS foundation model under
the Coqui Public Model License (CPML). It is designed
to clone voices in different languages using just a few
seconds-long sample of the original voice. This technol-
ogy is particularly useful for TTS apps with realistic and
captivating voice model sounds.

B. Fine-Tuning with Speech Data

Fine-tuning a model in general helps to improve its
performance for a specific dataset or task. Before the fine-
tuning process, the fine-tuning data had to be prepared and
cleaned. This involved arranging the downloaded audio
files (wav) and their transcriptions in a specific structure
as required by LISPEECH. Subsequently, the fine-tuning
scripts are modified to specify the location of the dataset,
the metadata files, and other relevant parameters”.

After data preparation and loading, the fine-tuning
process needed to be monitored using tools such as Ten-
sorboard. The monitoring of parameters such as training
loss values and validation loss values helps to determine
whether the model is learning and improving over time or
if it is over-fitting or under-fitting. The fine-tuning process
is set to end by itself after completing a certain defined
number of epochs, at which point the fine-tuned models
can be downloaded and used in the TTS app. However,

Bhttps://docs.coqui.ai/en/latest/formatting_your_dataset.html#formatti
ng-your-dataset

the process also allows for manual termination, e.g., if the
model performance deteriorates over time.

C. Characteristics of Speech Corpora and
Fine-Tuned Voice Models

The ATCOSIM corpus comprises audio data and tran-
scriptions from a diverse set of ATCo speakers of various
ATC sectors, each with a unique profile in terms of
native language, sex, mean age, and ATC experience [6].
It encompasses ten hours of audio data in English lan-
guage comprising 10,078 utterances. All recordings are
of 32 kilo Hertz (kHz) sample rate and were captured
in real-time ATC simulations via a close-talk headset
microphone. The corpus features speakers from Sollingen
speaking German accent (four male with 1167, 1848,
808, and 1162 utterances, respectively), Ziirich with Swiss
German accent (three female with 1716, 1739, and 638
utterances, respectively), and Geneva with Swiss French
accent (one female and two male with 238, 384, and
378 utterances, respectively). It includes a total of ten
speakers [47], with a gender distribution of four women
and six men, a mean age of approximately 31 years, and
an average ATC experience of about eight years, with
sector-specific experience around six years.

To facilitate user understanding, the fine-tuned ATCo
TTS models based on ATCOSIM input data were renamed
post hoc to reflect the speaker’s gender, native tongue,
sector, and sequence number. For instance, the “sml”
model became “male-german-sollingen-1", and “zf1” was
renamed to “female-german-ziirich-1”, etc. for all models
that emerged as a result of being fine-tuned using the
respective dataset.

The same approach was followed for the English TTS
speech corpus of air traffic (pilot) messages [7]. This
corpus comprises 7377 recorded utterances of speakers,
native in German (female with 1685 utterances), Czech
(male with 1692 utterances), Serbian (male with 3000
utterances), and Taiwanese (male with 1000 utterances),
communicating in English. The sentences recited by the
speakers are derived from the field of ATC, specifically
the messages utilized by aircraft pilots during standard
flight operations. The text within the corpus is sourced
from transcripts of actual recordings, a portion of which
has been made publicly available in LINDAT/CLARIN.

The pilot TTS models fine-tuned using this dataset
were renamed according to the accent of the speaker.
Since the corpus contained recordings of pilot messages
from speakers of four different accents, i.e., German,
Czech, Serbian, and Taiwanese, the resulting TTS models
were named “german-1”, “czech-1”, “serbian-1”, and
“taiwanese-1", respectively.

All voice models for ATCos and pilots — trained
using XTTS — were named following this scheme. The
same number of voice models was as well trained using
VITS with the numbering scheme incrementing the XTTS
model name numbers. This means, that e.g., “male-
german-sollingen-5" to “male-german-sollingen-8” equal
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“male-german-sollingen-1” to “male-german-sollingen-4~
except that they are fine-tuned using VITS instead of
XTTS.

D. Layout of Application to process ATC Text
Commands and Synthesize Speech

The ATC communication is simulated through a
Python web application based on the Flask framework.
The app has a user-oriented graphical user interface (GUI)
and contains two phases to run through.

In the first phase of the app, there is a fixed set of pre-
defined textual ATCo utterances that the user must synthe-
size one by one. In this first phase, a fixed set of ATCo
and pilot voice models is used to enable comparability
of the following audio output ratings of the utterances
for both ATCo and pilot. There are different styles how
to note down textual ATCo utterances to enable user-
friendliness, i.e., abbreviated ATC concepts or full words
can be used. The two textual ATCo utterance examples
“DLH123 climb and maintain FL240” and “lufthansa
one two three climb and maintain flight level two four
zero” should both be converted to the same textual pilot
response “climbing and maintaining flight level two four
zero lufthansa one two three”.

The conversion of the textual ATCo utterances into
textual pilot responses is sketched below:

1) Extract Callsign and Command: The code uses
text processing functions and regular expressions
to extract the callsign and the rest of the command
from the received string.

2) Convert Airline Designator to Full Form: The
code uses a JavaScript Object Notation (JSON)
file that maps airline ICAO codes to their radio
telephony designator, e.g., DLH to “lufthansa”,
BAW to “speed bird”.

3) Convert Numbers to Words and Aviation Terms
to Full Forms: The code uses a number-to-words
mapping to convert numbers and letters in the text
to their word forms (e.g., 0, 1, 2, 3, A, B to
zero, one, two, three, alfa, bravo). It also converts
aviation terms such as FL and RW to their full
forms “Flight Level” and “Runway”.

4) Generate Pilot Response to the textual ATCo
utterance: Pre-defined verbs are converted into its
gerund form (e.g., “climb and maintain” to “climb-
ing and maintaining”). The callsign is placed at the
end of the textual pilot response.

The duration of the speech synthesis process depends
on the selected voice model, the length of the textual
inputs, and the processing power of the machine (memory,
graphical/central processing unit (CPU)). On a GPU it is
usually a one-digit number of seconds for each of the two
audio files — ATCo and pilot — with more precise values
in Section VLJ.

E. User Interaction with Rating Metrics in the Text
Synthesis Application

Users can play and listen to the resulting ATCo and
pilot audio files and can also download them optionally.
Users need to rate both generated audios before convert-
ing another textual utterance to speech. The rating of the
synthesized speech is done via commonly used metrics
in the TTS domain [48]. The judgement utilizes a Likert
scale [49] visualized with stars. The stars’ values range
from 1 to 5, representing the lowest to the highest rating,
respectively. User ratings, collected through a back-end
system, are stored in a JSON file. For each audio output,
there is a star scale for each of the following metrics:

e Overall Experience: This is an overall score that
can be influenced by the other categories as well.

e Clarity/Understandability: This relates to how well
the synthesized speech can be understood, which is
a fundamental goal of TTS.

e Pronunciation: This is crucial for the intelligibility
of single words.

e Intonation/Melody: This contributes to the melodic
sound of the speech and can convey additional
information like the mood of the speaker or the type
of sentence (e.g., question vs. statement).

o Naturalness/Realism: To stick close to the usual
ATC radio telephony sound is a key goal of TTS
to be applied in the ATC environment.

e Audio Speed: “How was the audio speed?” (This is
a drop-down menu with the options: Optimal, Slow,
Fast). The articulation speed of the audio can affect
its understandability.

e Readback Error: “Did you spot a readback error?”
(This is a drop-down menu with the options: Yes,
No). Introducing readback errors on purpose can
further enhance realism and can be used to analyse
the auditory attention of study subjects. This question
is only applicable for pilot audios.

o Comments: Users can also give optional comments
about ATCo and pilot audios.

In the second phase of the app, users need to select
the ATCo and pilot voice model from two respective
lists of ATCo and pilot voices. Then, the description of
the selected voice model appears for information, i.e.,
the gender, language accent of the ATCo/pilot, and the
ATC sector to which the ATCo belongs to if applicable.
Subsequently, users have to enter the textual ATCo utter-
ances into a text box. The rest of the process including
synthesizing and rating is the same as in the first phase
of the app.

V. IMPLEMENTATION

This section describes the data preparation for fine-
tuning, the fine-tuning process for the TTS models, the
back-end, and the front-end development including the
functionality of the TTS app.
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A. Corpus Data Retrieval, Cleaning, and Preparation
for Fine-Tuning

In the first step, audio files (wav) and transcription
files (txt), which are required for the later fine-tuning pro-
cess, needed to be downloaded efficiently from the online
corpora. Custom bash commands were used to retrieve the
portion of data as a bulk if this was not possible via the
provided GUI. In the second step, a Python script creates
the file “metadata.csv” including key-value pairs of audio
file names and the corresponding transcription without
non-standard characters in the required file format and
depending on the corpus data characteristics. In the third
step, another Python script cut, reformatted, and pasted
selected portions of the “metadata.csv” into csv-files
for the datasets with “validation_data” and ‘“test_data”,
respectively, so that only the training data for fine-tuning
remains in “metadata.csv’.

B. Fine-Tuning Process

Coqui-TTS provides Python scripts (recipes'#) to fine-
tune its pre-trained models'>. Some important training
parameters to be adjusted via recipes or bash command
are learning rate, number of training epochs, test sen-
tences for validation of fine-tuned model after each epoch,
graphic card used for training, location of dataset used
for training, and the name of the training run.

The learning rate is a hyperparameter that determines
the step size at each iteration while moving toward a
minimum of a loss function. It decides the size of the
model change given the estimated error. The term number
of training epochs refers to the total count of iterations
over the entire dataset that the learning algorithm will
perform. The location of the dataset used for training
is the file path where the training data is stored. Test
sentences for validation of the fine-tuned model after
each epoch are specific sentences that the model will
attempt to generate after each training epoch. The fine-
tuning process of the Coqui-TTS LJPEECH-VITS and
LJPEECH-XTTS models, especially the average loader
time and loss metrics, were monitored using Tensorboard,
a visualization toolkit for machine learning.

C. Fine-Tuned ATCo and Pilot Models

The fine-tuning process resulted in a set of models for
both the Coqui-XTTS and Coqui-VITS methodologies.
The ATCo voice models are as follows:

e male-german-sollingen-1 to -4 (XTTS) and -5 to -8
(VITS) based on sml to sm4 datasets.

4VITS fine-tuning script: https://github.com/coqui-ai/TTS/blob/dev
/recipes/ljspeech/vits_tts/train_vits.py and XTTS fine-tuning script:
https://github.com/coqui-ai/TTS/blob/dev/recipes/ljspeech/xtts_v2/trai
n_gpt_xtts.py

SDescription of fine-tuning: https://docs.coqui.ai/en/latest/finetuning.ht
ml

e female-german-ziirich-1 to -3 (XTTS) and -4 to -6

(VITS) based on zfl to zf3 datasets.

female-french-geneva-1 (XTTS) and -2 (VITS)

based on gfl dataset.

e male-french-geneva-1 to -2 (XTTS) and -3 to -4
(VITS) based on gml and gm?2 datasets.

The pilot voice models are as follows:

pilot-german-1 (XTTS) and -2 (VITS)
pilot-czech-1 (XTTS) and -2 (VITS)
pilot-serbian-1 (XTTS) and -2 (VITS)
pilot-taiwanese-1 (XTTS) and -2 (VITS)

D. Usage of Voice Models and Quality Hypotheses

The TTS app offered the usage of 20 ATCo models,
8 pilot models, and the Untrained Voice model. This is
a pre-trained model which is not fine-tuned with any
aviation-specific dataset. This was used on purpose to
find out differences in quality metrics and perception of
those models fine-tuned with and without aviation-specific
datasets. All of the voice models could be selected in
phase 2 of the app.

After initial exploration of the voice models and
studying the literature, we formulated two hypotheses:

1) Voice models fine-tuned with XTTS receive better
overall ratings in average than voice models fine-
tuned with VITS.

2) Female voice models fine-tuned with XTTS on
ATCo data receive better overall ratings in average
than male voice models fine-tuned with XTTS on
ATCo data.

The 16 fixed utterances in phase 1 of the app just used 13
ATCo models, 8 pilot models, and the Untrained Voice
model, i.e., 7 of the ATCo VITS models were not included
for the 16 fixed utterances due to their bad quality. For
the result analysis, we only considered voice models that
received at least three ratings because some voluntarily
chosen models received less.

E. Back-End Development

The back-end of the TTS app was designed to re-
ceive textual ATCo utterances from the front-end, process
them, convert them into speech, generate textual pilot
responses, convert these responses into speech, logging
the inference time of converting ATCo text and pilot text
into speech, send both synthesized speeches to the front-
end, receive user feedback on audio quality from front-
end, and save the user ratings in a proper file format
for further processing. The back-end was developed using
the Python Flask framework, leveraging various libraries
such as forch, torchaudio, and transformers for natural
language processing and speech synthesis tasks.

The Flask application was designed with four routes.
The first route was responsible for loading the main
app page. The second route was dedicated to receiving
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textual ATCo utterances from the front-end, processing it,
converting it into speech, and sending the resulting audio
data as a byte stream to the front-end’s audio player. The
third route was responsible for receiving the textual ATCo
utterance from the front-end, processing it, and generating
a pilot response using various text processing functions
and regular expressions. It would then synthesize the
generated pilot response from text into speech and send
the resulting speech as a byte stream to the front-end’s
audio player. The fourth route was handling the rating
mechanism by receiving the user rating payload from the
front-end and saving it to a persistent JSON file.

F. Automatic Pilot Model Selection Based on Airline
Callsign

For enhancing the realism of the simulation a logic
was implemented regarding the voice model selection.
This is achieved by contextually selecting the pilot voice
model based on the airline callsign mentioned in the
textual ATCo utterance. A dictionary mapping of airline
names and callsigns to their corresponding pilot voice
model, configuration, and reference audio file path was
created. For instance, if a French airline such as Air
France is mentioned in a textual utterance, a pilot voice
model with a French accent is selected. If no match is
found between the textual utterance and the dictionary
mapping, the system defaults to using the model specified
in the form submitted by the user. This ensures that a
model is always selected, providing a robust and user-
friendly interface for the simulation.

G. Introducing Readback Errors on Purpose

For further enhancing the realism of the simulation
the behavior of the aviation operator speakers includes
common human errors. More precisely, readback errors
were integrated on purpose in some of the pilot responses.
This is done to mimic real-world scenarios where pilots
might mishear or misinterpret ATC commands.

The fixed ATC utterance examples in phase 1 of
the app contain two readback errors on purpose as it
is an important task of ATCos to detect them [50]. The
back-end replaces, e.g., “two” with “three” and “eight”
with “seven” in the flight level, thereby a flight level
of “two five zero” would be read back as “three five
zero” by the pilot. Furthermore, at one of the 16 fixed
utterances, the pilot response is modified by just uttering
“say again,” followed by the airline callsign, simulating a
scenario where the pilot requests the ATCo to repeat the
commands. This approach ensures a dynamic and realistic
interaction between pilot and ATCos, closely resembling
real-world aviation communication.

H. Front-End Development

The front-end of the app (see excerpt in Fig. 1) is
designed to facilitate an intuitive user experience while

providing robust functionality for simulating and evaluat-
ing aviation radio communications.

The app utilizes contemporary web technologies such
as HyperText Markup Language version 5 (HTMLYS) to
structure the site’s content, while Cascading Style Sheets
version 3 (CSS3) provides styling and responsive design,
allowing the interface to adapt to various devices and
screen sizes. JavaScript and Asynchronous JavaScript
and XML (eXtensible Markup Language) (AJAX) are
employed for dynamic content manipulation and asyn-
chronous communication with the back-end, enabling a
fluid interaction without the need for page reloads.

Before the main page loads, to avoid overloads and for
security reasons, users were requested to enter a password
in order to access the site'®. The main page of the app
has an introduction section which describes the purpose
of the TTS app in detail. Users could then scroll down
to the “Demographics Section” where they were asked
to voluntarily enter some demographic information about
themselves, i.e., nationality, native tongue, gender, and
profession.

The main feature of the app is the “Speech Generation
Section” as shown in Fig. 1. Textual ATCo utterances can
be typed in (see white box with “lufthansa ...” in the upper
middle part of Fig. 1) to be turned into realistic aviation
operator speech. The synthetic speech can be rated using
a five-star rating system (see middle part of Fig. 1) with
further options for audio speed, comments, and readback
error detection (see lower part of Fig. 1).

Finally, clicking the “Submit & Clear” button would
send the ratings to the back-end of the app, clear the rating
section and take the users back to the speech generation
section where they could continue synthesizing further
commands and repeat the rating process.

[. Implementing Fixed Commands and Models for
App-Phase 1

In the first phase of the app, users were required
to go through a set of 16 fixed ATC utterances, to be
synthesized using a fixed set of ATCo and pilot voice
models. This ensures comparability of user ratings who
judge the different TTS parameters on audio files. As the
number of ATCo voice models is greater than the number
of pilot voice models, some ATCo voice models have as
well been utilized to synthesize pilot responses due to the
very similar audio characteristics. Five of the 16 fixed
textual ATCo utterances are listed below!”:

e “lufthansa eight one whiskey turn right heading three
one zero” with ATCo voice model female-german-
ziirich-1 and pilot voice model pilot-german-1

e “wizz air eight triple nine climb and maintain
flight level two nine zero” with ATCo voice model

16The TTS app was hosted at: https://aviationtts.loca.lt/
17Some synthesized audio examples of ATCo and pilot voice utterances
can be found at http://s.dlr.de/OxnK7
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Speech Generation Section

Choose the ATCO voice from the list. Choose the Pilot voice from the list Select Voice Speed
female-german-zurich-1 ~ Untrained Voice e Normal =
ATCO Model Description: Pilot Model Description:

Gender: Female Gender: Female

Accent: Swiss-German Accent:None

ATCO Sector: Zirich ATCO Sector: None

Current Utterance:1/16
Phase 1: Execute Mandatory Commands
« 16 fixed commands will appear in textbox, one by one. Drop down menus cannot be changed during this phase
+ Click on the 'GENERATE SPEECH FROM TEXT button to synthesize each command
Phase 2: Enter Custom Commands
+ Select ATCO and Pilot voice model from drop-down menu.
v or fast.

« For some ATCO and Pilot models, you can also select voice speed variations, e.g. normal, sk
« Enter your own commands in the command box. Commands can be entered in both numerical (e.g., 7000) and word (e.g., seven thousand) formats
* Click onthe 'GENERATE SPEECH FROM TEXT button to synthesize the command.

lufthansa eight one whiskey turn right heading three one zero

GENERATE SPEECH FROM TEXT

OPTIONAL DOWNLOAD OF AUDIO FILES

|

Overall Experience (1 star = Lowest, 5 stars = Highest) Overall Experience (1star = Lowest, 5 stars = Highest)
Clarity/Understandability (1star = Lowest, 5 stars = Highcst) Clarity/Understandability (1star = Lowest, 5 stars = H\ghcs‘[)
I
Pronunciation (1 star = Lowest, 5 stars = Highest) Pronunciation (1 star = Lowest, 5 stars = Highest)
Intonation/Melody (1 star = Lowest, 5 stars = Highest) Intonation/Melody (1 star = Lowest, 5 stars = Highest)
Maturalness/Realism (1 star = Lowest, 5 stars = Highcst) Maturalness/Realism (1 star = Lowest, 5 stars = Highcst}

How was the ATCO audio speed? How was the pilot audio speed?

Optimal > Optimal ~

It was okay. It was okay but did not sound natural.

y y

Did you spot a readback error?
No ~

Submit & Clear!

Fig. 1. Speech Generation and Voice Model Rating Section of the TTS Application
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female-german-ziirich-2 and pilot voice model pilot-
serbian-1

e “oscar alfa november kilo foxtrot vacate runway to
the left taxi via bravo one and alfa” with ATCo voice
model male-french-geneva-2 and pilot voice model
pilot-czech-2

e “ryan air four four five startup and pushback is
approved and you are cleared to destination echo
delta delta fox flight planned route via erlos one
delta departure climb seven thousand feet initially
squawk one four zero one QNH one zero zero one”
with ATCo voice model male-german-sollingen-4
and pilot voice model pilot-serbian-2

e “AFR1435 descend flight level eight zero after
passing bikmu” with ATCo voice model male-
german-sollingen-2 and pilot voice model male-
french-geneva-1 and a readback error on purpose.

All the 16 fixed utterances from the en-route, approach,
tower, or ground domain are analogue to utterances of
ATCos recorded in the real world or in a lab — including
ATCos’ deviations from prescribed ICAO phraseology
like in practice. This supports the realism of the TTS app
and evaluated utterances. Upon completion of the first
phase of the app, users could freely enter utterances in
the text-box and select voice models on their own in the
second phase of the app.

V. EVALUATION RESULTS

This section presents the evaluation methodology and
results of the study subject ratings on the TTS app. The
interpretation and discussion of results will follow in
Section VI.

A. Study Subjects

The app was evaluated by 20 international individ-
uals of diverse ethnic and linguistic backgrounds. The
nationalities of these study subjects were as follows: nine
were German, five were Austrian, two were French, two
were Pakistani, one was Dutch, and one was Egyptian. In
terms of linguistic backgrounds, fourteen study subjects
had German as their mother tongue, two had French, two
had Sindhi, one had Dutch, and one had Arabic.

Study subjects were invited through emails, in which
the link to the app, the password, and details of the
relevant contact person were shared. This enabled them
to use the app without requiring presence of any observer,
e.g., they could use it at any time of the day. Some of the
subjects used a laptop on-site and performed the study
as a side-activity of another ATC prototype validation. It
took the subjects roughly between 25 and 45 minutes to
go through the intended usage of the TTS app.

B. Average Ratings and Standard Deviations for
ATCo and Pilot Model Quality Metrics

Table I shows the average ratings for each of the five
rating metrics — overall experience, clarity, pronunciation,
intonation, and naturalness per voice model. Column
“Method” indicates if the model was fine-tuned with
XTTS (X) or VITS (V). Column “Operator” indicates if
the model was used for utterances of ATCo (A) or Pilot
(P). The number (#) of ratings differ as some models
were used twice for the fixed utterances, needed to be
rearranged slightly in the beginning of the study due to
hardware memory issues, or were used in the second
phase of the app as well. One rating means that a subject
rated all five metrics for one voice model related to
one utterance. The listed voice models “female-french-
geneva-2” and ‘“female-german-ziirich-6” were the only
VITS ATCo models with at least three ratings. The four
listed pilot voice models “pilot-accent-2” were the only
VITS models for pilots with at least twenty ratings or
more. The mean score for XTTS models is 4.0 (with
standard deviation of 1.05), and for VITS models, it is
2.5 (with standard deviation of 1.36). The mean score
for female XTTS models fine-tuned on ATCo data is 4.3
(with standard deviation of 0.89), and for male XTTS
models fine-tuned on ATCo data, it is 3.9 (with standard
deviation of 1.05). The XTTS-ratings are left skewed, the
VITS ratings are potentially symmetrical.

We performed a one-tailed two sample t-test with
significance level 0.05 to reject the counter hypothe-
ses of the two hypotheses formulated in Section IV.D.
The calculated values for counter hypotheses 1 are :
t=12.2845, degrees of freedom=670, p-value<1E-10. The
calculated values for counter hypotheses 2 are : t=4.4233,
degrees of freedom=475, p-value<0.000006031. Hence,
both counter hypotheses can be rejected.

C. Data Volume for Fine Tuning vs. Voice Model
Overall Rating

Fig. 2 visualizes the relationship between the vol-
ume of fine-tuning data and its impact on the av-
erage voice model overall ratings. The short names
of the voice models include the following conven-
tion: First letter A/P for ATCo/Pilot fine-tuning data,
second letter f/m for female/male voice, third let-
ter c/f/g/s/t for Czech/French/German/Serbian/Taiwanese,
fourth letter for ATCo sector if applicable g/s/z for
Geneva/Sollingen/Ziirich, and a digit to iterate the models.

D. Detection of Readback Errors

Table 1II lists the portion of readback errors that study
subjects correctly detected. The two wrong pilot responses
on purpose were the erroneous readback of “230 knots”
instead of “220 knots” and “flight level 70” instead of
“flight level 80”.
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TABLE 1
Average Scores for each Metric of ATCo and Pilot Voice Models

Voice Model Overall Clarity Pronunciation Intonation Naturalness # Ratings Method Operator
female-french-geneva-1 4.2 4.1 4.0 4.2 42 76 X A
female-french-geneva-2 1.3 1.5 1.7 1.5 1.3 6 A% A
female-german-ziirich-1 43 4.2 3.9 4.1 42 42 X A
female-german-ziirich-2 4.1 4.0 3.9 4.0 4.3 42 X A
female-german-ziirich-3 4.2 4.5 4.4 4.3 4.3 23 X A
female-german-ziirich-6 2.7 3.0 3.0 2.7 2.3 3 v A

male-french-geneva-1 34 32 3.0 35 3.6 18 X A
male-french-geneva-2 3.8 3.5 3.6 3.6 3.7 19 X A
male-german-sollingen-1 3.9 3.8 3.7 3.5 3.8 22 X A
male-german-sollingen-2 4.0 39 4.1 4.0 4.4 41 X A
male-german-sollingen-3 3.6 4.0 3.5 4.0 4.0 21 X A
male-german-sollingen-4 3.7 3.7 33 3.6 3.6 36 X A
female-french-geneva-1 44 4.3 4.1 4.2 44 28 X P
female-german-ziirich-1 4.2 43 39 4.1 4.1 25 X P
male-french-geneva-1 4.1 3.9 4.1 4.5 44 19 X P
male-french-geneva-2 4.0 4.1 4.0 4.0 4.0 45 X P
male-german-sollingen-4 3.9 4.0 4.1 3.6 3.8 20 X P
pilot-czech-1 34 4.0 3.6 33 33 21 X P
pilot-czech-2 2.6 2.7 2.6 2.5 2.6 28 \ P
pilot-german-1 29 39 3.6 2.0 24 21 X P
pilot-german-2 2.6 3.6 3.2 2.3 2.0 20 v P
pilot-serbian-1 4.0 4.5 42 3.6 3.7 19 X P
pilot-serbian-2 2.9 33 33 2.7 2.6 34 A% P
pilot-taiwanese-1 3.5 4.3 3.7 3.0 32 22 X P
pilot-taiwanese-2 22 29 2.8 2.0 2.0 21 A% P
Untrained Voice 3.5 4.1 3.7 33 2.9 22 - P
ATCos 4.0 39 3.8 39 4.0 349 XV A
Pilots 35 3.8 3.6 33 3.3 345 XV P
Female (XTTS, ATCo Data) 43 42 4.0 4.1 42 236 X A/P
Male (XTTS, ATCo Data) 39 38 3.8 3.8 39 241 X A/P
XTTS 4.0 4.0 39 3.8 4.0 560 X A/P
VITS 2.5 3.0 2.9 2.4 2.3 112 \% A/P
Impact of Fine-Tuning Data Size on
Voice Model Overall Rating
a0 Affgl Afgz3 Afgzl
c
g 4 ° . P Amgsl % A:gZZ |
o' o Amfg2 . & Amgsa Amgs2 Pms1
= Amf 4 & Pmcl
© mfgl Amgs3 Pmtl
q>_) 3 Pfgl—, +
3 x Pmit2 4 Pfg2 Pms2
g Afng + Pmc2
o Affg2 ® XTTSATCo; (A XTTS Pil
> X X VITS ATCo! i+ VITS Pilot |
1
0 500 1000 1500 2000 2500 3000
Number of Utterances for Fine-Tuning
Fig. 2. Fine-Tuning Data vs. Overall Rating for ATCo and Pilot Voice Models
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TABLE II
Number of Detected Readback Errors by Study Subjects

Readback Error Occurrences Detections
220 kt—230 kt 20 19
80 FL—70 FL 19 13

E. Correlation Coefficients for Rating Metrics

Table IIT illustrates the correlation coefficients be-
tween the five rating metrics of the ATCo voice models
(values in lower left triangle) and pilot voice models
(values in upper right triangle).

TABLE III
Correlation Coefficients of ATCo and Pilot Model Metric Ratings

Metric Over. Clar. Pron. Into. Natu.
Overall - 0.77 0.79 0.86 0.87
Clarity 0.78 - 0.81 0.65 0.63
Pronunciation 0.72 0.78 - 0.71 0.69
Intonation 0.71 0.67 0.66 - 0.88
Naturalness 0.77 0.70 0.68 0.75 -

F. Ratings on the Articulation Speed of Generated
Audio

Table IV presents the distribution of subjective speed
ratings (optimal/fast/slow) for ATCo and pilot audio ar-
ticulation.

TABLE IV
Ratings on Audio Articulation Speed

Voice Model Slow  Optimal Fast
ATCo 3.1% 86.4% 10.5%
Pilot 18.8% 80.1% 1.1%

G. Comments from Study Subjects on ATCo and
Pilot Voice Models

An extensive examination of study subject feedback
with specific comments on ATCo and pilot voice mod-
els’ performances including overall experience, clarity,
pronunciation, intonation, naturalness, and speed revealed
insights on strengths and areas for improvement. The
voice models are generally well received, with some
models receiving praise for their clarity and consistency.
However, there are also suggestions for improvement of
some models, particularly in the areas of pronunciation
and modulation.

While some voice models were well appreciated,
especially some VITS models expectedly showed room
for improvement as those models were integrated to show
the range of audio quality on purpose. Some synthesized
audio examples showed difficulties in pronunciation of
numerals as well as waypoint names such as BIKMU and
had a weak modulation of the voice towards the end of
the utterance due to the subjects’ feedback. Furthermore,

12

the volume of all audio files should be homogenized.
The audio files should have a very slight pause after
the aircraft callsign in ATCo utterances, but should not
have unnecessary pauses in between values for ATC
command types, which was sometimes the case. Some
study subjects complained about too much accent in some
voices.

H. Length of Textual Utterance (Tokens) vs. Inference
Time (Seconds)

The scatter plot of Fig. 3 illustrates the relationship
between the number of “tokens” in the textual utterance
and the time it takes to convert this text into speech using
the XTTS methodology, a process known as inference.

Inference Time Depending on Number of Tokens
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Fig. 3. Text Length in Tokens vs. Inference Time for Speech

Synthesis on a Powerful GPU

In the context of TTS models, a token can be as small
as a character, a common part of a word, or as large as
a word. This process of breaking down text into these
tokens is called tokenization. In the XTTS model, the
tokenizer considers individually defined letter sequences
as a token'®. Tokens can be common English words
(e.g., “the”, “and”, “is”, “other”), parts of words (e.g.,
“ing”, “ed”, “II”), or single letters if none of the bigger
tokens can be found in a word. For example, the first
utterance as listed in Section IV.I comprises of 27 tokens.
The number of tokens on the 16 fixed utterances is 1.7
times greater in average than the number of syllables. The
plot demonstrates how the time taken for synthesis on a
powerful GPU varies with the length of the text (measured
in tokens).

VI. DISCUSSION

The quantitative and qualitative feedback on various
ATCo and pilot voice models in the TTS app received
from the study subjects will be discussed below.

8The tokens in various languages are listed in this file: https://huggin
gface.co/coqui/XTTS-v2/resolve/main/vocab.json
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A. Analysis of Speech Quality Metrics for ATCo and
Pilot Models

The performance of a TTS model in simulating avia-
tion radio telephony communication can be influenced by
several factors, including the quality and amount of fine-
tuning data, the specific techniques used for fine-tuning
the model, and the individual preferences of the listeners.
Therefore, monitoring and improvement of these models
based on the feedback and scores are essential to ensure
their reliability and effectiveness.

Out of a total score of 5 (see Table I), there are
five voice models trained on ATCo data that achieved
an overall score of 4.0 and above: “female-german-
ziirich-1" (4.3), “female-german-ziirich-2” (4.1), “female-
german-ziirich-3” (4.2), “male-german-sollingen-2" (4.0),
and “female-french-geneva-1” (4.2 on ATCo utterances;
even 4.4 on pilot responses). In general, the “female-
german-ziirich-3” model can be seen as the best-rated
due to its top scores in clarity (4.5), pronunciation (4.4),
intonation (4.3), and naturalness (4.3). This model seems
to be best in using pitch variation to convey meaning and
sound human-like. Only the “male-german-sollingen-2”
model has a slightly higher naturalness rating of 4.4. The
“male-french-geneva-1” model had the worst ratings in
all categories, but still all ratings were 3.0 or more. All
ten XTTS ATCo voice models received 5 as the highest
score at least once in each of the five metrics. When
analysing the lowest scores for all ATCo models, “female-
german-ziirich-2” has never received a rating below 3
for the overall score in all 42 ratings. The VITS model
“female-french-geneva-2”, which was trained on the same
data than the superior “female-french-geneva-1” model
just received average ratings between 1.3 and 1.7 for the
five metrics. This shows the dominance of XTTS voice
models regarding their perceived audio quality.

When looking at the scores for voice models trained
on pilot data, the “pilot-serbian-1” model has the top
scores in all five metrics with an overall score of 4.0,
clarity score of 4.5, pronunciation score of 4.2, intonation
score of 3.5, and a naturalness score of 3.7. The “pilot-
czech-1” and “pilot-taiwanese-1" models usually achieved
scores between 3 and 4 on the five metrics. The “pilot-
german-1" model just achieved an overall score of 2.9
with an intonation score of 2.1, showing a very ATC-
unlike way of uttering responses. 19 of 20 metric values
for the four XTTS pilot models were better or much better
than for the VITS pilot models trained on the same data.

The voice models that were used for pilot responses,
but were trained on ATCo data achieved comparable
results as if they were used for ATCo utterances. However,
in some metrics there were differences of up to one point
between usage as ATCo voice or pilot voice, indicating
that utterance contents also play an important role.

All 14 voice models used for pilot responses — inde-
pendent of XTTS or VITS fine-tuning — received 5 as the
highest score at least once in each of the five metrics. This
shows that some subjects already liked the voice models

even if they had worse audio quality. This also shows
that the study just provides subjective results. When
analysing the lowest scores for those models, “female-
french-geneva-1" has never received a rating below 3 for
the overall score in all its 28 ratings.

The Untrained Voice model has a high clarity score of
4.1, but the lowest intonation score of 3.3 and naturalness
score of 2.9. This suggests that while the model is
good at speaking clearly, it needs to be fine-tuned with
aviation-specific data to accurately mimic the aviation
radio telephony communication partners.

It is observed that the top-4 voice models are female
voices. These scores indicate that the models were par-
ticularly effective in delivering clear and understandable
speech. The female XTTS models fine-tuned with ATCo
utterances were rated statistically significantly better over-
all than the male XTTS models fine-tuned with ATCo
utterances (p<0.0001), despite both being fine-tuned with
on average around 1000 utterances per voice model. There
could be several reasons why female voices received
higher ratings even if this observation may not apply to
every individual model or listener:

e Pitch and Tone: Female voices typically have a
higher pitch, which can make the speech sound
clearer and easier to understand, especially in noisy
environments such as aviation communication [51].

e Speech Patterns: Some studies suggest that female
voices tend to articulate words more clearly and use a
wider range of pitch and intonation, which can make
the speech sound more expressive and natural [52].

e Listener Perception: There could also be a bias in
the listener’s perception. Some research has shown
that listeners often perceive female voices to be
warmer and more trustworthy [53]. Also speech-to-
text systems seem to “prefer” female voices regard-
ing the recognition performance [54].

B. Impact of Dataset and Fine-Tuning Method on
Model Quality

The ATCo and pilot voice models can be compared
regarding the use of XTTS methodology based on 560
ratings or VITS methodology based on 112 ratings for
fine-tuning, respectively. This comparison is neglecting
the Untrained Voice and voice models with less than three
ratings. There is a notable difference in overall ratings
between these two fine-tuning methods. The average over-
all rating for XTTS models is 4.0 and for VITS models
it is just 2.5. The XTTS models received a statistically
significantly better overall rating than the VITS models
(p<0.0001). Also when comparing the four XTTS models
fine-tuned on pilot data against the four VITS models fine-
tuned on the same data, the average overall ratings have a
huge difference with mean overall ratings of 3.4 and 2.6,
respectively. Hence, for both ATCo and pilot models, the
XTTS-trained models consistently outperform the VITS-
trained models.

OHNEISER ET AL.: TEXT-TO-SPEECH APPLICATION FOR TRAINING OF AVIATION RADIO TELEPHONY OPERATORS 13

144



Upon examining the volume of data used for fine-
tuning (see Fig. 2), it is observed that the overall ratings
of pilot’s XTTS and VITS models on the same data are
closer together than of ATCo’s XTTS and VITS models
fine-tuned on the same data each. The four relevant
pilot models have a larger dataset, with 1000 to 3000
utterances, compared to the two relevant ATCo models,
which had less than 650 utterances per speaker. These
findings underscore the importance of the choice of fine-
tuning method in the development of TTS applications
for specialized domains such as ATC communication. The
XTTS model appears to be more efficient at generating
speech that aligns with the expectations and requirements
of ATCC professionals. Therefore, future efforts in TTS
model training and fine-tuning for specialized communi-
cation domains should prioritize not only the choice of
fine-tuning method but also the adequacy of datasets.

C. Impact of Data Characteristics on Model Quality

A common assumption is that a larger dataset leads to
better model performance, as was observed with VITS-
trained pilot models. However, the higher quantity of fine-
tuning utterances does not necessarily lead to a better
overall rating. The results on XTTS models show that a
few multiple hundred representative utterances are already
sufficient to fine-tune a well-performing voice model.
Models fine-tuned with less data have, in some cases,
outperformed those fine-tuned with more as shown in
Fig. 2. This phenomenon is attributed to the quality
of the dataset. For example the XTTS model “female-
french-geneva-1" achieved one of the best overall scores
despite being fine-tuned on only 238 utterances. The
XTTS model “pilot-taiwanese-1”, which was fine-tuned
with a smaller set of utterances compared to the models
“pilot-czech-1” and “pilot-german-1~, received a higher
overall score. This higher score is linked to the Taiwanese
dataset’s realistic speech patterns, which lacked the un-
natural pauses between words of one utterance present in
the Czech and German speech datasets. Such pauses can
affect the perceived naturalness of the synthesized voice.
The findings illustrate that high-quality fine-tuning data,
characterized by a close approximation to natural speech
patterns, is instrumental for the development of effective
TTS models. Even if not systematically evaluated, fine-
tuning datasets seem to not only require a wide range of
speech samples but also closely mimic the rhythm and
prosody inherent in ATC communication.

D. Analysis of Study Subjects’ Comments on Models

The user experience with the synthesized voices of
both ATCo and pilot models was extensively documented
through their written textual comments. These comments
provide crucial insight into the perceived quality and
realism of the TTS app.

Feedback on ATCo models highlights a spectrum of
issues ranging from pronunciation difficulties to the pace

of speech delivery. A recurring theme in several com-
ments is the need for clarity in numerical pronunciation
and instruction delivery. Feedback suggests that devia-
tions from expected intonation and pace can significantly
impact the intelligibility of communications. Moreover,
comments like “died at the end” and “voice fades at the
end” point to technical issues with volume consistency,
which can hinder communication in real-world aviation
scenarios.

Similarly, the pilot models received feedback em-
phasizing the importance of naturalness in speech. The
Untrained Voice model was praised for its lack of accent
and clarity, suggesting that a neutral and clear voice
is preferred for aviation communication. However, un-
necessary pauses and robotic intonations were common
criticisms for several models, including the “pilot-czech-
1” and “pilot-german-1" models.

The “male-german-so6llingen-2” model was criticized
by some subjects for being challenging to understand,
with specific references to the unclear pronunciation of
BIKMU and the necessity for slower speech to accom-
modate pilots who are non-native English speakers. The
study subjects also noted hesitations and unnatural into-
nations that could potentially confuse the pilots.

It is important to note that the synthesis quality of
some terms is influenced by the fact that the input data
is predominantly from en-route communications, with
less data from approach and tower communications. This
imbalance in the data can affect the performance of the
models in different ATC scenarios. Furthermore, words
that were not seen in the fine-tuning data may sound
strange when synthesized. This is particularly relevant for
artificial waypoint names such as BIKMU, which may not
have been present in the fine-tuning data and therefore
could be pronounced in an unexpected way.

Considering the issues with pauses, volume consis-
tency, and pronunciation of some words, the model train-
ing could be improved. As the quantity and quality of
input data for model training has a huge effect on the
quality of the output, one should carefully select training
data and acquire more real-life training data if possible.

The pause issue is usually connected with the speech
rhythm in the training data, i.e., slowly speaking speakers
in audio data from simulations might reduce the degree
of realism. If there are more audio data from operational
environments with corresponding transcriptions available,
audio data from simulations could be omitted. To cover
the volume consistency issue, a pre-processing step could
harmonize the volume of input audio data.

The pronunciation issue is often connected with artifi-
cial waypoint names and other specific entity names that
have not been part of the audio training data. There are
three ways to improve the pronunciation: (1) providing
phonetic spelling for specific entity names, (2) include
audio training data that encompass the later application
environment with those entity names, and (3) leverage
a speech-to-text system on the TTS audio output to
automatically compare the original TTS input text with
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the speech-to-text output text and improve the identified
differences. The latter approach with a human evaluator
to analyze TTS input and its speech-to-text output can of
course be used for all kind of unexpected deviations — not
only for waypoints and entity names.

Feedback underscores the importance of a balance
between clear pronunciation, appropriate pacing, and re-
alistic intonation. Moreover, depending on the ATC use
case of TTS, technical aspects such as consistent volume
and absence of background noise can be critical to ensure
effective training or operational scenarios. This feedback
will be instrumental in guiding the next iterations of
model fine-tuning and development.

E. Detection of Readback Errors in Fixed Utterances

The majority of study subjects was able to spot inten-
tionally induced readback errors. The number of correct or
missing readback error detections was an objective value
(see Table II). However, subjects could replay each audio
file as often as they wanted. In fact, out of the 20 subjects
just one pilot subject did not spot the speed readback
error in the fifth utterance. This indicates a high level of
attentiveness at the beginning of the TTS app evaluation.
However, six out of 19 subjects failed to spot the flight
level readback error in the fifteenth utterance. On the
one hand, in this utterance there was also a DIRECT _TO
command, which might have caused lower attention to the
flight level value readback in one of the last utterances. On
the other hand, just two of those six failing subjects were
ATCos who are usually drilled to detect such readback
errors. Only one out of the four pilots detected the second
readback error as pilots are usually just trained to listen
and repeat an instruction, but not to hear back. It has to be
noted that the subjects claimed 43 further readback errors
on a variety of utterances next to the 32 detected ones
for the intended errors. This highlights huge differences
in the perception of what amount of assumed or actual
deviation from the ICAO phraseology is acceptable for
one or the other individual, because all textual ATCo
utterances were taken from communication data of ATCos
during operation or human-in-the-loop simulation.

For example, one subject complained about the call-
sign being at the end of the pilot readback, which is
common practice today. Others were hesitating if they
would accept the terminology “directing towards a way-
point” in operational life. These findings emphasize that
realistic ATC communication simulation environments in
training with natural utterances can help to foster a better
mutual understanding of ATCos and pilots in operation. If
simulations are conducted to analyse non-communication-
specific aspects, clarity of the voice should have higher
priority than naturalness.

F. Analysis of Correlation Coefficients for Models

The correlation coefficients in Table III show how
different audio characteristics impact the overall metric of

synthesized voices in both the ATCo and pilot models. All
correlation coefficients were in the positive range between
0.63 and 0.88 indicating moderate of high correlation. The
theoretically possible range was from -1.0 to 1.0. Strong
positive correlations in the magnitude between 0.7 and 0.9
are observed across many main characteristics, indicating
that improvements in clarity, pronunciation, intonation,
and naturalness generally improve overall metric ratings.

For ATCo models, a particularly notable correlation
between clarity and the two metrics overall rating as
well as pronunciation can be seen (correlation coeffi-
cients of 0.78 each). This implies that clear articulation
in communication is paramount for the effectiveness of
a TTS system in ATC. Furthermore, naturalness also
presents a strong link with the overall metric (correlation
coefficient of 0.77), suggesting its importance in the
perceived quality of TTS voices. The intonation has a
strong link with naturalness (correlation coefficient of
0.75), but weaker links with clarity and pronunciation
(correlation coefficients of 0.67 and 0.66, respectively).

In the case of pilot models, the three metrics overall
rating, naturalness, and intonation have a very strong
link with correlation coefficients of 0.88, 0.87, and 0.86,
respectively. These values exceed the correlation coeffi-
cients for ATCos by at least 0.1. Similar to the ATCo
model rating, there is a strong link between clarity and
the two metrics overall rating as well as pronunciation
(correlation coefficients of 0.77 and 0.81, respectively).
Interestingly, the correlation coefficient between clarity
and naturalness (0.63) as well as clarity and intonation
(0.65) are the weakest among all. This could reflect real-
world scenarios where cockpit engine noise interferes
with the clarity of communication or pilots might mum-
ble, yet the speech still needs to sound natural.

G. Analysis of Ratings on Articulation Speed of
Generated Speech

Table IV, representing the speed ratings for the ATCo
and pilot utterance articulation, conveys user preferences
about the pace of synthesized speech. Most study subjects
rated the speed of both ATCo and pilot audio output
as optimal, with 86.4% for ATCo and 80.1% for pilot
models, indicating satisfaction with pacing.

For the pilot models, only a small fraction of audio
outputs were considered too fast (1.1%), however, a
relevant portion were found to be too slow (18.8%). For
example, a Taiwanese pilot utterance with just around two
syllables per second was rated too slow by more than
two thirds of subjects. The other way round, only a small
fraction of audio outputs are considered too slow (3.1%)
for the ATCo models, however, some were found to be
too fast (10.5%). These findings go well along with the
perceived speed of audio files in the fine-tuning data.

It is important to note that “Optimal” was the de-
fault selected option in the audio speed rating drop-
down menu. This could potentially introduce a “default
bias”, where a majority of subjects may not have actively
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changed the selection, leading to an over-representation
of “Optimal” ratings. To mitigate this bias and obtain a
more accurate representation of user preferences, future
surveys could consider not pre-selecting any option in the
rating drop-down. This would require users to actively
make a selection, providing a more reliable reflection of
their true preferences. This consideration is crucial for
the interpretation of the rating results and the subsequent
tuning of the voice models.

H. Limitation of Study Subjects’ Ratings

Even if the professional aviation background of study
subjects was a benefit, the number of subjects was rather
small with 20 individuals. Their subjective ratings will
usually only lead to statistically significantly results if
bigger groups of ratings are analysed together. However,
the amount of individuals means that there were more than
4100 ratings on synthesized audio files including a few
additional ratings on individually, freely entered textual
ATCo utterances and pilot responses. The rating results
might depend on the concrete combination of textual
ATCo utterances and the selected voice models, i.e., if
voice models would have been exercised on other textual
utterances, the rating might have differed. Furthermore,
there was a mix of ATCo and pilot models as well as
of “good” and “less good” voice models on purpose
to see the effect of quality differences. The number of
ratings per voice model also varied — some received
more than 70 ratings, typically there were around 20
ratings per voice model. Seven VITS models out of the
28 generated models were excluded on purpose from the
fixed utterances in the first phase of the app due to their
low audio quality and hardly received any rating in the
second phase of the app. The 16 fixed utterances were
always presented in the same order — with some slight
exceptions due to hardware memory issues in the first
phase of the study — leading to potential order effects.
The study subjects did not have the possibility to rate
models against each other. They listened to an ATCo and
a pilot audio and then rated the two voice models. In
addition, the judgements on voice models might have been
different if audio outputs would have been used in an
actual human-in-the-loop ATC simulation with actively
controlling ATCos or flying pilots.

I. Analysis of Textual ATCo Utterance Length vs.
Synthesis Time

The different hardware setups must be considered for
interpreting the inference time results. Initially, the TTS
app was hosted on a standard laptop with the following
specifications:

e CPU: Intel(R) Core(TM) i7-10850H CPU @ 2.7
GHz, 6 cores, 12 threads

e GPU: Nvidia Quadro T1000 4 GB PCle

e Memory: 31 GB RAM, 2 GB Swap

e Architecture: x86_64, 32-bit & 64-bit modes

Due to memory constraints on this laptop, each inference
required the TTS models to be reloaded to the working
memory, leading to longer and more variable inference
times for the first study subjects. This is reflected in the
broader dispersion of inference times for a given number
of tokens. The majority of utterances took 10 to 20
seconds to be synthesized. However, the longest utterance
with more than 100 tokens needed 50 seconds'®. Subse-
quently, the TTS app was migrated to a high-powered
computation server with the following specifications:

e CPU: AMD EPYC 7502 32-Core Processor, 32 cores
per socket, 2 sockets, 128 threads

e GPU: Nvidia A100 80 GB PCle & Tesla T4 16 GB

e Memory: 1 TB RAM, 3.8 GB Swap

e Architecture: x86_64, 32-bit & 64-bit modes

With the enhanced resources, the models usually re-
mained preloaded, streamlining the inference process sig-
nificantly. This transition is evident in the concentration
of data points towards the lower end of the inference
time spectrum (see Fig. 3). The majority of utterances
took 1 to 3 seconds to be synthesized with the longest
utterance requiring up to 7 seconds. This illustrates the
substantial impact that dedicated hardware resources can
have on the operational efficiency of the app, especially
as the complexity and length of the input text increase.

J. Analysis of Real-Time Factor

The Real-Time Factor (RTF) is a crucial metric in the
field of speech processing. It provides a measure of the
speed of a speech processing system relative to real-time.
In the context of speech processing, “real-time” refers to
the ability of the system to process speech data at the
same rate as it is produced. The RTF is calculated as
the ratio of the total processing time to the total speech
duration. Both the processing time and speech duration
are typically measured in seconds. An RTF of less than
one indicates that the system is processing speech faster
than real-time, while an RTF greater than one indicates
that the system is slower than real-time.

As explained above, the performance of a speech
processing system varies significantly depending on the
computational resources of the machine it runs on. This
is confirmed by the following analysis. The RTF on
the standard laptop using CPU for speech synthesis was
almost 3 while it was just around 0.5 on the compu-
tation server using its GPU - a factor of six based on
computational resources. This should be considered for
potential operational usage of further TTS developments
for ATCC as one important aspect for future applications
is the real-time operational demand. For simplicity, an
average length ATC utterance duration of 5 seconds is

19The inference times on the standard laptop are not shown in Fig. 3 as
this setup is not recommended for any training or operational use due
to its bad performance.

16 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. XX, No. XX XXXXX 2024

147



assumed. This is even more than the 4.8 seconds reported
for en-route ATCo’s initial calls [55], more than the 4.5
seconds reported for radio utterances in approach, and
more than the 4.3 seconds reported for radio utterances in
the tower environment [56]. Given the calculated real-time
factor of the TTS app of 0.5, an average ATC utterance
would require 2.5 seconds to be synthesized from text to
speech. In a US en-route environment, a pilot readback
delay of 3.3 seconds was found, i.e., the time between
the end of the ATCo utterance and the start of the pilot
utterance [55].

When thinking of an application that synthesizes a
pilot response based on an ATCo instruction, it would
realistically feel like real-time capability if the speech syn-
thesis takes 2.5 seconds in average and the resulting audio
would be played after further 0.8 seconds buffer time. Of
course, there are certain limitations to this calculation: (1)
readback delay times in en-route might be longer than in
tower/approach where pilots expect more frequent ATCo
utterances [55], (2) average times do not “consider” very
long utterances or very short readback delays, and (3)
there might be further processing time needed, e.g., for
speech-to-text processing of the prior ATCo utterance as
the input for the text-to-speech synthesis.

To also tackle the “non-average duration” utterances,
there exist an easy method to improve the TTS speed.
The majority of word compounds that are usually found
in ATC radio utterances can be prepared, i.e., the speech
synthesis can start after aircraft information is available
via surveillance data. Then, the callsign of this aircraft
could already be synthesized and saved as an audio file
for later playback as part of a complete TTS message.
The same method is applicable for ATC command types
and values, e.g., to pre-synthesize “turn right heading
three six zero”, “turn right heading three five zero”, ...
“descending flight level eight zero”, “descending flight
level seven zero”, ... “direct bikmu”, “direct domux”, ...
“contact one one eight decimal three”, or even “lufthansa
seven hotel victor contact one one eight decimal three”,
etc.

The concatenation of existing word compounds would
accelerate the generation of the complete speech es-
pecially if the computer-generated texts stick more to
the ICAO phraseology than to individual phraseology of
humans. The pre-synthesis technique is probably not fea-
sible for single words. This means that pre-synthesizing
of “lufthansa” to be concatenated with pre-synthesized
letters and numbers to a callsign might sound too much
different from the usual ATC tone with quickly following
syllables dependent of the predecessor and successor
syllable. However, word compounds are usually as well
grouped melodically in human radio ATC utterances so
that the pre-synthesizing technique could be a reasonable
speed improvement technique without a loss of realism.
First non-representative tests in an ATC simulator support
the assumed feasibility of pre-synthesized utterances.

VIl. CONCLUSION AND FUTURE WORK

We presented the development and evaluation of an
Al-based text-to-speech (TTS) application aiming to sim-
ulate aviation radio telephony communication partners.
To the best of the authors’ knowledge, this is one of
the first attempts to construct such a close-to-real-life
communication simulation in the domain of air traffic
control not only including ICAO standard phrases, but
also utterances and speech quality as in actual operations
with intensive ratings on the synthesized speech quality.
Compared to the literature, our work is open-source
and reproducible. It also received a human evaluation
on the synthesized cutting-edge technology speech from
operational experts and the artificial voices supported not
just one but both communication partners in air traffic
control — ATCo and pilot. The app utilized open-source
TTS models, fine-tuned using publicly available datasets
of ATCo-pilot voice recordings.

Analysis of subjective data from 20 study subjects on
21 ATCo and pilot voice models, i.e., textual comments
and more than 4100 rating values, indicate the potential
of the app, while also suggesting some areas for further
refinement.

Analysis of the speech quality metrics overall expe-
rience, clarity, pronunciation, intonation, and naturalness
mainly for the 16 fixed ATCo utterances and pilot re-
sponses synthesized with those voice models provided
insights into their performance. Four voice cloning models
for ATCos based on female Swiss speaker data with
German and French accent achieved the highest overall
score on ATCo utterances in the range of 4.1 to 4.4 out
of a total score of 5.

Also a male voice model trained on ATCo data
achieved an intonation score on a synthesized pilot re-
sponse of 4.5 and a naturalness score of 4.4, respectively.
The best model trained on pilot speaker data with Serbian
accent received an overall score of 4 and a clarity score
of 4.5. For both, ATCo and pilot models, the ATC
typical intonation was the major factor for a high overall
score. Interestingly, the Untrained Voice model, despite
receiving a high clarity score of 4.1, scored much lower in
other metrics as indicated with a naturalness score of 2.9.
This demonstrates the need and significance of fine-tuning
voice models with aviation-specific data. The average
overall rating for voice cloning models (XTTS) was
significantly better than for end-to-end models (VITS).
It could be explored if a hybrid approach that combines
voice cloning and end-to-end models improve the average
TTS performance even if it is not expected due to the
big performance difference of the two approaches. Fe-
male XTTS models fine-tuned on ATCo data were rated
significantly better overall than male XTTS models.

Study subjects were mainly confident with the articu-
lation speed of synthesized speech. However, it can also
be beneficial to use slow rated voice models for initial
aviation operator training phases and the faster rated voice
models at a more advanced stage.
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Before targeting higher technology readiness levels,
the TTS app should undergo further testing and evaluation
based on a broader set of utterances. Future ATCC corpora
should be more inclusive to reflect the global nature
of aviation communication, covering a wider range of
accents, dialects, languages, scenarios, and ATC environ-
ments. The latter means to make sure that training data is
not only from simulations and focusing on en-route envi-
ronment, but is covering the complete ATC domain from
ground, via tower, to approach, en-route, and even oceanic
traffic control as well as comprise operational recordings
with utterances for aircraft or airspace situations even in
non-nominal conditions if possible. Further studies could
evaluate the long-term effectiveness and adaptability of
TTS systems in diverse aviation environments. Also eth-
ical implications of synthetic voice communication in
ATC, focusing on trust, reliability, and accountability in
critical scenarios might need deeper analysis.

Furthermore, the reported differences in performance
of accurately detecting readback errors highlights the
potential of using an automated TTS app to train precisely
hearing back in aviation communication.

With enough computation power, the real-time factor
reached 0.5 with average-length utterances being syn-
thesized faster than real-time in roughly two seconds.
This shows that the technology can not only be valuable
for use in training, but also for operational downstream
applications. Those applications could include speech
generation for ATCo utterances, simulation pilot/ATCo
utterances, or pilot responses to support the human avia-
tion operators in certain use cases. An example use case
could be issuing specific ATC command types, reducing
the number of human simulation pilots if supported by
automatic readbacks through a combination of speech-to-
text and text-to-speech, or generating the initial pilot call
on the next ATC frequency. Such use cases could lead to
a reduction of aviation operator workload as they do not
need to verbalize these utterances themselves anymore.

While the current TTS app generates pilot responses
from textual ATCo utterances using regular expressions,
its static nature poses challenges in adapting to the
variability inherent in ATC communications. Further en-
hancements should not only use word-by-word transcrip-
tions of ATCo utterances, but their machine-readable,
extracted semantic meaning. This would ease deriving the
pilot response text from semantic annotations within a
defined ontology for ATC utterances. More precisely, this
would help that “corrections”, wind, or greeting/farewells
from the ATCo utterance would not be repeated by the
pilot response. If pilots are asked to report some flight
characteristic, this could be automatically looked up and
integrated into the pilot response. In case the ATCo is
targeting multiple pilots (“break break” commands), there
could me multiple readbacks with different pilot voice
models.

In addition, employing advanced AI models for text
and speech processing, such as open-source Large Lan-
guage models (LLM) like LLaMA (Large Language

Model Meta AI) [57] could advance the generation of
pilot responses and ATCo utterances in general. These
models perform well in instruction-following and lan-
guage understanding and could be fine-tuned with ATC-
specific data to act as a pilot, responding to a wide
array of ATC commands in a dynamic and contextual
manner. Such open-source models are offering a cost-
effective alternative to paid models like GPT-4 [58] that
has already been explored for testing some ATC utterance
examples with the described approach. Incorporating real-
world noise into pilot voice simulations could as well
enhance the user experience.
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Abstract—With the introduction of a time-based air traffic
control approach, new display techniques are necessary to
support controllers. This is especially true for ensuring
compliance with aircraft target times at significant waypoints. In
this paper, five different visual aids were examined in a small-
scale, reduced complexity study: Slot Marker, Time-To-
Gain/Lose, Timeline, TargetWindow, and a Baseline display.
Sixteen study participants had to manage aircraft to arrive at
waypoints on schedule. Simulation results showed that
participants performed worst using no visual aid at all. Based on
questionnaire responses, the Slot Marker display was most
intuitive and easy to use. Measured performance parameters
show that high time accuracy goes along with greater numbers of
given commands. However, multiple commands cause inefficient
flight trajectories due to speed adjustments. Therefore, a trade-
off between high time accuracy and low economically reasonable
command rates is necessary for visual aids in air traffic control.

Keywords—Air Traffic Controller, Display Technique, Time-
Based Air Traffic Management, Visual Aids

L INTRODUCTION

Air traffic controllers traditionally use a distance-based
approach for Air Traffic Management (ATM). In the future,
this approach will transition in three steps to a time-based and
later to a trajectory-based and performance-based approach,
due to the implementation of NextGen (Next Generation Air
Transportation System) in the US [1] and SESAR (Single
European Sky ATM Research) in Europe [2], [3], [4]. For
time-based and trajectory-based approaches to ATM, time
differences and negotiated times have to be achieved with high
accuracy [5].

Separation will still be the main technique for maintaining
safety in air traffic. However, using a time-based instead of
distance-based approach, in which aircraft are separated using
time differences or meet assigned times at significant
waypoints could increase capacity in ATM especially in

headwind situations. New controller tasks, like estimating
waypoint arrival times and timespans via ground speed and
distance are hardly manageable with today’s tools [6].
Furthermore, the trend of more passive monitoring instead of
actively controlling air traffic [7] requires new support tools
that do not lead to more fatigue [8]. Therefore, many visual
display aids have been proposed to support controllers doing
time-based ATM.

Those aids are calculated by controller support systems.
With new display aids, controllers can reach defined target
times by comparing actual and planned aircraft states or follow
advised maneuvers. However, controllers still have the chance
to deviate from support system’s plan and implement their own
solution if necessary. The benefits and shortcomings of those
different proposed visual aids have not been thoroughly
evaluated from a human factors perspective.

The study described in this paper compares five different
alternatives for supporting air traffic controllers with time-
based display aids. The simulation included basic
characteristics of the real world application but was reduced in
complexity to gather results quickly.

Section II describes different display techniques for time-
based ATM. Section III outlines the design and questionnaires
for the study. Results of a microworld study are presented in
section IV. These results are discussed in section V, followed
by conclusions in section VI.

II.  RELATED WORK

Different display techniques for time-based air traffic
management have been proposed over the years. All of them
involve a calculation of target times or time differences.
Modern controller support tools like arrival, departure, or
surface managers have the ability to schedule all aircraft in a
certain airspace or on ground.
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Those systems can compute target times at selected
waypoints due to a negotiated four-dimensional trajectory.
Arrival times for threshold, Initial Approach Fixes (IAF), or
merge points can be visualized as an alphanumeric time string.

A. Time-To-Gain / Time-To-Lose

Time-To-Gain or Time-To-Lose for significant waypoints
can be derived from trajectories or a projection of current flight
status. Resulting times are displayed differently in various
systems. Times may represent seconds to gain/lose or Early-
/Late-Indicators [9] (for an implemented version see figure 3).
Values can be shown in the flight data block (FDB), on a
timeline [10] with brackets indicating estimated and scheduled
arrival times [11], or via a traffic light system to indicate the
minutes of delay for each aircraft [12].

B. Relative Position Indicator / Ghosts / Targets /
TargetWindow / Slot Marker

The projection of a virtual aircraft on a display is called a
“ghost” [13]. Aircraft of one route (master/image reference
line) are projected on another merging route (slave/target
reference line) as a virtual aircraft ghost position [14], [15].
Separation between ghost and real aircraft on this route then
shows relative temporal spacing between those objects. This
was originally done for two arrival streams on converging
runways simulating a dependent parallel approach [16].

Runway configuration changes can also be supported using
relative position indicators [17]. Indicator target circles on a
route visualize aimed positions for merging two arrival streams
also taking into account several turns of an aircraft [18], [19].
Another approach is using “slot marker” circles to show the
aircraft’s expected position along its trajectory if it were
conforming to the schedule [20], [21] (for an implemented
version see figure 4). Similar target position indicators may
also be used for certain waypoints in upper airspace, for wake
vortexes [22], or for aircraft on several arrival routes to be
mapped onto one centerline [23], [24]. Concepts are
distinguishing between precisely hitting planned positions
respectively target times (ghosts as very exact “values”) and
visual advisory positions or areas as targets for the controller to
hit (guidance range).

A TargetWindow (for an implemented version see figure 5)
is a marked interval on the centerline where it is safe for
individually guided aircraft to be fed into the arrival stream by
the controller [25]. Target positions in this window indicate the
best positions after a turn-to-base maneuver. When aircraft are
flying on a downwind, they will get a turn-to-base command to
perform the base and final leg [26]. Target positions for those
aircraft are indicated by a dotted semicircle with the open side
facing the aircraft.

The surrounding TargetWindow symbolizes a safe area
around this target position even if the aircraft does not hit its
planned position exactly. Furthermore there is a buffer of half a
mile, shown by a tapering of the TargetWindow at both ends.
This helps ensuring that controllers do not violate separation
minima from predecessors and successors.

C. Timeline

To visualize calculated time plans, controller assistance
systems have one or multiple timelines for runway thresholds
or [AFs with assigned label and runway information [12], [27],
[28], [29]. These timelines may display scheduled and
estimated times of arrival as well as the aircraft’s sequence
number within the arrival stream (for an implemented version
see figure 6).

D. Further Visual Aids and their Effects

Credeur et al. evaluated three different final-approach
spacing aid display formats and a baseline in a study with 12
controllers and a monochrome display [30]. This was the first
comparing study for time-based ATC displays. A so called
graphical advisory marker and a direct course error countdown
showed best performance in this study. The graphical marker
was preferred based on responses to the questionnaire. The
centerline slot marker [31] performed worse than the two other
final approach spacing aids and was most difficult to use.
Nevertheless, all visual display aids reduced heading
commands and increased the arrival rate by roughly 10%
compared to the unaided scenario [30]. These results suggest
that visual aids may also be beneficial for time-based metering
tasks.

Having in mind all these visual aids, some questions
succeed. It is of interest what effects visual support techniques
have on timely accuracy and the number of commands to
implement visualized suggestions. The time-space diagram for
example is a controller support tool for speed control of
continuous descent approaches to avoid many tactical speed
and altitude commands [32]. Additional displays that
effectively help controllers with their specific tasks could also
lead to reduced workload and increased situation awareness
[29], [33]. Situation awareness consists of steady maintenance
of the controllers’ mental picture with positions and
movements of aircraft based on the mental model comprising
airspace, aircraft, air traffic control (ATC) procedures, and
human machine interaction [34].

III.  DESCRIPTION OF STUDY SETUP AND DESIGN

We expect that controller assistance with visual aids
improves the accuracy of meeting target times. There might
also be a difference between presenting time information in
spatial-graphical form (Slot Marker, Timeline, TargetWindow)
or digital form only (Time-To-Gain/Lose, Baseline).
Furthermore, the level of detail (e.g., displaying of seconds vs.
more general time information via regions) of the visual aid
may influence performance. A greater level of detail also
visualizes differences between actual and target states better.
This can lead to improved accuracy of times, but may
negatively influence the number of commands in some display
aids [20].

The aim of this study was to reveal general benefits and
shortcomings of display techniques supporting time-based air
traffic management. Chosen visual aids were either already
operational in some air traffic control displays or prototypes.
Five ways of assisting controllers to meet aircraft target times
were evaluated: Baseline, Time-To-Gain/Lose, Slot Marker,
TargetWindow, and Timeline.
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The schedule with target times was fixed for all aircraft at
the start of the scenario. The basic hypothesis was: The use of
display techniques compared to the baseline, would support
controllers time accuracy for metering aircraft to significant
waypoints.

There were six “measures” of interest during the study:
Percentage of aircraft arriving at waypoint with £2 as well as
+5 seconds compared to target time, average difference
between target time and realized time, number of losses of
separation, number of speed commands, and a subjective rating
on seven questionnaire items.

The five corresponding air traffic scenarios for the five
displays were identical (very similar number and appearance of
aircraft; only mixed order of appearance). This guarantees
nearly the same conditions and allow for comparisons between
display techniques. The combination of a display with its air
traffic scenario is called configuration.

A. Simulation Layout and Participants

Basic layout used a dark background like in many actual
controller displays (see figure 1). Three different routes (dark
green lines with assigned names north (N), center (C), and
south (S)) starting in the east joined in a single waypoint
(merge point) in the west.

Angles between center/north and center/south, respectively,
were approximately 45 degrees. All three routes had a length of
30 nautical miles from their beginning to the merge point,
followed by one common five nautical mile strip on a
westbound single route.

.| TEDT e

Figure 1. Microworld software in JAVA with merging routes and drop-down
menus for aircraft speed commands, labels described in text

Aircraft were depicted as light green dots moving
westwards on defined routes. Every aircraft had a call sign (like
UAL123) in the first FDB line and actual speed in the second
line. There was no differentiation between ground speed and
indicated airspeed and no wind or weather influence in the
scenarios. Hence, a given speed command affects aircraft such
that it exactly flies the given speed value. Only aircraft on
northern and southern routes could be influenced by giving
speed instructions.

Participants used drop-down menus with selectable speeds
ranging from 180 to 380 knots in steps of 10 knots.
Communication between aircraft pilots and study participants,
vectoring of aircraft with direction commands, changes in
altitude, and other usual air traffic commands were not
included in the study.

The task consisted of metering aircraft as if meeting the
requirements of a scheduling system. Participants were told to
give as few speed commands as possible to the aircraft while
still meeting given target times at the merge point as precisely
as possible.

Aircraft that received speed commands immediately
accelerated or decelerated at a rate of one knot per second. The
display also had an update rate of once per second. Therefore,
participants had immediate feedback on the effect of their
command. They were able to adjust the effects with a new
command until aircraft reached the merge point.

Before the main task, participants performed a training task,
which required them to get aircraft to the merge point at a
specific target time, with a countdown showing the time
remaining. Participants were able to give speed commands and
see how many seconds the aircraft gained or lost on its way to
the merge point, depending on how much they reduced or
increased aircraft speed. Through this task, participants
received visual feedback on how well they performed during
training.

During the study that took place in April 2015, sixteen
(n=16) subjects with an average age of 47 years participated.
Two of them were female, fourteen male. One participant was
a retired tower and TRACON controller, the others were
researchers in the field of air traffic control.

B. Display Techniques

The baseline display had a minimal amount of time
information (third line of aircraft labels in figure 2).

NO2

. 300
13:15:02 13:20:21
NO1
250
“cot 13:17:10
230
- 13:15:25
S01
260
13:18:45

Figure 2. Baseline display
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A display frame for current time with hours, minutes, and
seconds was shown on the upper left side of the screen. A
target time with hours, minutes, and seconds until the merge
point was attached to every aircraft FDB in the third line. This
target time did not change during the run.

Time-To-Gain or Time-To-Lose display showed the
corresponding amount of seconds in the third FDB line (see
figure 3). Times were calculated as differences between target
times and projected times at merge point. The projected time
took into account current speed and distance in nautical miles
remaining until the merge point. The aircraft could be projected
to reach the merge point too early, too late, or at the target
time.

The time difference between target time and actual
projected time changed as participants modified aircraft speed.
As shown in figure 3, Time-To-Gain was depicted as a green
alphanumeric value (e.g., +17), whereas Time-To-Lose was
displayed as a red value (e.g., -10).

~ N02

7300
13:15:02
NO1
P 250
“co w7
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260
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\«

Figure 3. Time-To-Gain/Lose display

The Slot Marker configuration displayed call sign and
actual speed (see figure 4).

NOZ, ~ -
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"~ ND2

13:15:02 - ’ 300
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O NO1
~ 250
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230
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Figure 4. Slot Marker display

A thin dark yellow circle was displayed for every aircraft
on northern and southern route. This Slot Marker circle
represented the optimum position for the aircraft to reach the
merge point exactly at the defined target time when flying at
the current speed. Thus, a circle will be to the left of an aircraft
symbol on screen if it has Time-To-Gain and to the right if it
has Time-To-Lose.

The TargetWindow configuration displayed a shape with
optimum positions on the center route (see figure 5). Thin dark
yellow dashed lines highlighted safely separated areas between
real aircraft on center route (in figure 5 yellow lines are shown
in black). Semi circles with opening to the cardinal direction of
join (top if aircraft joins from north route, bottom if aircraft
joins from south route) pointed to the optimal target position
regarding target time to be hit at merge point. The
TargetWindow moved westward on the center route with
ongoing time.
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Figure 5. TargetWindow display

The Timeline configuration had a moving timeline with
corresponding aircraft in the upper left corner of the display
(see figure 6).
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Figure 6. Timeline display
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Actual time in hours, minutes, and seconds was shown at
the bottom. 30 second steps were displayed from top to bottom
of the timeline. On the left side, call signs of aircraft were
attached with a thin line to their scheduled target time at the
merge point. On the right side, call signs were attached to their
projected times at the merge point. The vertical position of an
aircraft’s call sign in the left and right side may differ if the
aircraft is predicted to be earlier or later than its scheduled time
at the merge point.

Comparing displays with those from the previous study of
Credeur et al. [30], Baseline or Timeline are conceptually like
corresponding “manual” scenario, but with defined target
times. Time-To-Gain/Lose display could be compared to the
direct course error countdown with an Early-/Late-Indicator if
given advisories are directly executed. The Slot Marker and the
TargetWindow are to some extent similar to the Centerline Slot
Marker configuration.

However, the study by Credeur et al. evaluated visual aids
for final spacing with turn advisories from downwind over base
leg to final. The study in this paper differs in several points.
Display techniques are directly used to meet target times at a
merge point, which is not necessarily placed in the last phase of
approach.

Furthermore, electronic  technologies and  display
techniques have changed during the last decades (e.g.,
TargetWindow is new). These changes may influence the type
of display presentation that is most effective in this simulation.

In all displays, a steady comparison between actual and
target state was possible in different ways, such as monitoring
alphanumeric times, values of seconds, slots on same routes,
target positions on a center route, or different vertical positions
on a timeline.

C. Tasks of the Study Participants

Participants performed six 10-minute simulation runs. The
first was the training run, followed by one run with each of the
five visual aids (Baseline, Time-To-Gain/Lose, Slot Marker,
TargetWindow, and Timeline). The order of these five runs
was counterbalanced. Each run had a unique but similar traffic
scenario.

Several aircraft approached the merge point from the north,
center, and south routes in different alternations, so there was a
steady flow of aircraft from all directions. Aircraft were
initially separated 75 seconds from each other. Target times
had a difference of at least 75 seconds. Initial speed was within
a range of 230 and 330 knots.

A violation of minimum separation of three nautical miles
was therefore possible. Two modifications were made to
increase difficulty of the task in later levels. First, speed of
aircraft increased for aircraft appearing later. Second,
differences between target time and initial projected time at
merge point were increased. For each participant, user inputs
and resulting changes were captured in a log file.

D. Questionnaires

Participants had to fill out a questionnaire after each run.
Seven statements were presented with alternating positive and

negative formulations. Participant rated these statements on a
five-point Likert scale [35]: Strongly disagree (0), Disagree (1),
Neither agree nor disagree (2), Agree (3), Strongly agree (4).

An additional field was provided for remarks and
suggestions. Questionnaire items were as follows:

e 1. The last display technique helped me meet aircraft
target times at the merge point.

e 2. 1liked the visualization of the last display technique
in general.

e 3. The last display technique or some of the displayed
elements were confusing.

e 4. The optimal use of the visual display aid to fulfill
the task of meeting aircraft target time was not clear to
me.

e  5.It was clear to me how much to increase or decrease
speed of aircraft using the visual elements of last
display technique.

e 6. Colors, shape, and font of last display technique
were insufficient. So for example colors could not be
perceived well, shape was not explicit enough or font
was too small.

e 7.1 was able to assign each displayed visual support
element on screen to its corresponding aircraft (e.g.,
flight data block entries, markers, flight approach
directions, or timeline labels).

8. Remarks on last display technique or suggestions for
improvement.

Participant performance was evaluated based on three
metrics:

o Difference between actual arrival time and target time
at merge point

e  Total number of commands
e  Total number of separation minima violations

We were also interested in how performance changed over
time.

IV. RESULTS OF STUDY

In this section, we present the results comprising subjective
ratings, time difference, number of speed commands, number
of losses of separation, and an overall badness score rating.

A. Subjective Ratings

The average of the sixteen participant ratings on the
statements 1 to 7 of the questionnaire can be seen in figures 7
and 8. The scale was inverted for the negative formulated
statements 3, 4, and 6, so higher values are better for all items.

Therefore bar heights representing ratings above the mean
scale value puy = 2 show a positive response to questionnaire
statements. Black lines depict positive and negative standard
deviations o for each item.
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Average Rating of Study Participants on Display
Techniques (1-3)
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Figure 7. Average ratings on questionnaire statements 1 to 3 (with standard
deviations)
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Figure 8. Average ratings on questionnaire statements 4 to 7 (with standard
deviations)

The five-step Likert scale is interpreted as an ordinal scale
with the sample size n. Assuming a uniform distribution of
answers, we use the Wilcoxon signed-rank test as a non-
parametric statistical hypothesis test (see figure 9). These
results provide evidence against the null hypothesis that all
visual aids have equal subject approval (p < 0.005 for items 1-
3, p < 0.05 for items 4-7).

Assuming a normal distribution of answers, the arithmetic
average value X is tested against p, with a one sample size t-
test to get a trend of subjective participant opinions. The
corresponding null and alternative hypotheses are as follows:

HO:l‘lS 2 (1)
Hyp > 2 @)

The t-value is computed as:

£="20n G

To state significance, a 97.5% confidence interval with a
significance level of @ = 0.025 and n-1 degrees of freedom
was taken into account. Significant positive acceptance is given
byt > 2.131.

Concluding the null hypothesis can be rejected, the
alternative hypothesis can be accepted. The analogue way is
true for a significant negative rating of t < —2.131
(significance of t-values and Wilcoxon signed-rank test in
figure 9 is quite the same).

Mo.|Baseline|Slot Marker| Timeline| Time-To-Gain| TargetWindow
1] -1.952 5.578 1.098 3.782 5.839
2| -4.259 4.137 -0.202 0.355 2,183
3 1.695 4.538 0.202 0.202 0.716
4 | -2.423 3.303 -0.187 2.818 1.732
5| -2.782 2.535 -1.600 1.826 2.058
6| 1.962 6.214 2.764 1.232 3.503
7 1.908 11.619 1.581 2416 5.839

Figure 9. T-values of average ratings on statements 1 to 7 (red cells show
negative, green cells positive, yellow cells no significance; underline indicates
corresponding significance with Wilcoxon signed-rank test)

B. Time Difference

The average percentage of aircraft that met their target
times within +2 and +5 seconds is shown in figure 10 for all
five displays.

Average percentage of aircraft at
merge point within certain
absolute time difference

[%]

=
ERWERUNI~I00WO
O0000000000

M +/- 5 seconds

M +/-2 seconds

Figure 10. Average percentage of aircraft meeting target times within certain
intervals (with standard deviations)

The box plot diagram in figure 11 shows the average time
differences between scheduled and realized target time at the
merge point (Ptgirr). The lower end of the black line is the
minimum, the upper end the maximum average time difference
of a participant per display. The lower green border is the 25%
quartile, the upper red border consists of the 75% quartile.
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The median (border between red and green area) gives
more detailed information about average time performance.

Average difference between scheduled
and realized time of arrival at the merge
point
18
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10 .
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Figure 11. Average target time performance over all displays

C. Number of Speed Commands

Figure 12 is a box plot with the average number of speed
commands (Cmd) of all participants per display.
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Figure 12. Average number of speed commands

D. Number of Losses of Separation

The average number of losses of separation (LoS) per
display and subject was within a range of 0 to 1.2. The LoS per
display was as follows: Slot Marker (0.1), TargetWindow (0.1),
Time-To-Gain (0.2), Timeline (0.2), Baseline (0.9). Only four
participants did not have any loss of separation in all of their
five simulation runs.

E. Badness Score for Overall Rating

For comparison, we calculate an aggregate badness score
per display (D) and participant (P). The higher the number of
commands, the average time difference, and the number of
losses of separation, the higher the badness score. The lower
this score, the better the run of the participant. The bad point
value V, for each display is calculated with:

Otaqi
Vv, =2 < Sinp )+( ACmdp e )+ #LoSp,  (4)

Q)tdlffAuiD'p #Cmdau p,p

For an individual ranking we evaluated the performance of
participants against each other with a bad point value V, (the
denominators need to be changed):

Otqi
Vv, =2 < 2ipp )+( fimdpp )+#LOSD,P )

Btarffp au p #Cmdp au_p

For ranking purposes, individual bad points for each
display of every participant were calculated. Those individual
bad points were between 10.9 and 28.9 across all 16
participants. The individual ranking of those ranks over all
subjects is shown in figure 13.

Individual Performance

M TargetWindow

 Time-To-Gain
Timeline
m Slot Marker

W Baseline

100%

80% +—

1 == I

Rank

Figure 13. Ranks of displays per participant

F. Performance Change over Time

For analysis purposes, we divided the sequence of aircraft
into two halves (roughly five minutes each) to investigate the
learning curve of study subjects. Figure 14 shows the average
percentage of aircraft that arrived at the merge point within £2
and £5 seconds of their scheduled time.

Average percentage of aircraft at
merge point within certain absolute
time difference (Halves)

=

ENWERUNINWO
00000000000

__T

[%]

M Half 1 (+/-2 seconds)
M Half 1 (+/-5 seconds)

Half 2 (+/-2 seconds)
M Half 2 (+/-5 seconds)

Figure 14. Average percentage of aircraft meeting target times within certain
intervals in display simulation run halves (with standard deviations)
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Figure 15 reveals the number of speed commands split in
two halves.

Average number of speed commands (Halves)
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Figure 15. Average number of speed commands during display simulation run
halves

V.  DISCUSSION OF RESULTS

The Slot Marker display always achieved the highest value
and statistical significance in all items of subjective ratings
(figures 7, 8, and 9). Rank two and three cannot be
distinguished very well between Time-To-Gain and Timeline
display. TargetWindow display has rank four due to the lower
subjective ratings on items 1, 4, and 5. Baseline display
obviously received the worst support and even had statistically
significant negative responses to some questionnaire items
(figure 9).

A. Performance Metrics

The average percentage of aircraft that arrived at the merge
point within +2 seconds was best in the Time-To-Gain display
(figure 10). Baseline and TargetWindow had the worst results
in this category. Expanding the delay time from 2 to 5 seconds,
Slot Marker display was best. In the Baseline display run, the
task of meeting target times was objectively very hard for the
subjects to fulfill, with an average percentage of aircraft that
arrived within £5 seconds of below 50%. The median of almost
10 seconds time difference again shows bad performance in the
Baseline display run (figure 11). The other display runs were
much better, with a median between 1 and 5 seconds. Small red
and green areas in the plot for the Slot Marker display run and
low average time differences show that most participants were
able to easily use and perform comparably well with this visual
support.

The average number of speed commands per display
(figure 12) was opposite to performance in some parts.
Participants adjusted speeds very infrequently using the
Baseline display, because they did not know in which direction
and what amount to adjust. The low number using the Timeline
display can be explained by a screen resolution that only allows
for recognizing time differences of roughly 3 seconds instead
of 1 second, as in the Time-To-Gain condition.

Participants made a lot of changes if they had direct and
quick feedback about the delay in seconds and tried to get rid
of every second of delay.

The number of losses of separation was much higher using
the Baseline display compared to the other four. It was hard for
the participants to supervise spacing via target times and
separate aircraft at the same time.

The other displays appeared more intuitive to use with less
separation due to meeting of already “separated” target times
between aircraft. Evaluating the participant individual ranking
of displays, Baseline was worst (figure 13). TargetWindow
display was second worst for the majority of participants. The
ranking was equivalent between Time-To-Gain, Timeline, and
Slot Marker displays.

B. Performance Change over Time

Some effects of participants’ improvements during
simulation runs can be seen in figures 14 and 15. The
percentage of timely accurate aircraft decreased in the course
of Baseline display run (figure 14). Subjects were not able to
find any better strategy to get rid of larger time differences in
the second half of the runs.

The Slot Marker display seems to be quite intuitive from
the beginning. The good results already existed in the first half
and did not improve during the second half. In contrast to this,
the Time-To-Gain display showed better results in the second
half. Furthermore, the number of commands increased during
the simulation run halves regarding the Baseline display (figure
15). Timeline and TargetWindow showed slightly less, and
Slot Marker and Time-To-Gain showed much fewer ATC
speed commands in the second part of the simulation run.

So, after a certain learning time, giving fewer speed
commands also resulted in less target time deviation of aircraft.
Overall, the performance improvement of participants was
quite large and should be analyzed in longer simulation runs or
with more intensive training. A practice scenario for each
visual aid or a switching on/off function during the training run
would have been better for this reason.

C. General Discussion

Combining subjectively and objectively measured results,
the Slot Marker display worked best for most of the
participants, having a direct feedback with aircraft inside or
outside a “hole”. Once the aircraft was in the circle and did not
overshoot to the border, the task was solved.

Some interaction and screen representation factors may
have influenced the results, which can be seen in the
participants’ comments. In general, a resizable screen, bigger
fonts and larger visual aids (e.g., Slots) were preferred by some
of the study participants. Some subjects suddenly realized
wrong speeds of their controlled aircraft very close to the
merge point. Therefore, they learned that a very early reaction
is necessary in case of great differences between scheduled and
actual projected target time. The centerline aircraft sometimes
were used for pacing. Nevertheless, (especially in the Baseline
display run that was strongly disliked by most of the
participants) the decision to accelerate or decelerate was made
only 30 seconds before reaching the merge point.
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An early reaction of participants was possible with the
Timeline that also showed aircraft not yet on screen. The
Timeline was perceived as a good strategic support for
metering. However, the resolution on the screen was too small
and steps of seconds respectively ten seconds to compare
between scheduled and estimated time of arrival were hardly
recognized. One subject suggested providing visual feedback
like highlighting if two aircraft label lines on the left and right
side of the timeline match horizontally.

Participants reported that the difficulty with the Time-To-
Gain/Lose display was keeping in mind whether positive or
negative numbers indicate being early or late. The value
“minus 5” in this display meant to lose 5 seconds. But some
participants interpreted it as being 5 seconds late and therefore
gave a speed command in the wrong “direction”. Furthermore,
the red values could be mixed up with an emergency
indication.

The TargetWindow display showed a slower learning curve
than the other displays. The trigonometry relations were
difficult and it required much “last minute tweaking” of the
participants to hit the target positions.

The Slot Marker display was not perceived as clear-sighted
as other visual aids. Some participants wondered if they could
figure out the speed of the moving circles. But this was not the
correct tactic as the Slot Marker changed “speeds” with the
changing speeds of aircraft. However, many subjects liked this
display and said it was the most intuitive and easiest to use.
Another participant suggested a hybrid solution of Timeline,
Slot Marker, and TargetWindow.

The participant who was an air traffic controller really liked
the TargetWindow display. He stated that he has to look at the
centerline for spacing anyway, so the TargetWindow offered a
good representation of target position suggestions. He said that
the Timeline display drew his attention away from the radar
screen, which might cause serious situations in real life.
Although only one of the 16 participants was an experienced
controller, non-expert results have also shown comparable
results in the past [36]. However, this is not generalizable as
expert and novice perception and abilities can also differ a lot
[37]. Nevertheless, the results of this study are a good basis for
setting up future studies on time-based ATM support
functionalities.

VI.  CONCLUSION AND OUTLOOK

The study compared different air traffic controller display
aids. With the described configuration and given participants,
the best support to meet target times at significant waypoints
was offered by the Slot Marker display. The results of the
Baseline display were the worst of all five displays. Conditions
with more precise visual support (Slot Marker, Time-To-
Gain/Lose) resulted in better accuracy. But this also caused
more speed adaptations.

Very similar results were found in a study comparing five
different predictive displays with 50 participants for a process
control task [38]. The display with least resulting alarms
(negative performance/accuracy) had the greatest number of
adjusting commands and vice versa.

Hence, for the ATC task, the best trade-off support between
time accuracy and costly speed adaptation of aircraft has to be
found due to demanded requirements. However, the
comparison of visual aids for meeting target times at significant
waypoints illustrated the need of feasible controller support
functionalities to fulfill future air traffic control requirements

Direct application of these results to a real air controller
display is difficult, as the complexity of all evaluated displays
was much less than real air traffic control displays. Study
participants may have used slightly different approaches and
ways of working than controllers. Nevertheless, the results
showed a trend of which display technique was preferable to
others. Supporting controllers with any visual aid compared to
the Baseline display should be recommended.

Making the stand-alone simulation software an online
accessible application for controllers could enlarge the amount
of data and feedback. Planned improvements for the simulated
environment include changes in the interaction and the task
description. Influencing aircraft’s speed directly at the label
and individual adjustable sizes could help. In addition, the
number of possible speed commands per display simulation run
could be reduced to one. This would be closer to reality and
force the participants to think more intensively about their
decision, but would require more training time. More
generalizable results would be generated by running in a
realistic controller environment using conventional simulation
displays with integrated visual aids and pseudo-pilots.

For future developments, it is important to gather iterative
feedback during a rapid prototyping implementation process
[39], [40]. Feedback should consist of subjective opinions and
objectively measured parameters. This can help to integrate
benefits of different visual aids into a single solution and get
rid of individual drawbacks of other support functionalities.
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Abstract—Adverse weather conditions can have major impacts
on air traffic and its control (ATC) in terms of safety and
capacity. However, today’s ATC situation data displays hardly
contain any weather information. Controllers only manually
react on external forecasts or status reports to re-plan the
aircraft flight paths. The project “Meteorology for Air Traffic
Management” (MET4ATM) uses nowcast and forecast weather
data for aircraft re-routing calculations and visualization of
weather in the radar display. If our Arrival Manager (AMAN)
detects that a planned four-dimensional aircraft trajectory is
affected by severe weather, it will consider the respective weather
polygon, severity, moving direction, and extension for an aircraft
re-routing via a detour point. However, the weather situational
awareness of the controller would still not be given without
further information on the radar display. Therefore, we describe
advanced visualization techniques, i.e. a morphing algorithm, to
let nowcast polygons become forecast polygons over time until
the next weather data update appears. Our implemented
prototype highlights weather and re-route affected aircraft,
presents smoothly moving weather polygons on the radar display,
and gives concrete 4D-trajectory based advisories for re-routing
taking the complete arrival stream into account. This continuous
support will help controllers to optimize high dynamic air traffic
flow even if aircraft do not completely follow the automatically
generated plan. In this way the whole severe weather approach
operations remain supported by the controller assistance systems
and therefore within standard processes.

Keywords—Air Traffic Controller, Severe Weather, Radar
Display, Human Machine Interface, 4D-Trajectory, Advisories,
MET4ATM

L INTRODUCTION

Adverse weather conditions can have major impacts on air
traffic control (ATC) in terms of safety and capacity [1]. Thus,
it is of utmost importance to support both air traffic
stakeholders — on board and on ground. Severe weather is often
limited to regional areas, but this might have significant impact
on air traffic though.

On more than 9% of all days in the first half of year 2018,
Munich airport was affected by thunderstorms around or in the
near Alps [2]. Weather was responsible for 8.3% of all flight
delays in Europe at the same time [2]. Around 11% of all
European departure flight delays result from adverse weather;
even 45% of the delays were caused by weather at the airport
Frankfurt/Main in 2010 [3].

The experiences of last decades show that the influence of
weather on the air traffic system cannot be controlled
completely. However, it is possible to proactively optimize the
traffic control wusing appropriate support systems with
correspondingly reliable and accurate weather forecasts.

However, today’s controller assistance tools hardly
integrate any weather information [4]. This paper introduces an
arrival manager (AMAN) with enhancements to take severe
weather areas in the vicinity of airports for the inbound air
traffic organization into account. The AMAN 4-Dimensional
Cooperative Arrival Manager (4D-CARMA) generates 4D-
trajectories for all arrivals of an airport based on radar and
flight plan data. It integrates all trajectories into the inbound
traffic stream of one or more runways. Re-routed trajectories,
derived guidance advisories, and some weather data itself can
then be presented on the controller’s human machine interface
(HMI). Primarily, this paper handles different visualization
techniques to support controllers with accurate current and
forecast weather information as well as to give hints about
possible implications.

Section II describes related work regarding weather
awareness and re-routing in air traffic as well as existing
weather displays. This section also outlines the MET4ATM
project trying to overcome some drawbacks with respect to
weather information for air traffic controllers and the used data
structure. Section III explains different concepts and designs to
visualize weather data in an air traffic controller (ATCO)
display. Section IV demonstrates indicators for ATCOs to
detect weather affected aircraft and the integration of
calculated 4D-trajectories in this display to avoid severe
weather. Section V shows the implemented ATCO radar
display with the integrated weather visualization and severe
weather avoidance indications. This is followed by a summary
and an outlook in Section VI.

II.  RELATED WORK AND MET4ATM PROJECT

Dealing with weather in ATC has multiple dimensions such
as accurate weather data, on-ground- and on-board-systems,
visualization of weather, determination of weather effects, re-
routing of aircraft, and monitoring of weather affected air
traffic. Aspects of this list have been considered and are
outlined in the following.

978-1-7281-0649-6/19/$31.00 ©2019 IEEE
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A. Weather Awareness

Weather awareness is not only an important topic for the
ground side of air traffic. It is also necessary to understand
factors for pilots’ decisions and their situation awareness when
avoiding severe weather conditions in general [5][6][7] or even
with support functionalities to highlight important weather
characteristics [8][9]. Ahlstrom points out that “research is
lacking on the weather information needs” for Terminal
Maneuvering Area (TMA) controllers [10].

Endsley performed a study on weather impact awareness
with respect to the next five minutes including 20 ATCOs [11].
In almost 40% of the used scenarios, the ATCOs were not fully
able to identify the weather effects [11].

B. Severe Weather Assumptions

Cumulus Nimbus cloud formations (CB) represent a
challenge for air traffic in particular during the approach phase
of flight. They are structures with a three-dimensional
expansion, which should be represented mathematically by a
three dimensional polyhedron. In dependence of the degree of
latitude and the connected altitude of the troposphere, CBs start
around some hundred meters above earth’s surface and reach
heights of eight to thirteen kilometers [12].

For this reason, during approach it is not possible for
aircraft to fly under or over thunderstorms to avoid heavy wind
shears, lightning, and hail. Instead, they have to fly around the
CBs with a sufficient safety distance. For this reason, it is
adequate to consider only the maximal two-dimensional
expansion of the cloud formations and represent them as a
mathematical polygon for trajectory calculation as lateral
dodging is the only way to avoid the hazards of a thunderstorm.
In doing so, memory requirements as well as computational
calculation time and effort can be reduced.

The weather module of flexiGuide computes time-
dependent volumes (4D-polyhedron) marking extreme weather
in the vicinity of airports and in extended TMAs to avoid
dangerous passings [13]. Their mathematical extension
stretches from earth’s surface to a height of twelve kilometers.

Unfortunately, with the today available measurement and
tracking techniques, it is not possible, to supply thunderstorm
areas — classified as severe — with a unique identifier. This is
because the most active zones in a thunderstorm front may vary
in periods of minutes. Detecting a particularly active area in the
south of a 30 miles long front, this area may become less
severe after ten minutes, when coincidently another area more
in the north starts to develop strong sheer winds and lightning.
Sometimes, two formally separated thunderstorms merge and
form a front afterwards. Other long broad weather fronts lose
their energy and degrade in some smaller extreme weather
areas. With these drawbacks in the forecast, it is a real
challenge for displaying weather movement on a controller’s
HMI.

C. Re-Routing Techniques

A simplified detour minimization along aircraft trajectories
with on-board calculation has been analyzed in [14].
Furthermore, a two-dimensional rerouting of aircraft around

severe weather was described without considering effects on
trajectory re-routing conflicts [15].

Different algorithms have been compared for weather re-
routing of arrival traffic against actual avoidance paths
resulting in a potential for increased capacity [16][17]. Another
route re-planning method to avoid convective en-route weather
as well as prohibited, restricted, and danger area based on a
cellular automat was investigated in [18]. Dynamic adverse
weather re-routing in ATC approach can also be faced with a
more strategic stochastic model in contrast to static or no re-
routing [19].

D. Weather Displays

Many different weather displays exist for air traffic
environments. The ROMATSA (Romanian air navigation
service provider) ATC radar display is able to overlay the
reflectivity of radar areas in many different colors. However,
the view tends to over-cluttering.

The FAA (Federal Aviation Administration) reports about
their Integrated Terminal Weather System presenting
information about storm cells also with different colors on a
map [20]. The FAA AIRWOLF system can present weather
conflict alerts [21] and greyed weather hazard areas on the
radar display [22]. The FAA storm motion tool also includes
extrapolated storm cell positions via dotted lines in the radar
display [23]. Storm cell now- and forecasts are categorized and
visualized with colors on a radar image in [24].

Different shading options to display contours of storm cells
are presented in [25]. A wind display integrated in the aircraft
radar display and a three-dimensional layer-cake thunderstorm
model deliver a huge amount of information that seems to not
properly support active controlling of air traffic [26]. Time
slots of weather effects on the air traffic flow can be shown on
a TMA timeline [27].

In recent years, a cooperation of the German air traffic
service provider Deutsche Flugsicherung GmbH (DFS) and the
German Meteorological Service (DWD) has developed a new
weather display system called "Graphical Meteorological
Display System" (GMET) for air traffic controllers [36] and
has taken it over for testing in Munich. It can display current
data on lightning and precipitation in a separate controller
display, allowing both ATCOs and supervisors to individually
adjust the amount of weather information in the radar display.
If desired, the weather displays also show the situation of the
immediate past and are continuously updated.

E. The Project MET4ATM

The project “Meteorology for Air Traffic Management”
(MET4ATM) aims to deliver air traffic control support systems
for planning and guiding all traffic approaching an airport,
taking dynamic storm cells into account [28].

Consistent meteorological data about current and forecasted
weather — providing constant coverage with regard to both time
and space — are a prerequisite for accurate decision support
functionalities. The meteorological data is translated into 4D-
polyhedrons respectively -polygons in order to calculate 4D-
trajectories for safe arrival routes around severe weather.
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The ATCO support consists of (1) visualization of current
and forecasted categorized weather phenomena integrated into
ATCO’s situation data display, (2) calculation of four-
dimensional trajectories to avoid severe weather such as
thunderstorms and hail, (3) concrete adequately presented
guidance advisories how and when to efficiently reroute the
complete relevant air traffic, and (4) sequencing information
for the complete arrival stream. This paper concentrates on the
visualization aspects of (1) and (3) and will just give a short
overview of calculation methods relevant for (2), (3) and (4).

F. Data Structure for Current and Forecast Weather

Actually, there exists no standardized data format for three
dimensional weather nowcast and forecast information to use
them in air traffic management environment.

In MET4ATM, the project-partner Leonardo defined an
Extended Markup Language (XML) structure, which contains
all relevant measurement and forecast data, independent of the
extension of the study area, number of cloud formations, as
well as count and time steps of the forecasts. The
meteorological XML-tags contain data about timestamps for
measurement and valid times, a severity classification,
position, speed, and direction of draught of the geometric
center of gravity, all with an additional tag for the employed
units.

The CBs themselves are defined through a different number
of layers, mathematical outlined with the three dimensional
points in space, formatting a closed polyline of a polygon. All
polygons of one CB together describe the three dimensional
appearance of the severe weather area.

The given weather data is converted into the DLR AMAN
database format. Two tables for the meteorological polygons
and the related polygon points contain a polygon id, severity,
speed, direction, and forecast minutes with validity of the
polygon as well as the latitude and longitude of all polygon
points and the centroid.

III.  WEATHER INFORMATION VISUALIZATION TECHNIQUES

There are a number of different possibilities to display
reasonable weather data on an air traffic controller display.
Furthermore, this can be the main situation data display with all
radar targets or an auxiliary screen.

First, ATCOs are more likely interested in severe weather
areas including phenomena such as thunderstorm and hail as
they have the greatest influence on aircraft. In this context
moving direction, extension, and severity need to be
considered.

Secondly, weather visualization is important with respect to
current data and forecasted weather for a situation analysis.
The forecasted weather again can be of interest with different
time horizons, e.g. looking 5, 10, 15, 30 or more minutes into
the future. Hence, also the moving behavior of weather cells
over time given by a continuously forecast visualization (replay
tool) can be useful.

Thirdly, visualization characteristics such as colors and
shadings are important to not hide relevant traffic information.
Fourthly, weather can be displayed in a two-, three- or four-

dimensional view depending on the controller working position
and ATCO needs.

Fifthly, ATCOs should have the ability to switch the
weather visualization completely on and off respectively to
adjust various settings such as reflectivity in dBZ, safety
buffers or forecast times and overlay characteristics of weather
data.

The following sections present visualization techniques for
static, dynamic, and morphing two-dimensional weather cells
integrated into a radar display. This is based on the availability
of respective data, i.e. the current weather and forecasted
weather in 5-minutes-steps up to one hour look-ahead time.
This data — including current and forecast weather — is updated
every five minutes.

A. Static Weather Cells

The easiest way to display current weather is to use the
latitude and longitude of all nowcast polygon points and keep
the shown polygon static until the next data update in five
minutes. The next visualization update will be generated based
on the weather data update.

This visualization is quite reliable as there is no
dependency on forecast data that might have lower accuracy.
However, the ATCO might see a big jump of weather polygon
positions after updating and might rely on already outdated
information. Furthermore, this visualization technique hardly
gives an opportunity to estimate future weather behavior.

B. Weather Cells Movement with Current Vectors

Dynamic movement of weather polygons is an advanced
option to visualize future weather behavior. The display
appearance at the time of weather data update is the same as for
static weather cells.

However, the polygon is moving with the constant speed
and direction given in the data. The visualization update rate
can e.g. be once per second or every five seconds adapted to
the radar update rate. Hence, polygons move continuously
without changing their shape.

At the time of the next weather data update there might as
well be a small jump of polygons as the future position based
on old data is different from the next nowcast. Hence, for
minimizing the polygon jumps in case of data update, the
forecast data should be used, too.

C. Time Based Weather Cells Transformation from Nowcast
to Forecast Data

The forecast data polygon positions are seen as the final
polygon appearance at the time of the next data update (in five
minutes). The first polygon appearance is still the same as for
the static weather cell. However, the polygon now modifies its
shape and number of edges like a continuously interpolation
between the nowcast and the forecast.

This helps ATCOs to even better anticipate future weather
situations. The polygon jumps should be small if the forecast
data was good. However, the needed morphing algorithm does
not work very simple for all types of theoretical polygons. The
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following sections II.D and IIL.LE describe our developed
morphing algorithms for realistic weather polygons.

D. Morphing Algorithm Considerations

Since thunderstorm cells should be visualized on a 2D
display, the current and forecasted thunderstorm cells are
represented by discrete sets of simple polygons. These
polygons need identification numbers with a unique correlation
between sets.

A (closed) simple polygon Pol is defined by the ordered set
of its vertexes. It consists of all line segments consecutively
connecting the vertexes, which do not intersect and bound the
connected interior area. Polygons with self-intersections as
well as polygons with holes are not considered here, since they
are not suitable for the representation of thunderstorm cells.

Our goal was to perform a realistic interpolation of
transformation of a set of polygons at the current moment in
time t into a set of forecasted polygons at time t+t, over the
time period ty. The interpolation should have small time step
(<5 seconds). The solution should be as simple as possible in
terms of computational effort.

Since thunderstorm cells can appear, disappear, merge
together or split into small parts over time, it was necessary
(and sufficient) to develop approaches to perform the following
main interpolations of:

1. A transformation of one polygon into another polygon

2. A transformation of one polygon into several polygons
and vice versa

3. A transformation of one polygon in simultaneous
splitting and merging cases of this polygon.

The formulated problem belongs to the class of 2D polygon
morphing problems. The problem is well studied, especially for
complex shapes, because of their wide applicability in
computer graphics and animation. As a consequence, these
solutions imply significant computational effort and/or are
developed for some initial objects that have properties which
are irrelevant for visualization of thunderstorm cells. The
detailed overview of the literature is out of scope of this paper.
Here we refer works related to polygon morphing. An
overview on the existing methods is given, for instance, in [29].

Approaches for polygon morphing consist of two main
steps: mapping of polygons by some characteristic/feature
points and specification of interpolation ways/curves. The last
step is more complicated, because it is often desired to retain
some characteristic features of the considered objects during
interpolation. One of the main goals defining interpolation
ways is to avoid local self-intersections of the polygon
boundaries.

There are many heuristics presented in the literature.
Guaranteed intersection-free polygon morphing described in
[30] relies on analytical basis. However, the approach uses
significant number of interior points and exterior Steiner
vertices that raises its complexity. Morphing simple polygons
with the same number of sites that are corresponding parallel
are explored in [31]. Usually, morphing algorithms require
user-assisted correspondence of the morphing objects.

[32] introduces an intuitive polygon morphing, however,
the source and destination polygons must spatially overlap.
[33] deals with the application of 2D polygonal morphing
techniques to create spatiotemporal data representations of
moving objects continuously over time. The movement of
icebergs in the Antarctic seas is used as case study and the data
sources are sequences of satellite images capturing the position
and shape of the icebergs at different dates. The authors apply
perceptually-based approach proposed in [34] that determines
the so-called feature points of the morphing objects. The main
challenges are determining the feature points and the
correspondences between feature points. Since this work
investigates visualization of moving gaseous objects, rotations
and similarities have an insignificant role compare to solid
objects [33].

Taking into account relative small time steps between
consequent sets of thunderstorm cells compared to their
movement and transformation, linear interpolation ways appear
to be the best choice for our approximation requirements.

E. Morphing Algorithm Functionality

Let us consider the first transformation mentioned above of
one polygon into another. This type of transformation provides
the basis for two remaining mentioned types of transformations
and, as follows, for the morphing of the set of polygons at the
time t into the set of polygons at the time t + t, over the time
period t,.

a) Decomposition of Polygon Boundaries

To perform morphing of one polygon into another, polygon
boundaries are decomposed into 4 corresponding pairs to get a
more natural interpolation of the transformation that avoids
significant turns and rotations of the boundary during
interpolation. For this purpose 4 sets of vertexes with minimal
and maximal abscissa and with minimal and maximal ordinate
have to be found for the current and for the forecasted polygon.
Each set can consist of more than one point and some sets can
coincide. In the case, the considered set consists of more than
one point, one can choose a point from this set, which provides
balanced length of the boundary parts. The simplest solution is
to take the first point from each set in the vertex index in
increase direction. The obtained in such a way corresponding
boundary parts marked by an identical color are illustrated in
Fig. 1. Here Pol' and Pol'**° are polygons at the time
moments tand t + to, Ef, i = 1,...,8 and Eth",j =1,..,9 are

. Right Bottom Left
the corresponding vertexes and E* ,E* JE* JE*

are subsets of vertexes with minimal or maximal first or second
coordinate.

Top

Pol’ Pol"™"

Fig. 1. Decomposition of polygon boundaries into 4 parts (marked by

different colors).
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After this decomposition step, morphing of the boundary
parts is performed by the linear interpolation of the vertexes in
s discrete steps, i.e. the time period t is divided into s parts of

the duration to/ s . For this purpose, the boundary parts are
balanced in order to establish one-to-one correspondence
between them. This means that the boundary part with the
smallest number of vertexes becomes additional points
uniformly distributed along the edges so that on each edge the
quotient number of additional points plus one additional point
on the remainder number of edges in the vertex index increase
direction are selected. The described approach is illustrated in
Fig. 2. Here the piecewise linear curve A;A; is transformed
into the piecewise linear curve B, B;,. The quotient of division
10 by 3 is equal to 3 and the remainder is 1.

Therefore, the edge A;A, becomes 3+1 additional points
and on the edge A,A;3 additional equidistant points are

selected. They are marked red in Fig. 2.
1 I+ 'ri I+1,
2

4,

Fig. 2. One-to-one transformation with the help of additional points.

b) Morphing of a Single Polygon

The described approach provides an identical number of
“vertexes” on both linear curves to perform one-to-one linear
interpolation of the vertexes in s discrete steps. The

interpolated curve at the time moment ¢ + % s illustrated in

Fig. 2. As a result, morphing of Pol® into Polt**o is realized by
the interpolation of the transformation of four corresponding

boundary parts. The interpolation at the time moment ¢ + %0 is
illustrated in Fig. 3.

Pol’ Pol? Pol™"

Fig. 3.

Morphing of one polygon into another.

The input data, we have, represent current and forecasted
locations of thunderstorm cells, i.e. the current situation and a
forecasted result of transformation after the time period t, are
available only. Although, here is a correlation of identification
numbers between two consecutive (in time) sets of polygons,
there is no information in the input data in a merging or

splitting case, which part of a pre-image corresponds to a
transformed polygon and vice versa. There is no way to exactly
follow the decomposition process for available input data.

In the case when the forecasted decomposed polygons are
mapped to some parts of the current polygon, the free corridors
appearing in the visualization do not reflect the actual situation
and can deviate from it significantly. Therefore, from the safety
point of view aircraft should not be directed through these
corridors. Additionally, between the forecasts are short up to
10-minutes time periods. Based on all said above, mapping of
polygons without decomposition of the current polygon in the
splitting case and without decomposition of forecasted polygon
in the merging case can be taken as a reasonable solution.

¢) Morphing of Polygons with Splitting and Merging

Fig. 4 illustrates the mapping of polygons in the splitting
case to perform the interpolation of their transformation. The
polygon Pol!* at the current time t decomposes over the time

period t, in 4 parts Polt+tol

1(t11) P01t+t0|4(t|1)

\—’ e
Fig. 4. Visualization of interpolation without decomposition of the current

polygon.

The current polygon is mapped to all forecasted polygons
and morphing of one polygon into another as described above
is performed. Fig. 4 shows interpolation lines, additional points

and the constellation of the polygons after the time period %0

colored corresponding to the mapping of the polygons. Hereby
an approach to transform one polygon into several polygons
and vice versa is developed.

Fig. 5. Interpolation in simultaneous splitting and merging cases.
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The mapping of the whole polygons can be also used to
perform a transformation of one polygon in the case of
simultaneous splitting and merging, i.e. for the case, when a
part of one polygon splits from the polygon and another part of
the polygon merges with some other polygon simultaneously.
Mapping without decomposition is illustrated in Fig. 5.

Hence, the presented morphing approach is applicable for
the general interpolation of transformation between two sets of
closed polygons representing thunderstorm cells over some
(short) period of time.

IV. SEVERE WEATHER INDICATION AND AVOIDANCE
TRAJECTORIES

The displaying of extensive information as expanded bad
weather areas on a flight radar HMI without cluttering and
covering essential aircraft label are a challenge when trying to
raise the controller’s weather situation awareness. The 4D-
trajectory approach calculation with its specific constraints due
to speed and altitude reduction phases away from the standard
arrival routes requests for new concepts as well.

A. Prototypic Situation Data Display RadarVision

The prototypic DLR air traffic situation data display
RadarVision is used for visualization. RadarVision consist of a
radar display (Fig. 6) and a timeline as well as menu buttons.
The radar display presents all relevant waypoints, runways,
aircraft symbols and labels, trajectories as well as some
relevant weather data.

Fig. 6. Visualization of aircraft with their 4D-trajectories and radar label
information avoiding thunderstorm cells when approaching Munich airport.

B. Indicators for Aircraft Affected by Severe Weather

A basic level of bad weather support is given to the ATCO
by indicating aircraft whose trajectories are affected by severe
weather. Therefore, RadarVision displays a yellow tilde
symbol (respectively Greek omega symbol in a controller view
not shown) at the beginning of the first label line.

Six aircraft of Fig. 6 do have this symbol to draw the
ATCQ’s attention to those flights. The symbol appears as soon

as the AMAN calculation determines the necessity for a re-
routing. It will disappear as soon as the severe weather region
has been passed.

C. 4D-Trajectory Calculation

The trajectory calculation starts with a determination of the
shortest route an aircraft can take to the runway according to
the standard terminal arrival routes (STAR) without taking
severe weather conditions into account. Afterwards a time
based trajectory is calculated, which gives information about
where an aircraft will probably be at a certain point in time.
With these information relevant weather polygons are selected
and checked for possible conflicts with the aircraft trajectories.
Relevant weather polygons can be current and forecasted
weather cells.

To determine possible conflicts, a trajectory is split into
smaller segments, which cover a short period of time. A
conflict occurs when the time period and positions that are
covered by a trajectory segment partly overlap with an area that
is covered by a relevant weather polygon at a certain point in
time. For any detected conflict, a detour has to be created,
which is always based on three points:

e Start and end of detour: Two existing waypoints
which are located outside of the conflicting weather
polygon. Usually the start and end of the selected
trajectory segment. If one of the points is inside the
conflicting weather polygon, the closest waypoint
before respectively after the weather polygon is
selected.

e Detour point: A new calculated waypoint that connects
the start and end waypoint of the detour and resolves the
detected conflict with the weather polygon.

Calculation of the detour point is illustrated in Fig. 7. To
find this point three subsidiary lines are introduced: the line
through the start (P') and end point (P?) of the detour and two
orthogonal to this line at the points P! and P? (Fig. 7). These
lines divide the plane into six parts shown in Fig. 7. The parts
are labeled “left” and “right” with respect to the flight
direction.

Iytere

il right

Irr’ghr

Fig. 7. Calculation of the detour points.

There is a maximum of two efficient possible detours: one
left and one right from the polygon with respect to the flight
direction. To find the detour points, an intersection point of the
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tangent lines through the way points P! and P? to the left and
right parts of the polygon has to be calculated (Fig. 7).

Pleft Ileft

When the intersection point I is located in the part I
or, correspondingly, the intersection point IPT8ht is located in
the part I1"8t it is suitable as a detour point. In the case of two
suitable detour points, the short distance rule is used to choose
one of them. If there are no suitable detour points, a new start
or end point for the detour calculation is selected until at least
one suitable detour point is found.

D. 4D-Trajectory Visualization

The RadarVision display user can apply a mouse-over
function on the aircraft radar symbol to show re-planned routes
that comprise detour points as explained above (Fig. 8).

DLH2YE

@ BAW956M
A319
11025 -

KLM1799
B737
/110 25

\//of\//\\

O |

U & DLH28P
D190

110 — 25—

Fig. 8. Visualization of aircraft (circles) with arrival sequence numbers,
orange weather polygons, and a yellow mouse-over displayed re-routing
trajectory to one of the parallel runways.

It is also possible to switch the 4D-trajectory visualization
completely off or on. A further software menu on the aircraft
symbol offers the altitude and ground speed profile of the
complete flight (Fig. 9).

Fig. 9. Altitude and speed profile of a weather affected aircraft. The
trajectroy was calculated by the DLR AMAN 4D-CARMA.

This shows that latitude, longitude, altitude, and time are
still supported in the arrival stream planning for all aircraft
independently of being weather and re-routing affected or not.
Therefore, sequence numbers for the touchdown of arriving
aircraft can be calculated and shown in the aircraft radar
symbol (Fig. 8) or label (Fig. 6).

E. Re-Routing Advisory

The calculated detour point to avoid flying through a
weather polygon is left or right of the originally planned
trajectory as described above. Thus, the ATCO needs to give
re-routing clearances to the respective aircraft pilot. The re-
routing consists of a track towards the detour point and then
back to the original route again. Our AMAN 4D-CARMA
generates two controller command suggestions (advisories) to
support the ATCO with re-routing (Fig. 10 and Fig. 11).

+1  DLH505
+3  DLH28P
+8  SAA264

Descend

Heading

Heading

Fig. 10.  Heading advisory for DLH28P to reach the detour point.

Normally, DLH28P would fly north-eastwards in Fig. 10.
However, the dark blue weather polygon shall be avoided.
Hence, there is a re-planning of the trajectory flying a southern
detour.

The respective trajectory changes are derived along the
calculated 4D-trajectory from the current aircraft position to
touchdown. The AMAN’s advisory generator module detects a
curve by multiple heading changes in the planned trajectory. If
this curve was integrated due to weather restrictions, a heading
command with the target heading at the planned time of
leaving the original route will be generated (e.g. “HEADING
117°” in Fig. 10).

Following the planning points on the trajectory, there will
be two further new curves directly at the detour point (center
area of bottom of Fig. 10) and the re-joining waypoint on the
original route (center area of right side of Fig. 10). The
algorithm determines the planned time of reaching the detour
point curve and the name respectively position of the re-joining
point curve to generate the second command advisory. This
way, the ATCO only needs to issue two clearances for re-
routing and re-joining the original route. This procedure is also
beneficial for simulators in case of automatically following the
advisories.
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However, it is also technically feasible to replace the
DIRECT_TO command by two further HEADING commands.
For some trajectories that include long curves near the detour
point, there might also be a further heading advisory.

The generated advisories follow the ontology format of
ATC commands and are displayed in a similar way as shown in
Fig. 10 and Fig. 11 [35]. The first command is a heading
command, e.g. DLH28P HEADING 117 RIGHT. The second
command indicates the path back to a waypoint on the original
route, e.g. DLH123 DIRECT TO LURER.

DLH505
+5 DLH28P

Reduce
Direct To
Heading

Reduce

Descend

_,/ 16 DLH28P 3D
. E190 (M)
110 257 14:51:45

Fig. 11.  Direct to waypoint advisory to re-join original route.

After the aircraft passed the detour point (compare Fig. 11),
the weather affection symbol in the aircraft label disappears.
Furthermore, the arrival sequence number of the aircraft at the
beginning of the first label line might change due to different
re-routings of aircraft in the complete approach area.

These advisories are shown in a so-called advisory stack
that comprises command suggestions for the complete arrival
stream. The stack also shows a countdown to issue the listed
clearance suggestions with timely accuracy. Furthermore, the
ATCO can use a mouse-over functionality. When hovering, the
mouse over the advisory, the respective aircraft will be
highlighted on the radar screen and vice versa.

V. SIMULATION RUNS WITH IMPLEMENTED ATCO
WEATHER DISPLAY

A. Use Case Munich Approach

The Munich airport is an international airport in Bavaria,
Germany. In terms of passenger numbers, it is the second
busiest airport in Germany and the seventh busiest in Europe
[37]. The airspace was modeled based on Aeronautical
Information Publication (AIP). There are three main approach
directions within the extended TMA. A parallel runway
configuration with runways 26L and 26R was modeled. The
scenario simulation runtime is one hour and includes 35 arrival
aircraft (7 Heavy, 28 Medium) without departures or
overflights for the weather re-routing scenario. The traffic is
loosely based on real traffic mix. The convective cell data for
the scenario is based on data provided by German Weather
Service.

B. Automatic Real Time Simulation for Severe Weather
Avoidance

The scenario described in section A of this chapter was
used in automatic real time simulations to test the avoidance of
severe weather conditions. This included the detour calculation
as well as the visualization of the detour and severe weather
conditions.

For simulation purposes, the radar simulator Arros,
developed by DLR, was used. The simulator takes initial radar
data for given aircraft into account and creates further radar
data based on the trajectories that it is provided with. This
meant for the simulations that all aircraft would follow the
trajectories with the calculated detours. To visualize the radar
data, trajectories, and severe weather conditions the prototypic
radar display RadarVision was used. The outputs of the display
have already been described in sections [V.A to IV.E.

The first tests with this setup by ATC experts showed that
the chosen approach delivers good results for the detour
calculation for all severe weather conditions used in the
scenario. Also the presented visual output with complex
moving polygon structures, information about weather
influenced aircraft and 4D-trjaectories with possible detours for
every aircraft showed the potential to provide a benefit to air
traffic controllers.

VI. SUMMARY AND OUTLOOK

In the project “Meteorology for Air Traffic Management”
(MET4ATM), the DLR developed a controller support
algorithm to generate 4D-trajectories around bad weather areas
for individual aircraft in approach. After detecting severe
weather on preplanned standard arrival routes, the arrival
manager calculates deviation routes, integrates the aircraft into
the current arrival stream to one or more finals of the airport,
calculates target times for arbitrary waypoints and the runways,
and supports the ATCO with advisories for pilots to follow the
deviation trajectories around the bad weather areas. Therefore,
an arrival manager’s trajectory generator takes current weather
measurements and qualified forecasts into account. It also
supports ATCOs to guide pilots where to fly around potential
dangerous thunderstorms. In addition, the nowcast and forecast
weather positions and moving behaviors are used to visualize
the most dangerous areas on controller’s radar display.

The AMAN calculates the real time positions and shapes of
the cells on the basis of the latest available measurements and
forecasts. The HMI is updated with the depiction in five-
seconds-steps. This is the same rate as aircraft positions are
refreshed and therefore controllers are accustomed to get a new
situation picture in this speed to assess the traffic and future
weather situations. This gives the controller a feeling for the
attitude of severe storm cells and bad weather fronts.

For trajectory calculation as well as for the weather area
morphing on the display, the predicted speed, direction, and
shape alteration of thunderstorms are taken into account. In this
way, controllers are not only dependent on radio feedbacks of
the flight crews to get a weather picture from the surrounding
of an airport. The controllers can now move from a reactive to
a much more active way of guidance and inbound stream
organization.
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The project MET4ATM focused on technology and
software development. The use cases contained different traffic
and weather scenarios, which verified the trajectory and target
time calculations in medium and high density traffic situations
for different flight distances to the test airport Munich in
Germany.

First, it was proven that individual 4D-trajectories with
typical constraints of approach procedures can be generated to
avoid dynamic thunderstorm cells and fronts for the several
aircraft. Secondly, aircraft trajectories were integrated into the
arrival stream on finals. Thirdly, the validation of guidance
suggestions and display aids have to be demonstrated in future
human-in-the-loop validations.

For this, different traffic and weather scenarios will be
arranged. To verify the benefit and effectiveness, ATCOs will
have to guide aircraft around severe weather to an airport
surrounding with and without the MET4ATM support tools.
Several indicators have to be defined and subsequently
achieved to prove the helpfulness of the new controller support
system.

Currently, the AMAN algorithms generate a deviation
trajectory around severe weather, most often with additional
route length. In the next generation of trajectory deviation
algorithms and controller support functions, we plan to
integrate estimations for controllers and pilots, how long the
detour around the weather will last. In a next step, the
algorithm will decide, if a deviation especially around extended
bad weather fronts makes sense, or whether holdings for a little
waiting time are the better solution and later using gaps with
reduced severity in the frontal system to continue the flight.
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Please have a Look here: Successful Guidance of
Air Traffic Controller’s Attention

Oliver Ohneiser; Hejar Giirliik; Malte-Levin Jauer
German Aerospace Center (DLR),
Institute of Flight Guidance,
Lilienthalplatz 7, 38108 Braunschweig, Germany
Oliver.Ohneiser@DLR.de

Abstract—Keeping the operator’s attention on the right spot of
the situation data display is one of the key factors to successfully
guide air traffic. However, this becomes particularly difficult
with complex and dense traffic situations displayed on larger
screens. This paper describes our developed prototypic attention
guidance (AG) system for air traffic controllers (ATCO). This
system uses eye-tracking as an input for the ATCO’s current
attention. Different attention guidance was implemented for
specific air traffic control (ATC) events such as handover and
conflict alerts. For those events, different visual cues are
presented step-wise within various levels of escalation in case the
ATCO did not pay attention to ATC events. The AG system was
tested in human-in-the-loop validation trials with five ATCOs.
The simulated Hungarian Flight-Centric airspace was chosen as
a test-case. The validation trials revealed promising results for
the Solution controller working position (CWP), which was
equipped with AG functionality. ATCOs reported less workload
and improved situation awareness with the Solution CWP than
without AG support. Increased acceptance and confidence with
the Solution system were also reported. ATCOs felt strongly
supported by our robust and smoothly interacting attention
guidance system encouraging further development of our
prototype towards operational use.

Keywords—Air Traffic Controller; Attention Guidance;
Controller Working Position; Human Machine Interface; Eye-
Tracking; Visual Cues; Flight-Centric Air Traffic Control

I. INTRODUCTION

Air traffic controllers are scanning their situation data
display continuously in order to keep up situation awareness
and handle all relevant events safely and timely with respect to
urgency and importance. Thus, ATCOs have to determine and
prioritize ATC events and plan their controller tasks
accordingly. As ATC events are mostly connected to aircraft
on the radar screen, there are relevant screen sections that need
to be looked at and paid attention to.

This task becomes more difficult with more complex and
dense traffic, particularly when displayed on large format
monitors. Current human machine interfaces (HMI) often
provide single types of alerts to warn the ATCO. These mostly
visual alerts can be over-looked or may be too intrusive with
regards to the aforementioned challenges.

The feedback cycle providing the ATCO’s reaction to the
HMI only starts with the conflict resolving. In conclusion, there
is a demand for smooth and non-intrusive guiding of ATCO’s
attention to the relevant HMI spots.

Adam Sz118si; Déra Ballé
HungaroControl Zrt.,
Iglé u. 33-35,

1185 Budapest, Hungary

In our prototypic AG system, this is done via an eye-
tracking system determining which area the ATCO currently
looks at. The corresponding data feeds a trigger algorithm for
relevant ATC events. It is then used to potentially escalate
visual cues on the HMI in different steps if the ATCO does not
pay attention to the relevant spots.

This paper reviews related work on the topic of attention
and its guidance in chapter II. Chapter III outlines the concept
for an Attention Guidance (AG) prototype at a Controller
Working Position (CWP) and its implementation within the
given Flight-Centric Air Traffic Control (FC-ATC) use case.
The study setup to reveal benefits and drawbacks of the AG
prototype is outlined in Chapter IV. Chapter V presents the
results of the AG Human-in-the-Loop study. Those results are
discussed in Chapter VI. Chapter VII summarizes, concludes,
and gives an outlook on future work.

II.  RELATED WORK

A. Operator Attention

According to Broadbent’s filter metaphor [1], the attention
of a human operator represents a filter to the environment. This
filter reduces irrelevant input to focus on relevant — potentially
multiple — input streams [2]. This selective filter avoids
overload of the human’s brain [1]. Many aspects such as task
demands, operator’s situation understanding, different channels
and senses as well as the related perceptual limits influence the
effectivity of the filter [2]. Operator’s attention is connected to
distinguishing, remembering, reacting in a certain amount of
time, perceiving, and conceiving [3].

The operator’s attention and thus filtering is a prerequisite
for proper situation awareness seen as “the perception of the
elements in the environment within a volume of time and
space, the comprehension of their meaning and the projection
of their status in the near future” following Endsley [4]. As the
situation awareness itself is limited, meaning that better
understanding of some elements decreases understanding of
others, this factor is especially important in complex
environments [5].

Air traffic control can be seen as such a complex
environment where visual attention plays a key role for proper
situation awareness. There are six tasks that ATCOs need to
fulfill [2] related to visual attention. (1) Scanning and orienting
in a goal-directed and undirected way. (2) Supervisory control
to assure that aircraft characteristics stay within a required
range.
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(3) ATCOs need to notice unexpected events like
emergencies when monitoring the radar screen. (4) ATCOs are
searching for specific aircraft to issue clearances. (5) ATCOs
read all relevant information such as radar labels shown on the
situation data display. (6) After a clearance has been given to
an aircraft there must be a follow-up check if the current flight
behavior is conform to the desired behavior. The above
knowledge about visual attention and situation awareness
needs to be taken into account when attempting to guide
operator’s attention.

B. Guiding Attention

In the SESAR2020 exploratory research project Mitigating
Negative Impacts of Monitoring high levels of Automation
(MINIMA), some eye-tracking based guidance of attention has
already been done [6]. A semi-transparent circle was used to
highlight aircraft on the radar screen that have not been looked
at for a certain amount of time. However, this highlighting of
inattention did not take the relevance and necessity to pay
attention to this specific aircraft into account. A study on
attention in a supervisory task with large displays revealed that
movements were better for notifications than (animated) color
[7]. Faster perception of notified aircraft was achieved by
background opacity, concentric circles, and pulsating boxes.
However, the intrusiveness differed on the use of color [7].

Peripheral cues should be presented next to the target
stimulus if ATCO’s view is anywhere else in order to enable
proper cue recognition. Those cues need to be salient enough to
be recognized [2] especially if they are far away from the
current gaze focus. However, cues should not mask other
information. They should also not be displayed too often or too
long as this might distract ATCOs. Reliable cues can be
achieved via integration of multiple sensor data and a model-
based AG system. If cues are reliable, exogenous cues are
preferred over endogenous cues as they are processed faster by
humans [8] [9]. These aspects were considered for the AG
concept and their implementation is described in the following
section.

III.  ATTENTION GUIDANCE CONCEPT AND
IMPLEMENTATION

A. Basic Assumptions for the AG Concept

The display spot, where (a) the ATCO’s gaze targets at
respectively (b) the mouse-cursor on the radar display (when
moved), are assumed as the ATCO’s current area of visual
attention. Thus, this area is determined (a) via an infrared
contact-free eye-tracker mounted at the bottom of a 40 inch
screen respectively (b) via mouse data positions. An assistance
system of the FC-ATC environment calculates the next
relevant ATC events — so called triggers. If there are multiple
unsolved ATC events, the AG system prioritizes them with
respect to urgency and importance. In most cases, the ATC
event with highest priority requires the ATCO’s attention. If
the current and preceding area of attention of the ATCO does
not match the expected area of attention, the AG system checks
if the minimum look-ahead time of some seconds or minutes
depending on the ATC event type has passed. If so, the AG
system raises the escalation level [10] and raises it even further
if the ATCO still does not pay attention.

B. Escalation Levels and De-Escalation for ATC Events

The AG system comprises four different escalation levels
(0 to 3) if there is a relevant ATC event. The current AG
implementation includes short-term conflict alerts (STCA),
medium-term conflict alerts (MTCA; with and without right of
way) as well as handover events. Basic level 0 identifies the
state without additional visual cues. As short-term conflicts are
very important, they do not have an escalation level 0, but are
directly escalated to level 1. In general, there is a rectangle
frame around the ATC event affected aircraft radar label in
escalation level 1. The frame is accompanied by a round semi-
transparent flashlight effect in level 2. This flash-light effect
obtains a colored “glowing” circular frame in escalation level
3. The higher the level, the more salient the visual cue
(compare figure 1).

Screenshots of the three escalation levels’ visual cues for a
handover event.

Figure 1.

If the controller notices all visual cues related to an ATC
event, the escalation level will immediately be set to zero and
the cue disappears. In case of a handover event it is just this
aircraft that needs to be noticed. In case of an aircraft conflict
all involved aircraft need to be noticed. There are two options
for an ATCO to notice a visual cue. The primary option is to
look at the aircraft radar label or head symbol. The eye-tracker
will then detect the ATCO’s gaze and initiate the de-escalation.
The eye-tracker has a certain detection range of a few
centimeters, so that multiple aircraft can be noticed at a time.
This bigger detection range allows for more body movement of
the controller that otherwise would result in less robust
recognition. The secondary option is to move the mouse cursor
over the radar label to indicate the noticing of the event. For
more details on the AG concept, please refer to [11].

C. ATC Event Resolution

Even if the ATC event was noticed, the AG system will
remain active in the background until the event was actually
resolved. The resolution is carried out by the ATCO usually by
issuing clearances into the aircraft label or by coordinating with
other ATCOs. If the event resolution takes longer than a certain
ATC event type dependent threshold time and the controller
again did not notice the involved aircraft for a certain amount
of time, another escalation through the levels will follow. The
non-resolution can have two reasons. Either, the ATCO forgot
or did not actively notice the event at all. However, from a
safety perspective, this does not matter a lot due to the re-
escalation.

D. Use Case: Flight-Centric Air Traffic Control

SESAR2020 (Single FEuropean Sky Air Traffic
Management Research Programme) foresaw the integration
and validation of an Attention Guidance prototype as part of
PJ.16-04-03 within the Flight-Centric ATC environment of
PJ.10-01b.
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The Flight-Centric ATC concept focuses on ATCO’s
responsibility for a number of aircraft instead of geographic
airspace sectors. This concept has been researched at DLR in
cooperation with the German ANSP DFS Deutsche
Flugsicherung GmbH since 2008 [12]. The general feasibility
has been proven for the upper airspace area [13]. Furthermore,
assignment strategies have been analyzed [14] so that the
incoming traffic is balanced between CWPs in current FC-ATC
software. ATCO support tools for conflict detection and
planning are another essential factor to enable the FC-ATC
concept [15].

It has to be noted that the Flight-Centric ATC part just
served as a use case to integrate and present the Attention
Guidance functionality. Thus, results reported in this paper
focus on the comparison of a CWP equipped with an AG
system compared to a CWP without an AG system and do not
consider benefits or drawbacks from the FC-ATC environment.
All ATC events, related times, and the radar appearance of
basic escalation level 0 are part of FC-ATC.

IV. HUMAN-IN-THE-LOOP STUDY WITH ATTENTION
GUIDANCE PROTOTYPE

A. Validation Setup with Software, Hardware, and Simulation
Exercise Staff

The Human-in-the-Loop Study to evaluate the DLR
Attention Guidance prototype took place on January 17th, 2019
at HungaroControl premises in Budapest, Hungary.

The final software setup consisted of the FC-ATC software
(provided by the DLR pilot assistance department) on the one
hand and the AG software (provided by the DLR controller
assistance department) on the other hand. The FC-ATC part
included the traffic simulation itself, the aircraft assignment,
automatic  conflict solving options, communication
infrastructure, and finally the situation data display.

The FC-ATC software was connected to the AG system,
which is the logical core part of the presented concept. From a
software engineering perspective, the FC-ATC software can be
seen as the “model” and the “view”, whereas the AG system is
the “controller” governing the current appearance of the HMI.

The visual cues of the escalation levels are shown on the
ATCO display as the handover example in figure 1 points out.
Other ATC events are displayed in a very similar but
differently colored way. Details can be found in [11].

Five Flight-Centric ATC CWPs with height movable chairs
for the eye-tracking calibration were available as demonstrated
in figure 2. The ATCOs communicated with five simulation
pilots. The traffic — respectively its coordination — was
automated. The simulation crew was available in the
background in case of upcoming questions.

The average age of the five participating HungaroControl
ATCOs was 33.2 years (standard deviation, SD: 10.1 years),
with an average job experience as a controller of 7.4 years
(SD: 10 years). All of them were en-route area control center
(ACC) controllers for Hungary (LHCC flight information
region, FIR, Budapest).

Figure 2. SESAR2020 PJ.16-04-03 Attention Guidance Human-in-the-Loop
validation exercise EXE-16.04-TRL4-TVALP-310 with DLR AG prototype
and five ATCOs at HungaroControl Simulation Hub in Budapest, Hungary.

B. Simulation Run Conditions

For the simulation runs two different conditions were
designed in order to compare effects on human performance.
One condition depicted a Baseline Flight Centric CWP without
AG functionality, whereas the Solution CWP represented the
other experimental condition encompassing the Flight Centric
CWP with AG functionality. Both conditions incorporated a
high density Flight-Centric ATC traffic scenario in order to
raise the probability of provoking higher numbers of aircraft
conflicts or missed aircraft handovers. For a traffic setup time
and familiarization, both simulation runs started with a 7.5
minutes initialization phase running in double simulation
speed. Afterwards, the runs were directly continued in real time
(announced by the simulation staff) until one hour simulation
run time was completed.

As all five ATCOs changed their CWP for the second run,
they had to handle different assigned aircraft of the complete
Hungarian airspace and thus different air traffic situations in
both runs to avoid a scenario learning effect. A restart of the
display was necessary for ATCOs 3 and 4 in the Solution
condition. This restart lasted 23 respectively 27 seconds, but
should not have significantly affected any of the results
compared to the simulation duration of 3,000 seconds.

C. Organizational Preparation of Simulation Runs

The ATCOs already received a pre-briefing document some
weeks in advance comprising AG prototype functionalities and
the schedule. The trials started with a briefing explaining the
purpose of the study and an overview of the AG system
functionalities including escalation levels and visual cues.
Furthermore, participant agreement sheets needed to be signed
and a demographics questionnaire to be filled. Afterwards, a
short training run familiarized the ATCOs with the eye-
tracking calibration process and the further visual cues in case
of ATC event escalation. As the ATCOs were already trained
with the Flight-Centric ATC CWP the days before, the training
concentrated on the appearance of visual cues and how to let
them disappear.

D. Eye-Tracking Calibration Process

The eye-tracking calibration was done for each controller
before participating in the Solution simulation run. First, a
comfortable and technically appropriate seating position
regarding chair height and distance to the screen needed to be
found.

A~ founding members

SESAR

®

EUROPEAN UNION

EUROCONTROL

9th SESAR Innovation Days
2nd — 5t December 2019
ISSN 0770-1268

o
Engage




After that, the ATCO’s gaze had to be fixed on four
specific spots on the screen for some seconds in order to let the
eye-tracker’s infrared sensors learn the pupils’ positions.

Finally, aircraft (radar labels) that are recognized as being
noticed by the ATCO on the radar display were highlighted in
yellow. This feature for eye-tracking recognition demonstration
was switched off for the validation runs and just served for
calibration transparency reasons.

E. AG Data Acquisition Activities: Simulation Runs,
Questionnaires, and Debriefing

During the following first simulation runs two ATCOs
worked with the Solution CWP and three ATCOs with the
Baseline CWP. ATCOs filled out the common PJ.16-04 human
performance questionnaire after the run and before the
subsequent break. Then, eye-tracking calibration was executed
for the other ATCOs; this time, three of them worked with the
Solution and two ATCOs with the Baseline CWP. This order
was chosen to balance the run sequence. The second round of
questionnaires again included the human performance
questionnaire. In addition, the tailor-made Attention Guidance
parts were filled out by the ATCOs.

The questionnaire items, statements, scales, and other
details are explained in results Section V.A. The final group
debriefing followed a semi-structured interview method. Log
files of eye-tracking and mouse data of ATCOs as well as ATC
event data were recorded during the Solution run. The
complete validation exercise lasted slightly more than 3.5
hours in the afternoon.

V. RESULTS OF ATTENTION GUIDANCE VALIDATION
EXERCISE

This section presents the results with respect to human
performance questionnaires, AG log files, and more general
statements. Values for questionnaire ratings and times are
reported as arithmetic averages with standard deviations SD:
X(x—x)?

(n-1)
where n is the number of values, X is the arithmetic average,
and x is the rating value. The above equation is used, as values
are a random sample of the population.

SD =

A. Subjective Controller Ratings on Human Performance and
the AG concept

Five questionnaire parts mainly with Likert scales [16] have
been answered by the ATCOs two times (after each simulation
run). The questionnaires were extracted from the
EUROCONTROL Human Performance repository [17]. In
addition, a more general AG questionnaire was answered just
once after finishing both simulation runs to compare the
Solution system with the Baseline system.

1) Situation Awareness

First, ATCOs filled in the China Lakes Scale [18] and rated
their situation awareness on a decision tree from low (1) to
high (10). Average situation awareness score was 8.25 (SD:
0.96) for the Baseline system, but 9.0 (SD: 0.82) for the
Solution system.

Secondly, ATCOs rated five items about - traffic
understanding, aircraft messages, coordination, and
identification during the run from bad (1) to good (7). The
awareness score was 5.84 (SD: 1.06) for the Baseline system
and 5.72 (SD: 1.19) for the Solution system.

2) Workload

First, ATCOs filled in the Bedford Workload Scale [19]
from easy (1) to hard (10) for peak and average workload
experienced during the run. The peak workload was 5.4 (SD:
1.34) for the Baseline system and 4.8 (SD: 1.34) for the
Solution system, respectively. The average workload was 3.4
(SD: 1.14) for the Baseline system and 3.4 (SD: 0.55) for the
Solution system, respectively, as shown in figure 3.

Secondly, ATCOs rated an ATC Workload Scale with nine
items from easy (1) until hard (10) for multitasking, planning,
decision making, team awareness, information processing,
attention direction, problem solving, memory management, and
maintaining awareness as experienced during the run. The
average workload score was 5.16 (SD: 0.71) for the Baseline
system and 3.96 (SD: 0.5) for the Solution system, respectively
(see figure 3).

10

Average Workload Score
"

Peak Workload During Run  Average Workload During Multiple Task Workload
Run Score

®without AG ™ with AG

Figure 3. ATCO workload ratings for Baseline without AG (blue) and
Solution with AG (red) with standard deviations as black vertical lines.

3) Usability and Controlling Tasks

ATCOs had to rate 19 different statements regarding
usability and controlling tasks about air traffic control
functionalities on a scale from “strongly disagree” (1) to
“strongly agree” (5) or even “not applicable”. The average for
the Baseline system was 3.86 (SD: 0.69), for the Solution
system 4.0 (SD: 0.53).

The five statements about separation determination,
coordination of in- and outbound traffic, regular scanning
cycle, conflict detection, and separation assurance had a 0.4
points better value for Solution than Baseline in average. The
statement that ATCOs were able to rapidly prioritize alerts was
even rated 1.25 points better in Solution than Baseline.

4) User Acceptance

The adapted Controller Acceptance Rating Scale (CARS
[20]) delivered an average value between bad (1) and good

(10).
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For the five ATCOs it was at 2.8 (SD: 1.64) for the
Baseline system, but 7.4 (SD: 3.24) for the Solution system
(figure 4).

5)  User Confidence

Four statements on confidence with a scale from
“completely disagree” (1) to “completely agree” (10) had to be
rated. Statements asked if the tool supports work, if ATCOs
feel adequately trained, if information is suitable for their tasks,
and if an overall confidence is given.

User confidence was at an average of 4.5 (SD: 3.3) for the
Baseline system and 5.95 (SD: 2.95) for the Solution system,
respectively, as presented in figure 4. One ATCO noted that his
score for the Solution system was low as he could not split the
FC-ATC and AG part for his rating.

10

9

8

User Acceptance/Confidence Score
o

Overall User Acceptance User Confidence

= without AG = with AG

Figure 4. ATCO acceptance and confidence for Baseline without AG (blue)
and Solution with AG (red) with standard deviations as black vertical lines.

6) Tailor-made Attention Guidance Rating

The ATCOs rated six statements about the AG concept and
the hardware setup on a scale from “I do not agree at all” (1) to
“I totally agree” (5). The statements were about if the display
of AG escalation levels for STCA/MTCA/handover are
understood easily, if the AG logic is transparent, if the eye-
tracking works reliably, and if the radar screen is sufficiently
large. ATCOs gave 30 single rating scores with an average of
4.73 (SD: 0.25).

7)  Summarized and Normed AG Rating

Parts 1 to 6 comprise nine different questionnaire sections
with 47 rating items. For better readability and comparability,
all scales have been normed (scale from 1 to 10) and some
scales have been inverted so that a higher score is always better
than a lower score in figure 5.

Hence, the Usability and Controlling Tasks part, as well as
the tailor-made AG part have been normalized by multiplying
with 2 to enlarge the rating scale from 1 to 5 up to 1 to 10. The
second situation awareness part with a scale from 1 to 7 has
been multiplied with a factor of 10/7. The workload ratings
have been inverted (10 to 1; 9 to 2; ...; 1 to 10) as lower
workload scores indicate better results.

This inverted rating was combined with the other workload
parts into a single so called “Relax Score”. Furthermore, both
situation awareness parts as well as the usability and
controlling part were combined to a single score as well as
another single score for the user acceptance and confidence
parts as figure 5 shows.

10
a

il

Relax Score (11)

[- ]

Category Dependent Rating Score
L) ™ o w

[

Air Traffic Control  User Acceptance and AG Logic and Concept
Tasks Ability (25) Confidence {5} (8]

m without AG  m with AG

Figure 5. Combined questionnaire parts with number of single rating items
in brackets for both conditions: Baseline without AG (blue) and Solution with
AG (red) with standard deviations as black vertical lines.

B. Log File Results on ATC Events and Aircraft Noticing
1)  Number of Escalated ATC Events

114 ATC events in total have been escalated in the five
simulation runs of 50 analyzed net minutes duration per each of
the five ATCOs. This means 22.8 escalated ATC events per
ATCO (SD: 2.9). 108 of the escalated ATC events were
noticed by the ATCOs detected via eye-tracker, just three
ATCOs noticed two escalated handovers, each detected via
mouse-over functionality.

95 of those ATC events were handovers (83.3%), 15
medium-term conflict alerts (13.2%; thereof 3 with right of
way and 12 without right of way), and four short-term conflict
alerts (3.5%). Just one ATCO had no STCA during the high-
density Flight-Centric ATC scenario; however this ATCO had
the most MTCAs. 75 ATC events were escalated until level 1
(65.8%), 30 events until level 2 (26.3%), and only 9 events
until the highest escalation level 3 (7.9%) as shown in figure 6.
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Figure 6. Number of ATC events escalated to level 1/2/3 (blue/red/green)
until detection per ATCO and over all ATCOs.
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Regarding just handover escalations, 62.1% (59) were
noticed in level 1, 28.4% (27) in level 2, and 9.5% (9) only in
level 3. 16 conflict alerts (both medium- and short-term) have
been noticed in level 1, the other three in level 2. Just two
ATCOs experienced ATC events that were escalated up to the
highest level 3 (see ATCO 2 and 3 in figure 6).

All escalated ATC events have been resolved during the
simulation time except of 10 handovers and 6 medium-term
conflict alerts that only appeared during the last minutes.
Hence, there would have been time to solve these conflicts if
the simulation would have continued.

2) Visual Escalation Cue Noticing Times

In average it took an ATCO 8.3 seconds to notice an
escalated ATC event (SD: 10.2s). For all types of conflicts — so
without handovers — the average time was 3.1 seconds (SD:
3.0s). From the highest escalation level, a general ATC event
was escalated to (1, 2 or 3), it took the ATCO only 3.6 seconds
(SD: 5.6s) to notice the visual cue. The noticing time for
conflict alerts from the highest escalation level for all ATCOs
was only 2.3 seconds (SD: 1.8s). As one ATCO needed more
than twice as much time to notice escalated ATC events
compared to the average of the others, this heavily influences
the above reported average times (see figure 7).
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Figure 7. Average time needed to notice an escalated ATC event per ATCO
and over all ATCOs (blue left columns). Average time needed to notice an
ATC event after its highest escalation level per ATCO and over all ATCOs
(red right columns); with positive/negative standard deviation (black lines).

C. AG Concept Results and General Comments
1) Tailor-made Attention Guidance Questionnaire

ATCOs were also asked to complete eleven open questions
comparing the Baseline and the Solution once after finishing
both simulation runs. Four ATCOs preferred the Solution
system over the Baseline system (one ATCO gave no answer
on this).

This paper does not analyze the FC-ATC part that served as
a Baseline system. Hence, only the following summarized view
on the ATCO’s questionnaire statements 1 to 5 is given for
completeness reasons: Information filtering and situation
awareness were poor for the time with all potential subsequent
effects on safety.

Some meaningful and mostly positive answers about the
Solution system (questionnaire statements 6 to 10) are
paraphrased in the following. When using the Solution system,
ATCOs liked best that incoming and outgoing traffic as well as
conflicts were highlighted if not scanned or being forgotten. In
addition, the general AG idea was liked. The system was rated
as simple to use and really helped to find blind spots.

The majority of ATCOs did not mention any disadvantage
for the Solution system. Moreover, they only saw advantages
as the AG system complements existing features. However,
one ATCO reported that the system sometimes requires taking
the focus away from an area or problem which needs to be
focused on. Thus, it might be better suited only for training
new ATCOs. Others especially wanted to work with the visual
guidance tool (Solution system) in dense traffic situations or
when they are more tired in order to draw the attention back.
The only issue with the AG system might exist if somebody
does not want to get eye-tracked. Some ATCOs wished that the
AG system would already have been implemented in their
CWP as it really provided them assistance.

2) Debriefing Comments

In the common verbal debriefing session all five ATCOs
preferred the Solution to the Baseline. Some feedback
sentences are paraphrased in the following. ATCOs found the
visual cues to be non-intrusive. They also thought that eye-
tracking worked really robust after calibration and thus the
interaction was fine. The AG functionality really supported
ATCOs to have a look at HMI spots that they would not have
looked at this timely. The AG system was assessed as already
ready to be used in operational life. Furthermore, most ATCOs
would like to have AG in their CWP, in the near future,
regardless of Flight Centric ATC environment.

ATCOs wanted to have individual settings for aircraft
highlighting in case of handovers, i.e. a possibility to switch on
and off respectively a different visual cue style. Some preferred
to only highlight aircraft when they left their sector without
being handed over to the next position or entered their sector
without being handed over to them respectively aircraft being
assumed or not assumed. Others also liked the highlighting
before aircraft enter or exit their sector. The possibility to
switch off the complete AG functionality existed, but was not
explained to the ATCOs as exactly this functionality needed to
be evaluated.

The mouse-over functionality was only used in seldom
cases as the eye-tracking was very accurate. ATCOs also found
that the debugging functionalities of the eye-tracking could be
very useful for training purposes. The instructor could improve
scan patterns of trainees better when visualizing the gazes. This
could lead to a whole new methodology in ATCO training.

ATCOs felt well supported by the AG system and reported
unanimously that AG provided additional benefit to their HMI
working routines compared to working at the FC-ATC CWP
without AG assistance. ATCOs reported they were fine with
respect to the timing behavior of cues except of MTCAs that
should only be escalated with eight minutes look-ahead time to
avoid false alerts. ATCOs rarely observed intrusiveness if they
intensively “worked” at a different spot.
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Then it might be slightly disturbing if their peripheral
attention was tracked to look somewhere else. Many ATCOs
said there was nothing annoying at all with the AG
functionality.

VI. DISCUSSION OF ATTENTION GUIDANCE STUDY RESULTS

A. Human Performance Results Discussion

The human performance results showed ATCOs’
preference for the Solution system with attention guidance
functionality over the Baseline system. However, no statistical
significance was tested due to the limited number of test
subjects (n=5). Therefore, results showed tendencies in ATCO
ratings, but have differences in mean values bigger than the
corresponding standard deviations in some of the categories
indicating a strong tendency.

The Solution system had a better score for overall situation
awareness, but no great difference between compared systems
in the second situation awareness questionnaire. The Solution
system showed slightly better usability and support for
controlling tasks than the Baseline system in average. This
small difference in the rating might also be affected by the FC-
ATC part which in general was not perceived to provide good
situational awareness.

Also ATCOs did not perceive significant differences in the
average workload during the simulation runs. This seems to be
logic as the scenarios were the same and ATCOs just had to
handle different aircraft but roughly the same number of
aircraft in their runs. However, the peak workload was much
lower for the Solution system. Furthermore, the workload scale
with nine questionnaire items showed a much lower score for
the Solution system. Hence, workload seems to be lower with
AG especially in dense and complex traffic operations. ATCOs
may handle ATC events earlier without getting into stress
situations, indicating a confirmation of the envisioned benefits
of the AG system.

User acceptance and user confidence were rated much
better for the Solution system, too. This can be a prerequisite
when introducing this new system later on.

B. Log File Results Discussion

Almost two thirds of escalated ATC events have already
been noticed in escalation level 1. Roughly another quarter was
noticed in level 2. This shows the effectivity of visual cues to
guide ATCO’s attention, while still remaining non-intrusive as
the controller statements show.

The evaluation of log files additionally confirms the
suitability of the developed AG prototype for the improvement
of situation awareness and timely handling of ATC events: All
escalation levels did occur during the simulations and therefore
helped the operator noticing ATC events he/she was previously
unaware of.

Furthermore, the decreasing number of occurrences of
higher escalation levels (see figure 6, right) and the reduced
noticing time of events with higher salience (e.g. conflicts)
undermines the suitability of the HMI design in terms of
showing the most important information first.

As in general, the reaction times are within a one digit
number of seconds and ATCOs reported being pointed to spots
that they would not have realized so fast otherwise,
demonstrates the efficiency potential of the AG system.
However, some reaction times were also slower than ten
seconds. Probably, ATCOs saw something in their peripheral
view, however, finished their task at their current area of
interest, but were aware of that they need to shift their attention
afterwards. This fact can especially be assumed for less time-
critical handover events. ATCOs also relied on the eye-
tracking system for aircraft noticing rather than using the
mouse-over functionality.

To sum up the time aspect, we took effective measures for
the implementation of our AG prototype to ensure that ATC
events with high priority are noticed by the controller in a
timely manner to support safety.

C. Tailor-made Attention Guidance Questionnaire and
Debriefing Comments Discussion

The results of the tailor-made AG ratings showed that the
ATCOs had a clear understanding of the AG logic and that the
system is viewed as being robust in this early stage of
development. ATCOs’ feedback on the AG functionality was
almost completely positive. The only negative statements
comprised the guidance of attention in situations where the
ATCO likes to keep attention anywhere else and theoretical
concerns on data privacy due to eye-tracking.

ATCOs did not feel patronized, but really felt supported
individually by AG. The Solution system helped to put
attention on important display areas that otherwise would have
been looked at only later. ATCOs also experienced a well-
working assistance as it was robust and non-intrusive. They
even wanted to have it for their conventional CWP and
formulated ideas for enhancements and further ATC events that
could be included with respect to attention guidance. The
ATCO statements stand for themselves and support the core
AG validation result even more than just the subjective
questionnaire ratings.

VII. SUMMARY AND OUTLOOK

A. Summary of Attention Guidance Validation Trials

Our attention guidance prototype — based on prioritized
ATC events and eye-tracking data of ATCOs — was
successfully implemented and tested in the FC-ATC
environment. The validation exercise of the AG prototype
revealed very motivating results. ATCOs felt supported by the
visual cues of escalated ATC events for handovers, medium-
and short-term conflicts. As they were reminded of conflicts in
case of non-resolution, AG may also serve as an additional
safety net.

The event noticing times also depending on the escalation
level were in the range of a radar update (few seconds). Even if
not significant in all categories, relax score, ATC tasks ability
(also comprising situation awareness), as well as user
acceptance and confidence were higher using the Solution
CWP with AG functionalities. ATCOs also rated the AG logic
and concept very high.
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The debriefing feedback was really encouraging. It hardly
happens that ATCOs wish to have a new functionality — in
their daily life CWP — to be noted that these were just first
trials of a prototype. Furthermore, the used low budget eye-
tracker and the few adaptations that would be necessary to
integrate an Attention Guidance system into a CWP promise to
deliver reasonable support for air traffic controllers.

B. Outlook on Future Work

Further ideas of which visual cues to escalate additionally
or which aspects to be customizable have been developed.
ATCOs uttered the idea to adjust some of the visual cues by
their own. The personalization of AG settings as outlined in
section V.C.2 is easily doable from a technical point of view,
but needs further analysis with respect to a common CWP
functionality basis.

Some ATCOs wanted to reduce the escalation time in
advance of a medium-term conflict as some of them could be
false alerts. ATCOs even wished to use the visual cues also for
other ATC events. Escalation should be done in case of wrong
Mode-S settings in the cockpit, for route adherence monitoring
(RAM), approaching restricted areas, cleared flight level
conformance alarm (CLAM) events, and if the current flight
level is different to the exit flight level with the aircraft being
close to the exit point.

The trigger algorithm could be adapted so that whenever
the operator notices an important event, a “working time” is
defined. Only after this working time has passed, the trigger
logic will continue generating visual cues for the high-priority
events. This could avoid unintended guiding of ATCO’s
attention. One ATCO zoomed far out of his airspace looking
on the whole European map to check whether all aircraft in the
very center are detected as being noticed by him at the same
time. ATCOs did not retry this during the simulation runs.
However, it is of course one aspect to adapt the eye-tracking
noticing area depending on the radar display zoom step.

The majority of ATCOs also wanted to have a visual cue if
an aircraft was not looked at for a longer period of time. This
should also be valid for all radar targets on the display that are
not correlated with a flight plan. However, airspace regions
should rather not be highlighted in general if there was a lack
of attention. Although, this indicator could be tested in a
further study after implementing the respective functionality.

The AG concept will be adapted to other laboratories and
training CWP environments like (multiple remote) tower in the
future. It will also be enhanced with additional auditory cues.
Furthermore, a coupling of the ATCO authentication with the
pre-defined user profile settings could ease the use. Despite all
those ideas for further refinement (respectively enhancement)
of the AG concept and its implementation, ATCOs found the
AG system already ready for the next step towards
operationalization.
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Abstract: Assistant based speech recognition (ABSR) prototypes for air traffic controllers have
demonstrated to reduce controller workload and aircraft flight times as a result. However, two aspects
of ABSR could enhance benefits, i.e., (1) the predicted controller commands that speech recognition
engines use can be more accurate, and (2) the confirmation process of ABSR recognition output,
such as callsigns, command types, and values by the controller, can be less intrusive. Both tasks can
be supported by unobtrusive eye- and mouse-tracking when using operators’ gaze and interaction
data. First, probabilities for predicted commands should consider controllers’ visual focus on the
situation data display. Controllers will more likely give commands to aircraft that they focus on or
where there was a mouse interaction on the display. Furthermore, they will more likely give certain
command types depending on the characteristics of multiple aircraft being scanned. Second, it can be
determined via eye-tracking instead of additional mouse clicks if the displayed ABSR output has been
checked by the controller and remains uncorrected for a certain amount of time. Then, the output
is assumed to be correct and is usable by other air traffic control systems, e.g., short-term conflict
alert. If the ABSR output remains unchecked, an attention guidance functionality triggers different
escalation levels to display visual cues. In a one-shot experimental case study with two controllers
for the two implemented techniques, (1) command prediction probabilities improved by a factor of
four, (2) prediction error rates based on an accuracy metric for three most-probable aircraft decreased
by a factor of 25 when combining eye- and mouse-tracking data, and (3) visual confirmation of ABSR

output promises to be an alternative for manual confirmation.

Keywords: air traffic controller; human machine interaction; multimodality; eye-tracking; mouse-
tracking; automatic speech recognition; controller command prediction; attention guidance

1. Introduction

One central task of air traffic controllers (ATCos) is to issue verbal commands to
aircraft pilots via radiotelephony in order to enable a safe, orderly, and expeditious flow
of air traffic [1,2]. Usually, ATCos also need to enter this recently instructed command
information into an electronic air traffic control (ATC) system such as aircraft radar labels
or flight strips. This documentation supports ATCo hearbacks, i.e., to compare pilot’s
readbacks with ATCo instructions [3] and helps to monitor the aircraft status regarding the
issued command characteristics.

If ATCo commands are issued via controller pilot data link communications (CPDLC)—
being more common for non-time-critical commands in en-route phase—the content au-

181

Aerospace 2021, 8, 245. https:/ /doi.org/10.3390/aerospace8090245

https://www.mdpi.com/journal/aerospace



Aerospace 2021, 8, 245

2 of 27

tomatically feeds the ATC system and is uplinked to the aircraft pilot in order to be
acknowledged. However, the traditional verbal way of ATCo-pilot communication that
is assumed to remain in the medium-term future especially in highly dynamic and time-
critical approach domain induces additional workload for the ATCo. This is because the
ATCo needs to express the same information content twice—verbally for pilots via ra-
diotelephony using standard phraseology according to ICAO (International Civil Aviation
Organization) specifications [4] and manually for the ATC system.

Thus, automatically extracting the relevant command parts of verbal clearances to
feed the electronic ATC systems without intense ATCo effort became a highly relevant
technological topic in ATC. As a first step, automatic speech recognition (ASR) helps to
provide the uttered words of ATC communication in written form. In addition, automatic
command extraction from ATC utterances is also needed to understand the meaning of
written word sequences. This language understanding task [5] can be heavily supported
by using context knowledge about airspace situation, aircraft information, weather, etc. as
provided through command predictions by an assistant system and used by an ASR engine.

Such assistant based speech recognition (ABSR) systems have proven to be a lightweight
and easy-to-use technology to fulfill the task of ATC command recognition [6]. ABSR
systems have also shown to improve air traffic management (ATM) efficiency and save
aircraft fuel as ATCos can better guide air traffic with reduced workload [6]. However,
ABSR command predictions have varying levels of accuracy, e.g., depending on individual
ATCo habits and situations. Thus, it would be beneficial to know what part of the overall
situation the ATCo currently processes—cognitively or manually.

Current prototypic ABSR implementations for ATC approach require a manual confir-
mation of ABSR output or a correction of recognized values, respectively [6]. Confirmation
clicks via mouse are even needed if the ABSR system has low error rates [6]. Therefore,
ATCos in ABSR studies are open to automatically accept ABSR output after a threshold
time. However, this would also mean that sometimes unchecked and potentially erroneous
ABSR output would also get automatically accepted.

Benefits of multimodal and more natural interaction at a controller working position
(CWP) have already been investigated, i.e., to combine interaction technologies such as
speech recognition and eye-tracking with each other to support ATCo tasks [7]. Hence,
integrating further unobtrusive sensor data from eye- and mouse-tracking with ABSR
and reasonably using these modalities” benefits promises to further improve efficiency of
ATCos” CWP interaction.

The four derived research objectives are to (1) collect eye and mouse movement data
of ATCos while monitoring radar traffic and prepare raw data for further applications,
(2) extract relevant information from aforementioned interaction modalities and develop
a framework to integrate the interaction data into an existing ABSR system to improve
the overall performance, (3) develop and implement a method to calculate probabilities
for predicted ATCo commands based on aircraft level and evaluate their quality, and
(4) develop a CWP system to enable unobtrusive (visual) ABSR output confirmation and
evaluate its usefulness.

Operator interaction data from eye- and mouse-tracking can support two important
steps of ABSR applications as will be shown in this paper: (1) predict more accurate ATCo
commands in order to reduce command recognition error rates, (2) check implicit ATCo
confirmation of presented ABSR output or escalate attention guidance mechanisms to
enforce ABSR output check. These two conceptual enhancements have been implemented,
tested, and evaluated. The one-shot experimental case study with two controllers in a
human-in-the-loop simulation of an ATC approach scenario at DLR Braunschweig in
May 2021 revealed promising results—even if not significant due to the limited number
of study subjects—to further refine the integrated use of interaction data: (1) command
predictions on aircraft callsign level got more accurate by a factor of four, (2) combination
of eye- and mouse-tracking metrics was superior over single modality metrics with an
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improvement factor of 25 for prediction error rates, and (3) ABSR output confirmation by
ATCos worked feasibly just by using gaze information.

Section 2 outlines related work on eye- and mouse-tracking as well as speech recog-
nition and combinations of modalities relevant for ATC systems. Both, the baseline CWP
and our CWP prototype with integrated eye- and mouse-tracking for ABSR output confir-
mation are described in Section 3. Section 4 explains the concept of assigning individual
probabilities to command predictions based on ATCo interaction data. The study setup,
methods, and subject data are explained in Section 5. The results of the study as sketched
above are presented and discussed per conceptual enhancement in Section 6. Section 7
concludes and discusses the results more generally. Finally, Section 8 outlines future work.

2. Related Work on Speech Recognition, Eye-Tracking, and Mouse-Tracking

The following subsections give evidence to the use and benefits of speech recognition,
eye-tracking, and mouse-tracking prototypes and applications as well as analyzes how the
modalities can be used together and benefit from each other, respectively.

2.1. Related Work on Automatic Speech Recognition (ASR)

ASR means to convert speech, i.e., audio signals, into a sequence of words, commonly
referred to as transcription. This transcription contains all uttered words and has special
transcription rules for spelled letters, truncated and non-understandable words, human
noise, and different versions of English or even non-English words [8]. The next important
step is the language understanding, i.e., to transform the sequence of words into machine-
readable semantic meaning, commonly referred to as annotation.

Speech recognition found its way into daily life as Amazon Alexa, Apple’s Siri®,
Google Assistant, or Microsoft’s Cortana show. ASR activities in ATC [9] and using
contextual knowledge to improve ASR began decades ago [10]. The mandatory use of ICAO
standard phraseology, which limits the number of words and structures, helps to analyze
verbal ATC communication [4]. However, transcription and especially annotation is more
complex, because ATC radiotelephony users often deviate from the phraseology. Many
European air navigation service providers and air traffic management system providers
agreed on an ontology for annotating ATC utterances in a consortium led by DLR to
enable better interoperability [11]. This ontology dramatically eases semantic interpretation
especially when ATCos or pilots deviate from standard phraseology.

Assistant based speech recognition (ABSR) has proven to be a good approach [12]
to achieve low ATC command recognition error rates [6]. In ABSR systems, ASR engines
are supported by hypotheses about the next ATC commands, so called ATCo command
prediction, that reduce the ASR engine’s search space [13]. With this technology, com-
mand recognition error rates of below 2% are possible [14]. The command annotations
can be used for further applications such as radar label maintenance to reduce ATCo
workload [13], workload assessment [15], safety nets [16,17], arrival management planning
input [18,19], or ATC simulation and training support [20,21]. The most advanced com-
mand prediction techniques base on machine learning and cover all relevant flight phases
in the approach, en-route, and tower environment [22-24]. The command prediction error
rate of an early implementation for multiple remote tower simulation command predic-
tions was below 10% [25]. An ATC command prediction error rate of even 0.3% has been
achieved for simulated Prague approach environment [26].

Another relevant metric is the portion of predicted commands, i.e., the number of
predicted commands divided by the total number of commands per aircraft callsign, that
an ATCo could theoretically issue. The lower the portion of predicted commands, the less
alternatives that an ASR engine needs to choose from. For example, 144 heading commands
are modeled as being usually possible with the qualifiers RIGHT and LEFT for the value
range from 005, 010 to 355, 360. For the multiple remote tower environment, a context
portion predicted of below 10% was achieved [25].
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Currently, besides some statistical approaches, actually issued ATC commands were
either predicted or were not predicted at all by an ABSR system, i.e., for comparison
reasons we assume that predictions have a probability of one divided by the number of
all predicted commands (uniform probability) or of zero. However, information about
the certainty of different words and commands can support the ASR engine to choose the
correct words [27,28].

2.2. Related Work on Eye-Tracking

Eye-tracking is a technology based on sensors to determine a human'’s gaze point
and gaze movements as well as pupil size [29,30]. Most modern eye-trackers emit near-
infrared light that is reflected by the eye’s pupil and cornea [31]. These reflections can
be measured with an infrared camera to derive the human’s gaze points and further eye-
tracking metrics [32]. Such eye tracking techniques do not distract the people involved
because infrared light is invisible to the human eye.

Eye-tracking devices can be mounted on the head or can be worn as glasses with the
advantage of free movement for the human user, but with the disadvantage of being more
intrusive on the human’s body [33]. Other eye-trackers can solely be mounted on a monitor.
However, this leads to a restricted range of gaze detection. In a calibration process, the
pupils” and corneas’ reflection are matched with the screen coordinates that the human
would be focusing on.

A number of metrics regarding eye-tracking have been established for further interac-
tion analysis. A gaze point is a single point of gaze measurement that is often recorded with
50-60 Hz. A fixation is a cluster of subsequent gaze points defined through spatial thresh-
olds and timely dwell times, such as 200-300 ms. There are many different algorithms
for eye-tracking fixation identification based on spatial and temporal information [34].
Fixations indicate well the human’s visual attention [31]. Given the fixation, the dwell
time—hereinafter referred to as fixation duration—can also be measured [35]. The rapid
eye movement segments between fixations are called saccades. The sequence of fixations
and saccades is called scan path and is important to estimate user behavior in analyzing
screen content [36]. Analyzing such scan pattern can help to train highly specialist screen
users such as ATCos [37,38].

For the purpose of gaze analysis, certain spots of a screen are defined as areas of interest
(Aol). An Aol is defined as “physical location, where specific task-related information can
be found” [39]. The time spent on an Aol as a sum of fixations can be used to derive the
human’s attention or situational awareness in a broader view. This data is often presented
as colored heat maps of human’s gaze points on screen [40].

Eye-tracking is already widely used to analyze human’s behavior on websites, e.g., using
fixation count and fixation duration to predict customer interest and choices [41,42]. The
time-to-first-fixation of an Aol was found to not support customer intention prediction [41].

In another study about eye-tracking based intent prediction with a support vector
machine, a customer request prediction accuracy above 75% was achieved almost 2 s before
the customer request towards a worker for an ingredient was uttered verbally [43]. Again,
the fixation count and fixation duration (initial and in total) were considered. Furthermore,
the fixation time was analyzed, i.e., how recent did the fixation happen on an Aol. Support
vector machines using visual attention data have also been used successfully to predict
human behavior in problem-solving tasks [44]. Hence, eye-tracking data can enable benefits
in online applications, but also with offline analysis after recording [45].

Different research prototypes incorporating eye-tracking have already been developed
for ATC [46-49]. Eye-tracking data assist to guide human ATC operators’ attention via
visual cues based on the desired and actual area of attention [50-52]. A combination of
eye-tracking and electroencephalography was even used to control vigilance and attention
of ATCos [53]. One important advantage of eye-tracking methods for ATCos is the potential
to relieve them from tasks that would otherwise have to be done by hand [54].
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2.3. Related Work on Mouse-Tracking

Mouse-tracking is a cheap and simple hardware-based method to acquire information
that can be translated into visual attention later on. Human computer users can move a
mouse to position a cursor on screen, can perform clicks with left and right mouse button,
and scroll with a mouse wheel if applicable. The main mouse functions are metaphors of
humans pointing to things (cursor) or touching things (selection of screen items with clicks)
with their fingers or hands. Hence, mouse usage generates a variety of input data for the
computer when users select text, hover over icons, or click to start events. Furthermore,
this kind of tracking is unintrusive [55].

Mouse-tracking data for user intent prediction can be captured with a relatively low
rate of 10 Hz [56]. Mouse cursor trajectories support understanding human decision
processes [57,58]. Mouse movement paths seem to be more important than speed and
acceleration of mouse movements in order to anticipate user decisions similar to the scan
path in eye-tracking [59]. The cognitive processes related to eye- and mouse-tracking are
similar as it is assumed in both cases to indicate visual attention [60]. Humans tend to
use the mouse cursor for examining screen content, e.g., text reading and highlighting as
well as interaction with screen content, but they may also ignore the mouse if it does not
seem to be useful [61,62]. When clicking with the mouse, humans follow the mouse cursor
even more visually compared to just move the mouse [56]. In more than two-thirds of the
cases, the human watches the mouse cursor region on screen after a mouse saccade [63]. In
more than 80% of the cases, if screen areas are examined visually, they are also examined
with the mouse. Similarly, if they are not examined visually, they are also ignored with the
mouse [63].

2.4. Multimodal Integration of Different Modalities Related to Human-Machine Interaction

Different approaches combine multiple interaction modalities to be used either inde-
pendently of each other or to combine the advantages of them.

Eye-tracking can be used to re-assign probabilities of speech recognition hypotheses
or to adapt the language model, respectively, by considering human’s visual attention
leading to significant decrease in word error rate [64]. However, achieved better recognition
accuracy with such technique was connected more to the visual field than to the visual
focus [65]. Eye-tracking and other non-verbal modalities have been combined to make
speech recognition more robust against noise [66]. Eye-tracking was also found to be
complementary to speech recognition for affect recognition in a gaming environment’s
multimodal interface [67] and for tracking reading progress [68].

The multimodal CWP prototype “TriControl” combines speech recognition, eye-
tracking, and multi-touch sensing to issue ATCo commands [69]. The three main parts of
an ATC command—callsign, command type, and command value—are entered into the
ATC system via three different modalities, i.e., by looking at an aircraft radar label for the
callsign, performing defined multi-touch gestures for the command type, and by uttering
only the command value [70]. These three command parts are put together, confirmed, and
sent to the aircraft via data link or electronically read, e.g., by looking at aircraft callsign
“SAS818”, swiping down for command type “DESCEND”, and uttering “four thousand”
for a command value of 4000 ft [71]. The possibility to work with different modalities in
parallel enables faster and more intuitive interaction especially for approach ATCos [7].

Human-machine interfaces (HMI) that offer multiple modalities are called multimodal
HMIs [72-75]. Multimodal HMIs can have several advantages such as robustness [76,77],
quick, safe, and reliable use [78,79], individualized use [80], natural and intuitive interac-
tion [81,82], workload reduction [83], and adaptation for certain human needs in environ-
ments like system control [84]. Human HMI users often change between multimodal and
unimodal use [85,86]. Some tend to prefer multimodal interaction if well-designed [76],
others prefer unimodal interaction especially in phases of low cognitive workload [87]. An
example HMI for cars also offers speech, gaze, and gestures for system input [88].
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Examples of multimodal research prototypes in ATC, e.g., combine gestures with
speech recognition [89] or eye-tracking [90]. Additionally, in SESAR (Single European Sky
ATM Research Programme) speech recognition and eye-tracking for attention guidance
have been investigated and were found to be important future CWP technologies [91,92].

3. Description of Controller Working Position Prototype with Integrated Eye- and
Mouse-Tracking for ABSR Output Confirmation

3.1. Description of the Baseline Controller Working Position (Mouse-Click Trigger)

ATCos will be using the same basic CWP setup to evaluate the baseline and our
solution system. The baseline includes the common interaction method with using symbols
to be clicked in the aircraft radar label. The newly implemented solution system works
by just looking or mouse-hovering at the aircraft radar label to start the ABSR output
confirmation process. Hence, the majority of ATCos’ tasks are the same in baseline and
solution run as detailed in Section 5.2. ATCos have to monitor air traffic in approach phase
with the given situation data display (see Figure 1).

KLM44K
Q F94 30 N25 22

‘GWI9339
@ F62 30 N24 22

TUISEL
CFG7617 .8 F106 40 N28 --
o ~A3030N1922
7 270 ILS
BER7447 (H)
O A1230N17 =

BER379H (H)
© F110-—N28 =

Figure 1. Aircraft radar labels next to aircraft circle icons (containing sequence numbers) flying within
Diisseldorf approach airspace shown on DLR’s radar display RadarVision [93]. The five shaded
label cells in the second and third label lines may depict the last ATCo command value for a certain
command type (altitude, speed, direction, rate of altitude change, miscellaneous).

The first label line in any of the labels in Figure 1 indicates the callsign and the weight
category in brackets. “medium” is the default weight class category. The second line shows
(1) flight level (first letter is “F”) or altitude in hundreds of feet (first letter “A”), (2) the last
given or recognized altitude command, (3) the speed in tens of knots (“N”), and (4) the last
given or recognized speed command. The third line displays last issued heading /waypoint
(“270”/“DL455”) clearances, rate of climb/descent with an arrow if applicable, and any
other miscellaneous recently given command content such as an ILS-clearance (“ILS”) or
handover to tower (“Twr”). The label example in Figure 2 also shows an optional fourth
label line activated by mouse-over function with current heading (“053”) and aircraft
type (“A319”).
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Figure 2. Baseline aircraft radar label with white frame and yellow ABSR output value expecting
manual ATCo confirmation through mouse click on green check mark (or rejection on yellow cross)
and drop-down menu to change misrecognized or not recognized speed value.

Based on the air traffic situation and the ATCos’ situational awareness, ATCos issue
commands to aircraft pilots. The primary way to issue commands shall be the acoustic
modality, i.e., to press a foot switch (push-to-talk), utter commands/clearances, and release
the foot switch again. The recorded verbal utterance is analyzed in the speech recognition
process by the ABSR system. The ABSR output is presented as yellow value in one of the
five shaded aircraft radar label cells (see yellow flight level “90” in Figure 2). Clicking on
one of the five shaded cells will open a drop-down menu to enable manual correction of
the ABSR output. The first line of the aircraft radar label also shows a green check mark
and a yellow cross to completely accept or reject all shown ABSR output for this aircraft,
respectively. The former should ultimately be clicked if all ABSR output shown in the label
is correct. All label values will then turn into white. Hence, the ABSR output confirmation
by ATCos is triggered by mouse-clicks. In earlier trials with the same configuration, ATCos
complained about the need to always click on the check mark given the high command
recognition rate of the ABSR system. Furthermore, they need to move the mouse cursor—
and thus also their gaze—to a less important area in the corner of the aircraft radar label.
This causes additional manual and cognitive workloads. ATCos would rather just see
the highlighted ABSR output that enters the ATC system directly if there is no ATCo
intervention in a certain amount of time.

3.2. Description of the Solution Controller Working Position (Attention Trigger)

Based on the aforementioned ATCo recommendation, we modified the concept of
ABSR output confirmation [94]. However, as a safety net, we still want to check if the ATCo
at least noticed the ABSR output and did not intervene in a certain amount of time.

Thus, to avoid manual workload for ABSR output confirmation, the visual attention
shall be used as a trigger in the confirmation process without the need for mouse clicks.
One pre-assumption is that the ATCo has his/her visual attention at the spot he/she is
looking at. This might not always be true, e.g., in case of staring at a certain position
without presuming anything. However, this is a valid approximation to support ATCos
in a visual task [50]. An infrared eye-tracker mounted on the bottom of the situation data
display continuously records the ATCos’ gaze points. The software module ModEyeGaze
tries to match these gaze points with relevant objects displayed on the screen. These objects
can be aircraft icons, aircraft labels, and airspace points.

The accuracy of eye-tracking is not of utmost importance, i.e., an accuracy of pixels is
not required as it is not important to determine if the ATCo is looking at the speed or the
altitude field in a label. An accuracy of roughly less than 1 cm is feasible to match the gaze
points with displayed objects such as aircraft radar labels given a further visual threshold.
Furthermore, a dwell time is defined in order to calculate a fixation on a displayed object.
This avoids too many fixations in case the ATCo is just quickly shifting his/her view to
the other side of the display. Like in the baseline system, yellow ABSR output values will
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appear in the aircraft radar label immediately after the speech recognition process ends
(see yellow values in Figure 3).

[BAW936 S(2)|| [BAW936 S(5)
|F97 60 N25 = ||{@[F 118 80 N26 -

Figure 3. Solution aircraft radar labels with yellow ABSR output expecting attention-based ATCo
confirmation and colored label frames in different states; left: light blue frame in saliency level “2” as
visual check gaze for ABSR output is pending, right: green frame in saliency level “5” as visual check
gaze has confirmed and time for potential manual ASBR output correction is running.

Peripheral cues are used to guide the operator’s attention [95]. More precise, different
saliency levels of labels are applied depending on the visual check status by the ATCo to
smoothly guide the ATCos” attention to the relevant spots. All aircraft labels are in the
default saliency level transparent (“—1") initially. As soon as yellow ABSR output appears
in a label, eye-tracking data analysis will be activated. The layout is as shown in Figure 2
of baseline system, but without the cross and check mark. The saliency level of the label
will be escalated further every 5 s if ModEyeGaze does not detect an ATCo fixation on a
highlighted aircraft radar label.

The label status is switched to saliency level white (“0”), i.e., a white label frame will
be drawn. Saliency level yellow (“1”) with a yellow label frame is activated 5 s after the
start of saliency level white to get the ATCo’s attention. Accordingly, saliency levels light
blue (“2”) (see left label of Figure 3) followed by dark blue (“3”) are activated later after a
gap of 5 s each. Thus, if there was no visual scan of the ABSR output (aircraft radar label)
for 25 s after the appearance of the ABSR output value in yellow, the ABSR output will be
rejected (saliency level 4) and does not enter the ATC system. The label’s saliency level will
revert to transparent (“—1") afterwards.

If ModEyeGaze detects an ATCo fixation on an aircraft radar label that has at least one
unchecked yellow ABSR output value independent of the current saliency level, saliency
level green (“5”) will be activated, i.e., a green label frame (see right label of Figure 3) will
remain until the end of the maximum time for optional correction (10 s). If the correction
time has passed, all visible yellow values in the aircraft radar label will enter the ATC
system and the label will revert to saliency level transparent (“—1") with all label values
displayed in white color.

Eye-tracking as a technology might be more error-prone than manual system operator
input especially if ATCos heavily move around with body and head compared to the
calibration seating position. Therefore, mouse interaction data with the situation data
display is used as a backup. The frequency of mouse usage by the ATCos depends on
the CWP interaction design. However, as this data is just used as a backup data input,
it is of less importance if the mouse is really used. Accordingly, if the mouse cursor is
moved on an aircraft radar label that currently displays yellow ABSR output values and
the mouse-over time exceeds a certain threshold time, this is determined as a match as if
the ATCo would have looked at the label. Hence, the label frame turns green and counts
down the remaining time for optional ABSR output value correction.

As system operators often carry their gaze, i.e., their visual attention, along with the
mouse cursor, the gaze- or mouse-over initiated check of the solution system is called
“attention triggered”.
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4. Description of Command Prediction Rescoring with Integrated Eye-
and Mouse-Tracking

The second use case for operator gaze and interaction data is the enhancement of
ATCo command prediction quality [96]. The implemented algorithm will be tested on the
baseline run (Section 5.1), but also works if the ABSR output confirmation is used as in the
solution system explained in Section 5.2. DLR’s command hypotheses generator predicts
ATCo commands for the speech recognition engine for given timeticks as shown below
in Table 1.

Table 1. Examples for controller command predictions in ontology format with higher probability for aircraft that recently

received ATCo attention.

Aircraft Command . .o Uniform Re-Assigned
Callsign Command Type Second Type Value Unit Qualifier Probability = Probability
AFR641P HEADING 260 RIGHT 0.1 0.02
AFR641P CLEARED ILS RW23R 0.1 0.02
AFR641P DESCEND 4000 ft 0.1 0.02
BAWO936 TRANSITION DO;\;[ UX 0.1 0.06
DLH5MA DESCEND 80 FL 0.1 0.23
DLH5MA REDUCE 200 kt 0.1 0.23
DLH5MA INFORMATION QNH 1013 0.1 0.23
KLM1853 CONTACT TOWER 0.1 0.03
CONTACT_
KLM1853 FREQUENCY 118.300 0.1 0.03
UAE57 DIRECT_TO DL455 none 0.1 0.13

In Table 1’s example, five different aircraft callsigns are predicted to possibly receive an
ATCo command in the near future. For those callsigns different command types and values
are reasonable due to their current airspace position and current motion characteristics.
Hence, the number of predicted commands per aircraft can vary. In the basic ABSR imple-
mentation, no probability values are used, i.e., all predicted commands (here: 10 different
ones) are assumed to have the same probability P(cmd), (here 0.1). The basic advantage of
this command prediction for the speech recognition engine is to know beforehand about
commands that may be uttered (e.g., “AFR641P DESCEND 4000 ft”) and to know, which
will probably not be uttered (e.g., “KLM1853 DESCEND 4000 ft”). However, there might
exist further data that even state which of the predicted commands are more likely to be
uttered than others, i.e., to re-assign probabilities for command predictions with higher
weightings for some aircraft commands (exemplarily underlined in column “Re-assigned
Probability” with P(cmd)y, of Table 1). From an implementation point of view, the term
assignment is more correct than re-assignment. However, the latter term better empha-
sizes to compare individualized probabilities against uniform probabilities for command
predictions as outlined above.

It is important to note that the re-assignment does not intend to further predict yet
unpredicted commands or to delete some predicted commands. Hence, as in the basic
implementation, it can still happen that the ATCo issued a command to aircraft callsign
“DAL27V”, which is not a predicted aircraft callsign in the example of Table 1.

The basic pre-assumption is again: “the visual attention is where the ATCo looks
at”. However, some derived assumptions need to be made for this concept, i.e., display
spots—including aircraft—that get more attention from the ATCo than others will more
likely be involved in very near-term future ATC commands that the ATCo will issue. We
assume that an ATCo will more likely give a command to an aircraft that he/she currently
looks at or recently looked at—maybe even a multiple of times—as compared to an aircraft
that was never looked at in the recent past by the ATCo, as determined by eye-tracking and
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ModEyeGaze. In Table 1’s example, we assume that DLH5SMA and UAE57 have recently
been looked at. Thus, predicted commands that include these aircraft callsigns receive
probabilities above the “uniform” probability average for all commands. This implies that
the probabilities for all the other aircraft needs to be reduced and re-assigned (AFR641P,
BAW936, KLM1853).

Mouse interaction is again used as backup sensor data, i.e., if the ATCo moved the
mouse and rested over an aircraft radar label recently or clicked very close by, this is
considered to be similar to the visual attention via eye-tracking. For all interaction data
stored in a data base, i.e., the combination of eye-tracking recorded with 60 Hz and mouse-
interaction data recorded with 10 Hz (except the mouse clicks), different ratios will be
tested. The most recent data from the last five to ten seconds for eye-tracking and the most
recent data from the last three seconds for mouse-tracking is used in our concept due to
expert feedback and initial feasibility testing. Three parameters of the recent past seconds
will be considered for re-calculating probabilities: gaze duration on aircraft, gaze counts on
aircraft, and mouse movements related to aircraft shown on a radar display.

4.1. Command Probability Calculation Based on ATCo Interaction Data (Aircraft Level)

The calculation of probabilities for command predictions with respect to different
aircraft based on ATCo interaction data will be explained in the following. The total
command probability P(cmd) for a single command can be calculated with individual
weightages W for each of the three interaction data metrics that sum up to one:

P(cmd) = WETfixdW'P(Cmd)ETfixdu, + WETfchnt'p(cmd)ETfixmt + Wattint P(emd) i, @

These metrics are called eye-tracking gaze fixation duration (ETfix;,,), eye-tracking
gaze fixation count (ETfix.u), as well as mouse interaction data (MTint) and will be ex-
plained in Sections 4.2 and 4.3.

4.2. Command Probability Calculation Based on Eye-Tracker Data (Aircraft Level)

The total probability of an aircraft receiving an ATC command in the near future
should be extremely high in case the ATCo looked at this aircraft for a long amount of time
in the recent past. This mathematical weightage can be best expressed with an exponential
function instead of a linear function. Thus, the re-calculation of probability P per command
(cmd) for a concrete aircraft (A/Cy) based on eye-tracking gaze fixation duration (ETfixy,,) is
given by:

P(cmdac,) s )
(cmda/c, ETfix g fol/c(#cmdA/ci A ) )

The parameter dur is the time spent on an aircraft during the last five seconds, #cmd 4 /c;
represents the number of predicted commands per aircraft with all aircraft from iterator
start i = 1 to the number of considered aircraft (#4/C) being summed up.

The eye-tracking gaze fixation count (ETfix.,) in Equation (3) is considered in a linear
way as the number of fixations on an aircraft is not assumed to be as an extreme indicator
as the duration for an aircraft to receive the next ATC command. It is calculated with the
following equation where cnt is the number of fixations for the specific aircraft in the last
ten seconds:

cnt

P(cmdayc,) ETfixent YHAIC (#emd o s, ent) v
i— i

Both eye-tracking probabilities (ET) can be combined to a single probability with an
appropriate weight.

4.3. Command Probability Calculation Based on Mouse-Tracker Data and Combination of
Interaction Data (Aircraft Level)

Mouse-tracking (MT) data are considered by Euclidian distance between the position
of closest aircraft radar icon and position of mouse cursor/click. This closest aircraft
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influences the mouse interaction weighting score miw to be (a) 5 if the aircraft has been
visited with the mouse cursor for at least 300 ms or (b) 10 if the ATCo left/right clicked
close to this aircraft as a sign of more active interaction with the aircraft’s characteristics.
The command probability based on mouse interaction data (MTint) in Equation (4) is only
considered for an aircraft (A/C) if miw is greater than zero, i.e., if any mouse interaction
close to the analyzed aircraft has taken place:

emiwA/Ck

, . 4)
YHAC (emd 4y emi ¢

P(CmdA/Ck>MTint:

Inactive mouse interaction can result from the CWP design or from individual prefer-
ences of the ATCo. Unlike ET, positions of aircraft radar labels are not considered for MT
as labels may overlap and may be moved away just for readability even if the labels are far
away from aircraft icons and contain relevant information why the ATCo looks there.

4.4. Air Traffic Situation Dependent Command Probability Combined with Interaction Data
(Command Type Level)

We further assume that scanning different aircraft in the recent past leads to dedicated
command types if some of the scanned aircraft have certain characteristics. For example, if
the ATCo scans an aircraft close to the runway, the likelihood of a CONTACT command to
the tower increases. If the ATCo fixes the gaze on a certain waypoint and on an aircraft
for which this waypoint has been predicted as a command value, the likelihood for a
DIRECT_TO command to this waypoint increases. Furthermore, if an approach ATCo
scans two or more aircraft at similar altitudes, the likelihood of commands from the
categories of altitude change commands, direction change commands, or speed change
commands can be adjusted as shown in Figure 4 based on ATCo feedback. For example, if
scanned aircraft in similar altitudes have converging headings and are in close proximity,
altitude change commands would be re-assigned with higher probabilities than heading
change commands and especially than speed change commands. If these aircraft are not
in close proximity, the speed difference might decide about prioritizing heading or speed
change commands. Individual air traffic situations require individual decisions about
ATC commands as well as individual conflict detection and resolution strategies [97], but
slightly different probabilities on command type level can help to predict commands better
on average.

If in Table 1’s example DLH5MA was recently scanned, having the same altitude and
intersecting path with another aircraft, the DESCEND command might be re-assigned with
higher probability, e.g., 0.39 as compared to 0.15 for each of the REDUCE and INFORMA-
TION QNH commands.
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ATCo looked at multiple aircraft at similar altitudes
(determined by data from radar, eye- and mouse-tracking)

These multiple aircraft have
converging headings

These multiple aircraft are
in close proximity

No
Yes
These multiple aircraft
Prioritize Yes have similar speed
y 1) Altitudes

Slightly Prioritize 2) Headings Prioritize Prioritize
Headings 3) Speeds Headings Speeds
Altitude change commands (Altitudes) | | Pirection change commands (Headings) Speed change commands (Speeds)
DESCEND HEADING LEFT/RIGHT REDUCE

CLIMB TURN_BY LEFT/RIGHT INCREASE
ALTITUDE DIRECT_TO LEFT/RIGHT/none SPEED
STOP_DESCEND REDUCE_BY

INCREASE_BY

STOP_CLIMB

REDUCE_MIN_CLEAN_SPEED
REDUCE_MIN_APPROACH_SPEED

Figure 4. Flow chart to determine priorities for ATC command types based on aircraft scanned by ATCos.

5. One-Shot Experimental Case Study with Controllers in Simulation Environment

For a quantitative and qualitative evaluation on how DLR’s ABSR application benefits
from the use of eye- and mouse-tracking interaction data, relevant data from the simulation
trials of a one-shot experimental case study was recorded in log files and data bases. This
data comprises of:

e Positions of aircraft icons and aircraft radar labels with their states as shown on the
situation data display

Verbal utterances with automatic transcriptions, annotations, and instruction methods
Eye gaze data with timeticks and fixation positions/durations

Mouse interaction data with timeticks, click positions, and movements

Answers of online questionnaires

5.1. Study Setup and Schedule for Evaluation of Eye- and Mouse-Tracking Support for
Speech Recognition

In May 2021 we conducted an early interaction study at DLR Braunschweig with
two controllers living close by—as COVID-19 restrictions prohibited trials with interna-
tional ATCos. Hence, there was no scientific sampling and recruitment process. The study
subjects were both male, roughly at the same age, wore a face mask (due to Covid-19
hygienic protocol), and spoke English with a German accent being relevant for speech
recognition. Furthermore, both subjects wore glasses which is relevant for eye-tracking.
One of the participants was an active licensed ATCo for tower and approach and the other
participant was a former ATCo trainee for Diisseldorf approach area. Both subjects were
not involved in the research activities and received the main part of the study information
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only in the briefing session. The complete hardware setup of the prototypic CWP can be
seen in Figure 5.

Figure 5. Study participant during simulation trials using an eye-tracking supported attention guidance system for assistant

based speech recognition.

The subject used a foot switch to enable and disable voice recording (push-to-talk).
The voice itself was recorded via the headset. The mouse placed to the right of the keyboard
could be used to manually correct ABSR output or give commands via mouse. The leftmost
monitor shows the situation data display with aircraft radar data in Diisseldorf approach
airspace. The eye-tracker is mounted onto the bottom of this monitor. All other devices
were not relevant for the subject’s work during the scenario, but to run the simulation.
The right monitor presents software module output of the arrival manager, the speech
recognition engine, and the air traffic simulator running on the two Linux laptops on the
right side of the photograph. The situation data display and the eye-tracking system runs
on a Windows laptop (hardly visible below the right monitor). The disinfection material
placed on the desk was used before a new operator started working on the CWP prototype
to fulfill the hygienic protocol.

The software setup of the human-in-the-loop simulation comprised of an air traffic
scenario for Diisseldorf approach (ICAO airport code EDDL). The only active runway
was 23R. The duration of the scenario was one hour and included 38 approaching aircraft
without considering departures. Seven aircraft were of weight category “heavy”, all
others were “medium” class aircraft. The participants had to handle the traffic being
a “Complete Approach” controller, i.e., combined pickup/feeder ATCo in Europe or
combined feeder/final ATCo in the US, respectively. This setup was similar to the earlier
AcListant® [14,18], AcListant®—Strips [13], and TriControl [7,71] trials.

The four-hour-schedule of the study started with a 30-min briefing about the tasks to
perform and included an eye-tracking calibration exercise. Two training runs for baseline
and solution condition with roughly 20 min each and individual short breaks between
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simulation runs followed. The baseline and solution runs themselves lasted up to one hour
each—conducted in alternate order for the different participants to avoid bias. During the
final half an hour, participants had to fill a questionnaire as well as needed to answer open
questions and give comments during a debriefing.

5.2. Subjects Tasks and Execution of Simulation Study

The ATCos’ task was to issue ATC commands primarily via voice by using the push-to-
talk functionality. An example would be the following transcription of words: “lufthansa
five mike alfa descend flight level seven zero turn right heading three six zero”. If relevant
parts of this utterance are correctly recognized by the speech recognition engine, the
semantic representation of the utterance as per the agreed ontology, also known as the
annotations would be displayed as follows: “DLH5MA DESCEND 70 FL, DLH5MA
HEADING 360 RIGHT”. These commands are converted to the necessary format for the
air traffic simulator which itself changes the motion of the relevant aircraft. Hence, there
are no active simulation pilots during the runs (amongst other reasons due to COVID-19
restrictions). All commands recognized by ABSR will be executed by the simulator. In
almost all cases, misrecognized commands have not been shown as ABSR output, because
they have been invalidated beforehand as not being plausible, due to reasons such as
missing a correct callsign or a command value being out of a reasonable range.

Some technical problems of the CWP system that occurred during baseline and solu-
tion runs need to be mentioned that probably also affected the rating of the tested features.
There was an operating system latency of roughly one second due to a laptop docking
station issue that was only found after the trials. With this, there was a slight lag for the
output display to appear, i.e., the confirmation saliency level, the ABSR output or the
zoomed situation data display region appeared later than expected/theoretically possible.
Furthermore, some commands have not been properly forwarded to the traffic simulator,
i.e., altitude commands between 4000 and 6000 feet, DIRECT_TO-commands, and some ILS
clearances were affected. Nevertheless, all traffic could be handled and could be guided to
land on the runway. As the flown trajectory did not matter for data analysis, but only the
relevant eye- and mouse-tracking data, as well as the given ATC commands, the techni-
cal problems mentioned above should not heavily influence the basic conclusions of the
simulation runs.

6. Results Regarding Effectivity of Eye- and Mouse-Tracking to Support Speech
Recognition Applications

Data of two baseline and two solution runs has been recorded. Only the middle 45 min
of the runs were analyzed to avoid data of a “slow start” and “scenario fading out”. As
Table 2 shows, ATCos issued 180 ATC commands per run on an average considering both
modalities. Roughly 125 of these 180 ATC commands were recognized from slightly more
than 100 speech utterances on an average, i.e., 1.3 ATC commands per speech utterance.
The remaining 55 ATC commands were instructed via mouse in roughly 49 mouse issuing
occasions, i.e., 1.1 ATC commands per mouse issuing occasion.

Table 2. Number (#) of actually issued ATC commands per run and command modality.

Run

# Actually Issued ATC # Actually Issued ATC # Actually Issued ATC # Speech Utterances/Mouse

Commands via Mouse Commands via Speech Commands per Run Issuing Occasions per Run
Baseline 105 193 154
Solution 146 168 144
All 125 180 149

In baseline runs, roughly 105 and 88 commands were issued via voice and mouse,
respectively. The different types of issued ATC commands—Dby using both modalities with
some misrecognitions—were ALTITUDE (36.4%, mainly DESCEND), HEADING (34%),
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CLEARED ILS (13.6%), SPEED (6.6%, mainly REDUCE), CONTACT (6.5%), and others
including DIRECT_TO (3%).

Multiple thousand gaze fixations have been determined by the eye-tracking algorithm
per run. A total of 42% of those fixations were on aircraft radar labels, 23% on aircraft
radar icons, and 35% on airspace waypoints. In the baseline scenario, on an average more
than 6000 mouse movements, around 250 left clicks, and less than ten right clicks on the
situation data display have been captured per run.

6.1. Enhancement of Probabilities for Speech Recognition Hypotheses by Eye- and Mouse-Tracking Data

This section compares the re-assigned ATCo command prediction probabilities with
the uniform probabilities of the basic ABSR system implementation. The first part of
the analysis concentrates on the benefits of re-assigned probabilities for different aircraft
callsigns of command predictions while the second part also investigates re-assigned
probabilities for different command types of single aircraft command prediction sets.

There are two basic result areas for the analysis. First, a factor showing the improve-
ment in prediction accuracy as compared to the basic ABSR implementation, i.e., if the
factor is greater than 1, the enhanced implementation outperforms the basic. Second, a
four-field confusion matrix that helps to classify predicted and actually issued commands,
i.e., the percentage of correct command predictions can be derived.

6.1.1. Conditions and Metrics for Evaluating Prediction Probabilities on Aircraft Callsign Level

The recorded data is analyzed (1) for three conditions of eye- and mouse-tracking
metrics as well as for two combinations of them, (2) for input modalities speech, mouse,
and both combined, and (3) for the four simulation runs.

As explained above, the terms baseline and solution are right for the task of non-
manual ABSR output check, but may be misleading for the task of analyzing the re-
assignment of command prediction probabilities. However, the display appearance was
slightly different in the two runs—cross and check mark in the first aircraft radar label
line were not shown for solution runs unlike in baseline runs as explained in Section 3.2.
Nevertheless, data from baseline and solution runs can loosely be compared with each other
for a few special analyses. Therefore, the simulation runs are abbreviated as B (“baseline”)
and S (“solution”). Mouse-tracker data only exists for the B runs as mouse-tracking has
only been implemented for S runs’ setup; eye-tracker data exists for all runs.

The average improvement factor is calculated as shown in Equation (5) to sketch the
enhancement of the probability (P) re-assignment (r2) concept compared to uniform (u)
probabilities per command (cmd):

P(cmd),,
P(cmd)

u

Improvement Factor = (5)

Five conditions or condition combinations, respectively, for the re-assignment of
prediction probabilities based on aircraft level were analyzed with their influence on the
prediction accuracy:

1. Only eye-tracking fixation duration of last 5 s to be considered (ETfixqyr)

Only eye-tracking fixation counts of last 10 s to be considered (ETfixcnt)

Only mouse-tracking interaction data of last 3 s to be considered (MTint)
Combining (1) and (2) with 50% weightage each (ET)

Combining (4) with 70% weightage and (3) with 30% weightage (ET+MT).

From Equation (6) and using the definition in Table 3, Accuracy is defined as the
percentage of correctly predicted ATCo commands. In other words, it is the number of
commands predicted with above-average probabilities (compared to uniform average
probabilities) which were actually issued plus the number of commands predicted with

SARE N
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average or below-average probabilities which were not issued divided by the number of
all predicted commands:

TP+ TN
TP+FP+FN+TN’

Accuracy =

(6)

Table 3. Confusion matrix of ATC commands predicted vs. actually issued commands.

Command Issued Command Issued

YES NO
Commanycggredlcted True Positive (TP) False Positive (FP)
Commar}\c}l(;’ redicted False Negative (FN) True Negative (TN)

More precisely, the following Accuracy values always consider Top N aircraft, e.g., for
Top 2 A/C, the two aircraft callsigns that have the highest re-assigned probability com-
pared to the other aircraft. Hence, if the ATCo actually issues a command to one of the
two highest-ranked aircraft in terms of prediction probability, it is a TP. If the ATCo issues
a command to the third ranked aircraft, it would be a FN. An aircraft is a FP if its callsign
was predicted with above-average probability, but is not affected by the ATC command
at the timetick it was issued. Finally, a callsign is said to be a TN if the used callsign
was predicted with average or below-average probability and was not issued a command
by the ATCo. As noted above, gazes on aircraft only influence the command prediction
probability of callsigns if commands with the aircraft callsigns have been predicted in the
basic implementation, i.e., in 3.2% of the cases aircraft callsigns receive a command that
was not predicted. As it was neither predicted in the basic implementation, nor in the
enhanced implementation, this has no negative influence on the defined Accuracy. Hence,
if N is set to the maximum number of aircraft, Accuracy for Top N will be 100%.

Usually, there is a high one-digit number of aircraft to be considered at the same
time as these are the aircraft under ATCo’s responsibility. However, commands are only
predicted for some of those aircraft as prediction for other aircraft might temporarily not
be reasonable due to their motion characteristics. So, for each point in time when the ATCo
issues one or multiple commands, there are usually multiple aircraft to be considered. For
the four conducted simulation runs, commands have been predicted for 7.8 aircraft on an
average at a time. Hence, for 149 prediction timeticks (100 speech utterances plus 49 mouse
issuing occasions) almost 1200 aircraft callsigns have been predicted in total per run. Based
on experiments, it is thus most reasonable to consider the Top 3 A/C only. Top 3 A/C are
selected as shown in Table 4.

Table 4. Example of prediction sets for Top N A/C based on Table 1.

N Highest Prediction Probability for Aircraft Callsign Probability Sum

Top1A/C {DLH5MA} 0.69 1
Top2 A/C {DLH5MA; UAE57} 0.822
Top3 A/C {DLH5MA; UAE57} 3 0.82

13 x 0.23 (for the three commands of DLH5SMA); 2 3 x 0.23 + 0.13 (for the three commands of DLHSMA and
the one command of UAE57); 3 neither of the three further aircraft {AFR641P; BAW936; KLM1853} is considered
for Top 3 as they all have the same overall probability sum of 0.06 in Table 1 and there would be no single
choice aircraft.

6.1.2. Accuracy of Aircraft Callsign Prediction for ATC Commands Based on Interaction Data

The percentages of correctly predicted aircraft callsigns for ATC commands based
on Top 1/2/3 A/C for the input modalities speech (S), mouse (M), and both combined,
considering the five interaction conditions are shown in Figures 6 and 7 for both B runs
in average.
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Figure 6. Correctly predicted aircraft callsigns for ATC commands when considering Top 1/2/3 aircraft for single interaction
data conditions per command modality (speech: S; mouse: M; combined).
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Figure 7. Correctly predicted aircraft callsigns for ATC commands when considering Top 1/2/3 aircraft
for combined interaction data conditions per command modality (speech: S; mouse: M; combined).

The number of correctly predicted aircraft callsigns increases for the analyzed stand-
alone conditions from Top 1 A/C to Top 3 A/C (see Figure 6). The gaze fixation duration
metric alone achieves accuracy results above 80% for Top 1 A/C which further increases to
around 93% for both Top 2 and Top 3 A/C. The gaze count metric is slightly less accurate
in predicting Top 1 A/C as compared to gaze fixation duration metric, but significantly
improves the accuracy to around 95% for Top 2 A/C and 98% for Top 3 A/C (see Figure 6).
The mouse interaction metric behaves almost in the same for all the three Top A/C cate-
gories with accuracies between 73% and 89% (see Figure 6), i.e., the ATCo either has just
moved the mouse to the aircraft, which gets the next command or the mouse is not moved
at all to that aircraft during the last ten seconds. For all three metrics, aircraft callsigns
are predicted more accurately if ATC commands are given via mouse (M) rather than
speech (S).

When combining the two eye-tracking metrics or even combining all three interaction
metrics, the accuracy of probabilities for aircraft callsign prediction improves significantly
(see Figure 7). Independent of the command modality used, from the average values
we see that an accuracy rate of 84% and 86% for ET and ET+MT for Top 1 A/C, 97%
and 96% for ET and ET+MT for Top 2 A/C, and 98% and 99% for ET and ET+MT for
Top 3 A/C was achieved. This implies that the prediction error rates decrease significantly
from 16% to 2% (factor of 8 improvement) when Top 3 A/C is predicted as compared
to Top 1 A/C for the case when just ET was used. Similarly, when both ET and MT was
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used, the prediction error rates decrease from 14% to 1% (factor of 14 improvement) when
Top 3 A/C s predicted as compared to Top 1 A/C. Another impressive result is to compare
the prediction error rates for speech modality of the three single modalities for Top 3 A/C
of 7.4% (ETfixqyr), 2.4% (ETfixcnt), and 27% (MTint) with the prediction error rate of the
combined condition ET+MT(S) of 0.5%—up to a factor of 54 improvement. Overall, itis a
factor of 25 improvement when comparing the average prediction error rate of the three
single modalities (12.3%) to the combined condition for Top 3 A/C Accuracy.

6.1.3. Improvement Factor for Predicted ATC Commands Based on Interaction Data

The improvement factor for all five conditions and command modalities vary between
3.4 and 6.4 as shown in Figures 8 and 9 for both B runs on average. Again, as for the
Top A/C analysis, the factor is higher with mouse as command modality. The metrics gaze
fixation duration and fixation count achieve improvement factors above 5 and around 4,
respectively. The metric mouse interaction is more dependent on the command modality
with a factor of 4.9 over all commands. Yet, all the factors illustrated in Figure 8 indicates
that the re-assigned probabilities are much better on average as compared to the basic
uniform probabilities.

Improvement Factor of Probabilities for Predicted Commands
with different Conditions and Command Modalities

ETfix_dur(S) ETfix_dur(M) ETfix_dur ETfix_cnt(S) ETfix_cent(M)  ETfix_cnt MTint(S MTint(M) MTint

=N W e U N ®

0

B Improvement

5.1 6.0 54 34 44 3.8 3.6 6.4 49
Factor

Figure 8. Improvement factors for command prediction probabilities for single interaction data conditions per command
modality (speech: S; mouse: M; combined) with positive and negative standard deviation of the two average values per run
(black lines).
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Figure 9. Improvement factors for command prediction probabilities for combined interaction data
conditions per command modality (speech: S; mouse: M; combined) with positive and negative
standard deviation of the two average values per run (black lines).

When combining the eye-tracking metrics and also further integrating the mouse-
tracking metric, the average factors for ET and ET+MT are 4.6 and 4.7, respectively.
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6.1.4. Detailed Analysis of Specific Results and Discussion on Probability
Re-Assignment Quality

Given the above numbers, it is of interest which of the results per condition and per
command modality should be interpreted as the core result. As ATCos usually issue com-
mands via speech and the combination of using all three interaction metrics from eye- and
mouse-tracking demonstrated to be the most feasible option under the given circumstances,
the values for ET+MT(S) should be selected as core results. Thus, an improvement factor
of 4.1 (3.7 and 4.4 for the two controllers each per run) is achieved. Furthermore, above
99.5% of aircraft callsigns for ATC commands have been correctly predicted for Top 3 A/C
(95.5% for Top 2 A/C and 82.9% for Top 1 A/C). For one ATCo, prediction of Top 3 A/C
even reached an accuracy of 100%. For the condition ET+MT(S) with speech command
modality, 92% of improvement factors per speech utterance are greater than 1 showing a
positive effect of the investigated re-assignment probability implementation.

When correlating Top 1 A/C data from mouse-tracking and eye-tracking, around
66% (two thirds) of predicted aircraft callsigns for ATC commands match, with similar
numbers for correct and wrong predictions. When correlating Top 1 A/C data from mouse-
tracking and Top 2 A/C data from eye-tracking, 79% of all predicted aircraft callsigns
for ATC commands match—83% for correct predictions and 69% for wrong predictions.
Hence, there is a slight potential to further filter out wrong predictions by analyzing and
comparing single conditions.

The improvement factors for all B-runs analyzed independent of controller, condition,
and command modality are always greater than 3 showing a good robustness of the
enhanced command prediction probabilities when using ATCo interaction data. The
greatest improvement factor for a single run was 7 for one controller in condition with
mouse-tracking data only and commands issued via mouse (MTint(M)). If ATCos issue
commands via speech, they could basically be looking anywhere. If ATCos issue commands
via mouse, they are more or less forced to look at the aircraft radar label and they are
definitely forced to move the mouse onto the label to open the intended drop-down
menus and select the right values. So, a factor of around 7 seems to indicate the greatest
possible factor when considering interaction data. However, the use of mouse-tracking
data depends on the CWP and command modality design.

Probabilities of ATC commands derived from interaction data when issuing com-
mands via mouse (ET+MT(M)) and data link can still be used for plausibility checking
of command contents. When analyzing all four runs together (2xB, 2xS) for all command
modalities and the condition ET, we still achieve 75.1% for Top1 A/C, 90.6% for Top 2 A/C,
93.9% for Top 3 A/C and an improvement factor of 4.1 even if the concept was not intended
to be applied on the S-runs.

Some further results for other conditions and modalities are also noteworthy. When
considering Top 1 A/C for ETfixg,, in S-runs with commands issued via mouse, there
exists no correctly predicted aircraft callsigns. This is a conceptional issue as the commands
are only issued after the time for optional manual correction has passed—quite a long
time after visually checking the aircraft radar label values inserted via mouse before. The
improvement factor and the accuracy increase when the analysis duration is extended, i.e.,
by looking more into the past to gather interaction data. However, this fact together with
the high percentages of B-runs prove the pre-assumptions very well that upcoming ATCo
actions are connected to gazes and even non-visual checking is related to hardly any ATCo
action concerning a displayed aircraft.

6.1.5. Re-Assigned Prediction Probability Evaluation on Command Type Level

As described in Section 4, the concept of re-assigning prediction probabilities encom-
passes aircraft callsign level and command type level. However, only aircraft callsign
level has been implemented so far. To estimate the further benefits of the command type
level, we applied a generalized post-analysis on the command prediction results with
re-assigned probabilities. More precisely, we increase the probabilities of command types
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that were issued more often and decrease probabilities of command types that were seldom
issued. According to the analysis at the beginning of Section 6, we again re-assign the
probabilities of the three most often used command types. Thus, for analysis, DESCEND,
HEADING, and CLEARED ILS commands have twice as high probability as all other
command types for the same aircraft callsign. This reveals an assumed benefit of having
different probabilities even for command types.

With this analysis, the improvement factor will further increase by 0.4 when consid-
ering different command types for each aircraft callsign. However, it must be mentioned
that the analysis approach is just based on statistical incidence, while the concept approach
bases on concrete air traffic situations that can be determined via surveillance data. Hence,
it is unclear if the improvement factor will in reality be higher or lower than 0.4. Fur-
thermore, it is unclear what the effect on ABSR output will be for command types that
occur less frequently, e.g., only less than every tenth command. Though, some of these less
frequently occurring command types such as CONTACT can be predicted quite reliably in
space and time. Hence, it is assumed that a positive influence and an improvement factor
increase of more than 0.4 is achievable when implementing the re-assigned probability on
command type level.

6.2. Using Gazes for Confirmation with Potential Visual Attention Guidance for Speech
Recognition Output

In the solution runs 146 ATC commands have been extracted on average from speech
utterances. The number of relevant speech utterances is only 123 as often multiple ATC
commands were given to aircraft in single utterances. All 123 speech recognition outputs
for verbal utterances have been acknowledged via gaze on an aircraft radar label, i.e., the
ATCo visually checked one or more at the same time yellow highlighted ABSR output
values in a single aircraft radar label. Also, the escalation of saliency levels to enforce the
ABSR output check technically worked without any problems. Roughly 120,000 peripheral
views on elements at the situation data display have been calculated.

6.2.1. Quantitative Questionnaire Results and Discussion

The two subjects rated higher workload for the solution run than for the baseline run,
i.e., average Bedford scale workload [98] was 4 for baseline and 7 for solution as well as Raw
NASA-TLX scale [99,100] without weighted ratings was 35 for baseline and 51 for solution.
The overall score of the system usability scale (SUS) was 77 (range “good”) [101,102]. The
ratings for robustness and reliability of the tested system were around the scale mean value.
These numbers and the following qualitative feedback should not be generalized given
only two study subjects, but can indicate a tendency.

6.2.2. Qualitative Questionnaire Results and Discussion

The different frame colors around aircraft radar labels of higher saliency levels seldom
appeared for the two subjects as the solution system almost always detected the subjects’
gaze at the colored frame in the first saliency level. So, the colors, numbers, and durations
of the additional saliency levels could hardly be correctly judged with regards to usefulness.
Nevertheless, the eye-tracking based attention guidance for ABSR output was judged to
give a medium added value on a scale from very low to very high. Moving and freezing
of gazes at a certain aircraft radar label was perceived as physically demanding to some
extent. However, the responsiveness of the system given the hardware latency strongly
impacted the controlling task in baseline and solution run.

Subjects felt that they had sufficient amount of time to correct the presented ABSR
output after the aircraft radar label frame turned green for the confirmation saliency level.
The duration for escalating to a higher saliency level should not be changed due to the
subjects’ ratings. However, the duration of displaying the green aircraft radar label frame
in the confirmation saliency level could be reduced. Both subjects voted to decrease the
number of different saliency levels. Three different levels are sufficient due to the subjects’
opinion. The aircraft radar label frames were found to be unobtrusive, but sometimes
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there were too many green frames at the same time, because the ATCo issued many ATC
commands in a short amount of time. The maximum number of visible green frames could
be reduced to three. The green frames indicate the time to correct the ABSR output after
looking at the label. However, the expectation related to a highlighting frame would be that
visual attention is required which is not the case. So, it could be a good idea to completely
eliminate the green frame when looking away to only let the yellow highlighted ABSR
output value remain for a few seconds without an aircraft radar label frame.

After manually clicking check mark and cross in the baseline run subjects felt to have
cognitively finished their checking task. This feeling was different for the visual check as
the response state, i.e., yellow ABSR output turning white still takes some time as there is
still some time remaining for possible correction.

Also, the threshold times for saliency levels could be dependent on the number of
highlighted aircraft radar label frames. One subject wished to have check mark and cross
even next to the visual ABSR confirmation to be able to return to the default saliency level
earlier. Furthermore, parallelly checking ABSR output and pilot readback might be difficult
as one or both of them could contain errors and “appear” at the same time. In case of
multiple commands in the same transmission or multiple transmissions shortly after each
other for the same aircraft it was not clear which elements were already accepted and
which were not.

This feedback shows basic feasibility of the visual confirmation concept and im-
plementation without general showstoppers and encourages further advances based on
reasonable suggestions.

7. Conclusions and Overall Discussion

The four general research objectives have been fulfilled, i.e., (1) eye and mouse move-
ments of ATCos can be recorded and post-processed, (2) relevant information is extracted
from such data and integrated into an ABSR system, (3) probabilities for predicted ATCo
commands are calculated with good accuracy, and (4) ABSR output can be visually con-
firmed by ATCos in a CWP system prototype.

Eye- and mouse-tracking were rated to be unobtrusive and important features to
easily support ABSR applications with more accurate data and interaction options. Visual
confirmation of ABSR output technically worked and confirms that state-of-the-art eye-
tracking accuracy is sufficient for applications in various domains and even in the safety-
critical ATC domain.

Command prediction probabilities improved by a factor of four on average compared
to an existing state-of-research prototype (basic implementation) and included more than
95% of correct aircraft callsigns for Top 2 A/C and even more than 99.5% of correct aircraft
callsigns for Top 3 A/C analysis. Thus, Top 2 A/C seems to be sufficient to consider for
probability re-assignment even if Top 3 A/C is slightly better. The combination of using
all eye-tracking and mouse-tracking metrics together was superior over using some of
these metrics alone with an improvement factor for the prediction error rate of 25. This
confirms state-of-the-art knowledge that using multiple sensor data is superior to just using
single sensor data. To the best of our knowledge no eye- and mouse-tracking based ATC
command prediction system or prototype, as well as no visual ASR output confirmation
exists in the academic world that could be compared with the results in this paper.

The command predictions support the ABSR engine to reduce command recogni-
tion error rates if timely considerable in the search space of the engine. Reduced error
rates further enable benefits for speech recognition applications that may lead to reduced
workload or increased accuracy of safety net functions. Hence, the concept of visual (and
mouse-hover) confirmation should be refined and implementation should be advanced,
the concept of re-assigned probabilities based on eye- and mouse-tracking data should be
further implemented.

It has to be clearly stated that our one-shot experimental case study without any
control group and many possible confounding variables has very low internal validity and
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cannot reveal any cause-and-effect relationships. The reported results base on a sample
size of just two study subjects and can therefore not be generalized. The reported results
might be interpreted as a vague tendency on usefulness of implemented prototypes and
indicate that it is worth to move forward with our research from pre-experimental design.
Nevertheless, the results presented in this paper tremendously help to design a future
broader true experimental design study with randomized groups and clearly defined
independent and dependent variables after fixing the reported minor technical issues of
the prototypic CWP.

For example, the study design should consider to let all saliency levels appear a
number of times to be better judgeable. In addition, the duration of training runs should
be extended to reduce the effect of subjects on results with being new and unfamiliar with
the elements of the prototypic CWP.

The two controllers had a different professional background, i.e., different number of
years of experience as ATCo in approach or tower domain and different experience levels in
ATC research. This background and the knowledge about actively participating in a study
might have influenced their performance and their reported judgements in a positive or
negative way. However, this influencing effect might be bigger for the conceptual element
with visual ABSR output confirmation than for the visually nontransparent ATC command
prediction rescoring.

It has also to be noted that the explained pre-assumptions about the connection
between visual attention and spot of ATCos’ gaze have limitation implications, i.e., the
effects of implications are different for different CWPs, ATCos, and other aspects of the
working environment. The reported qualitative and quantitative results enable to assess the
two implemented techniques in a human-in-the-loop simulation trial with more ATCos in
the near future. Then, it can also be determined in detail how much the improved command
prediction probabilities help in terms of ASR engine’s word error rate, ABSR system’s
command recognition rate, and further following measures such as ATCo workload when
using the system.

All in all, this paper has given first evidence that using further interaction data of
a controller working position such as eye-tracking and mouse-tracking can easily en-
hance existing ATC system prototypes or be integrated in advanced CWP prototypes as
demonstrated with functionalities around an Assistant Based Speech Recognition system.

8. Outlook on Future Work

The following subsections sketch some future work per each of the two conceptual
elements and in general related to CWP interaction.

8.1. Outlook on Command Prediction Probability Re-Assignment

Given an improved eye-tracker accuracy, e.g., with advanced devices, it could be
checked whether the ATCo looked at, e.g., the label value for current speed of an aircraft.
This would lead to an increased likelihood of speed commands for this aircraft or other
aircraft being looked at in close timely proximity. The improvement factor for re-assigned
ATCo command predictions might be further enhanced if the weighting, e.g., 35% ETfixqy,
35% ETfixcnt, and 30% MTint would be changed dynamically during a simulation run. If
it is detected by the mouse-tracker, that the mouse is inactive or the human operator has
many eye gaze saccades, the weighting could be adapted.

Legally collecting large amounts of relevant eye- and mouse-tracking data from
CWPs—in laboratories or real-life—might be slightly easier than recording radiotelephony
utterances due to privacy issues of personal data existing in some countries even if all
interaction data could be used in anonymized form to derive patterns and human erroneous
behavior. Machine learning on a huge amount of ATC interaction data from eye-tracking,
mouse-tracking, and speech recordings could even more automatically individualize re-
assigned probabilities for command predictions.
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8.2. Outlook on ABSR Output Confirmation Mode

Saliency levels should be reduced in their number and re-designed in order to be less
intrusive. Taking the existing attention guidance implementation as role model [50], the
levels may escalate as follows: The default transparent saliency level remains unchanged
as well as the first saliency level white directly appears with yellow ABSR output values.
However, after a few seconds without attention-based trigger, a semi-transparent circle
around the aircraft icon should appear. If this visual cue and the white label frame remain
undetected, the semi-transparent circle could also receive a flashlight effect for some
additional seconds as the highest saliency level. In case the ATCo’s attention has been
determined to have rested on a highlighted aircraft label, there should be no label frame of
any color. The ABSR output value might stay yellow or become another color as visual
feedback for checking status for the remaining optional correction time. If the correction
time has passed or the highest saliency level duration has passed, all accepted label values
turn to white. Furthermore, the optional time for correcting ABSR output should be
dependent on the number of aircraft currently under responsibility, i.e., to give the ATCo
more time if there are more aircraft to monitor and potential tasks to perform before
correcting aircraft radar label input. Also, the time for escalation of saliency levels and the
time for optional correction could be made command type specific. In situations of dense
air traffic, it might be more important to confirm altitude and heading commands than to
confirm CONTACT commands.

The feature of visual checking and confirmation via eye gaze could also be applied to
other parts of CWPs. One example would be highlighted warnings, e.g., on automatically
detected readback errors or medium-term conflict alerts with following escalation and de-
escalation via attention guidance mechanisms. Another example is the acknowledgement
of the final command in the TriControl prototype via gaze instead of a touch gesture.

8.3. Outlook on General Improvements for CWP Interaction

In general, the approximated ATCos’ visual attention will be used to assist ATCos in
a more convenient way, i.e., giving information at the time and spot that is deemed most
reasonable given the current situation. Besides, even further sensors can be included to
analyze the ATCos” CWP interaction, e.g., integrate an audio-visual speech recognition
system into ABSR.

As a next concrete step, both conceptual techniques will be applied for upcoming
ABSR studies in the approach, en-route, and even tower domain.
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Abstract—The TriControl multimodal controller working
position (CWP) demonstrates a novel concept for natural human-
computer interaction in Air Traffic Control (ATC) by integrating
speech recognition, eye tracking and multi-touch sensing. All
three parts of a controller command — aircraft identifier,
command type and value — are inserted by the controllers via
different modalities in parallel. The combination of natural gazes
at aircraft radar labels, simple multi-touch gestures, and
utterances of equivalent values are sufficient to initiate
commands to be sent to pilots. This reduces both controller
workload and the time needed to initiate controller commands.
The concept promises easy, well-adjusted, and intuitive human-
computer interaction.

Keywords—Air  Traffic  Controller; Human  Machine
Interaction; Multimodality; Eye Tracking; Automatic Speech
Recognition;  Multi-touch  Gestures; Controller Command;
Workload Reduction

L INTRODUCTION

Current human machine interfaces (HMI) of air traffic
controllers mainly focus on the “speech” modality when
communicating with pilots. Data link-based communication,
wherever available, is generally initiated by mouse or pen
input. Controllers usually use mouse and keyboard as
interaction devices for keeping system information up-to-date.
Multimodal HMIs emphasize the use of richer and more
natural ways of interaction by combining different modalities,
such as speech, gestures, and gaze. Therefore, they need to
interpret information from various sensors and communication
channels.

Multimodal systems have the potential to enhance human-
computer interaction (HCI) in a number of ways by:

* adapting to a  wider

tasks, and situations,

range of  users,

. providing alternative methods for user interaction,

. conveying information via the appropriate
communication channel,

. accommodating differences between individual
operators by permitting flexible use

of input modes,

. improving error avoidance, and

. supporting improved efficiency through faster task
completion, especially when working
with graphical information.

When people communicate with each other in person they
have eye contact, use their hands for gestures and emphasis,
and voice for content regarding “facts”. Multimodal HMIs
represent a new class of user-machine interfaces, applying the
same principles from human interaction to human-computer
interaction. It is anticipated that they will offer faster, easier,
more natural and intuitive methods for data entry.

This capability is a prerequisite for advancing human-
machine systems to the point where computers and humans can
truly act as a team. Furthermore, air traffic research and
development programs like SESAR (Single European Sky
ATM (Air Traffic Management) Research Programme) require
use and integration of new technologies such as touch- and
speech applications for an enhanced controller-system
interaction [1]. An efficient way of entering data into the
system is also required to enable a beneficial data link
application.

The primary goal of TriControl, the DLR demonstrator for
a multimodal CWP in the ATC approach area, is to ensure that
a human operator can enter data e.g. controller commands
more quickly and intuitively. Based upon empirical findings
and subjective evaluations we assessed the suitability of
different input modes in relation to specific command
elements.

To outline the scientific context, chapter II of this paper
presents related work on different interaction modalities.
Chapter III includes the concept and implementation of the
TriControl prototype comprising eye tracking (ET), speech
recognition (SR), and multi-touch (MT) gestures. A
preliminary evaluation of the implemented system and results
of that evaluation are outlined and discussed in chapter IV.
Finally, chapter V draws conclusions and identifies future
work.
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II.  RELATED WORK ON MULTIMODAL HUMAN MACHINE
INTERACTION

Implementation of multimodal human-computer interaction
concepts is still at an early stage in ATC. Nevertheless,
different prototypes using modern interaction technologies as
single interaction modalities have been developed.

In fact, any interaction modalities that can be digitally
recognized by a computer are conceivable for interaction with
the system. Within the SESAR work package 10.10.02
technology screening was carried out in order to assess the
suitability of current interaction technologies for controller
working positions. The multi-touch, eye tracking and
handwriting recognition technologies were investigated [2] on
the basis of the screening results. Within this research, the
technologies were analyzed and prototypes were evaluated.
Consolidated assessments were carried out, particularly for
multi-touch and eye tracking. Speech recognition has been
substantially developed and evaluated in the AcListant® [3]
project.

The most promising interaction technologies currently
assumed as being suitable for input are multi-touch (haptic
modality), eye tracking (visual modality) and speech (auditive
modality). DLR has already successfully evaluated
implementations in the field of eye tracking [4], multi-touch
[5], and speech recognition [6].

A. Eye tracking (ET)

Eye tracking technology offers at least two different
opportunities for use in ATC. Firstly, it has been used to assess
mental workload [7] and fatigue of controllers. Secondly, there
are a number of other reasons for incorporating eye tracking as
an input device for controllers [8]: It allows hand-free
interaction and facilitates the manipulation of radar labels or
electronic flight strips. Another argument in favor of eye
tracking is that eye movements are fast and natural. For
instance faster selection times were reported with eye—gaze
interaction than with other input devices such as the mouse [9].
According to [8] there is empirical evidence that eye trackers
can become an efficient pointing device that can be used
instead of the mouse [10] or the keyboard [11].

B.  Multi-touch (MT)

By scanning the use of multi-touch technology in the ATC
area a prototypic implementation of a workstation — announced
as “Indra advanced controller working position” — can be found
on Indra’s website [12]. Besides stating that “Multi-touch
technology is used routinely as a means of interaction” in this
CWP, it does not provide a more specific description of what
information is gained by MT input or indicate how it is
subsequently used.

A master thesis [13] supervised by the German air
navigation service provider DFS (DFS Deutsche Flugsicherung
GmbH) contains a concept and first application of multi-touch
for command input, later to be translated using text-to-speech
technology and then sent to the pilots.

This was evaluated using DFS controllers and generated
positive feedback on MT usability. The thesis also outlines
expectations on deployment in CWPs in the near future.

DLR and DFS collaborated in the SESAR 1 Work package
10.10.02, dealing with ergonomics, hardware and design of the
controller working position. Effort was expended in
investigating the usability of multi-touch technology at TMA
(Terminal Manoeuvring Area) and ACC (Area Control Center)
CWPs. The DLR demonstrator with multi-touch interaction
was evaluated against a comparable CWP with a mouse
interaction concept [5]. In this study fourteen DFS air traffic
controllers, aged from 23 to the fifties, were asked to guide
approach traffic in a realistic scenario using both the multi-
touch and mouse CWP.

Usability (see Figure 1) and workload were assessed. The
results revealed higher usability scores for multi-touch
technology. Mental effort and task effort were perceived as less
of a strain.

System Usability Scale

100%
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70%
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50%
40%
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0% -

® DLR Multi-Touch

DLR Mouse Reference

Figure 1. Overall system usability scale (SUS) [14] score multi-touch and
mouse reference

The overall investigation indicated that it is likely to be
worthwhile to continue developing controller working
positions with multi-touch interaction philosophy. The use of
multi-touch technology in an experimental context was found:

. not to be a show-stopper due to safety issues,

*  to be conceivable at the working position,

. to be error tolerant,

. to be fast and efficient, and

. not to greatly influence controller performance.

The participants therefore encouraged the developers to

continue developing the demonstrator.

C. Speech Recognition (SR)

Automatic speech recognition algorithms are capable of
converting spoken words or numbers to text. Popular consumer
products are for example Siri® [15] or Google’s search by
voice [16]. The first steps in integrating speech recognition in
ATM systems, including ATC training, took place as much as a
quarter century ago [17].
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SR may also be used to replace pseudo-pilots in ATC
simulation environments [18]. The readback of simulated pilots
communicating with controllers can be fulfilled by recognizing
controllers’ utterances (speech-to-text) and repeating the
command in correct phraseology again (text-to-speech).
Context knowledge of what utterances are most likely in the
current air traffic situation makes it possible to improve speech
recognition quality [19].

SR can also detect complete controller commands from
ATC vocabulary with acceptable reliability. The knowledge of
the spoken commands can be used to support different tasks of
controllers (e.g. aircraft radar label maintenance of approach
controllers via direct automatic input of controllers’ uttered
clearances) at their working positions [20]. An approach
controller is responsible for merging several streams of air
traffic into a single final sequence for specific runways. Highly
automated decision support tools such as arrival or departure
managers have been developed to support human operators in
this challenging task. These systems need to adapt to the
controller’s intentions by providing support for next
recommended clearances. Hence, these systems require
knowledge of — and input from — their human operators such as
given clearances.

Normally, manual input from controllers is necessary. SR
can perform the input task automatically by analyzing the radio
telephony channel between controller and pilot. The controller
only has to check the correctness. This kind of procedure leads
to less workload [20].

D. Multimodality

Although the definitions of multimodality differ greatly in
literature, there is general consensus that multimodal systems
involve multiple senses of the operating human or multiple
sensors of the corresponding machine. For example, the
European Telecommunications Standards Institute (ETSI)
defines the term “multimodal” as an “adjective that indicates
that at least one of the directions of a two-way communication
uses two sensory modalities (vision, touch, hearing, olfaction,
speech, gestures, etc.)” [21].

A multimodal Thales demonstrator called “Shape” already
includes eye tracking, a multi-touch device, and voice
recognition [22], [23]. However, for example, speech
recognition is only used to detect flight numbers. Only
controller commands given through the tactile surface as a
whole seem to be uplinked to the pilot.

Within a bachelor thesis [24] at DLR the first approach for
a multimodal ATC demonstrator was undertaken to integrate
the three modalities eye tracking, multi-touch and speech
recognition. The main aim of this thesis was to implement and
evaluate eye tracking as an input modality for a multi-modal
controller working position. For this purpose an existing
concept consisting of multi-touch and speech recognition [25]
was enhanced by integrating eye tracking in order to enable
natural and fast selection of aircraft.

The findings gained from the investigations carried out for
that thesis showed that eye tracking is a useful and well
accepted input modality when it is accompanied by other
intuitive modalities.

However, those modalities should go beyond just serving as
a “pointing device” for elements on a screen like many eye
tracking applications.

III.  CONCEPT OF MULTIMODAL AIR TRAFFIC CONTROLLER
INTERACTION

The motivation for building a prototypic multimodal CWP
for approach controllers is based on presumed advantages of
multimodal interaction (see chapter I) and promising research
results gained from the previously developed unimodal and
multimodal prototypes (see chapter II).

TriControl focuses on integrating the three most promising
interaction technologies: speech recognition (SR), sensing of
multi-touch gestures (MT), and eye tracking (ET) (see [26]).
However, these modalities can be combined in a number of
ways with respect to the three basic elements of a controller
command (aircraft identifier (A), command type (T), and
command value (V)). Furthermore, in former investigations
some modalities were found to be more suitable for certain
standardized command parts than others (Figure 2).

Modality | Aircraft | Type @ Value
Rfc%%i?t?on medium | medium good

%ﬂ; medium = good | medium
Tr:glg ng good poor poor

Figure 2. Matrix with suitability assessment of input modes (SR, MT, ET)
with respect to controller command elements aircraft (A), command type (T)
and value (V)

Figure 2 shows the favored assignment between input
modality and command element. To identify the aircraft (A)
that will receive the next command (e.g. DLH123) three
possible ways are explained: uttering the callsign (A-SR),
touching on its radar target/label on the situation representation
or an auxiliary touch display (A-MT), or looking at the radar
target/label (A-ET). The command might be transferred to
pilots by data link or a text-to-speech interface.

Speech recognition rates of callsigns are good, but it takes
some time to utter the whole callsign. Although in previous
investigations the direct touch on an aircraft representation was
assessed as easy and intuitive, the hand covers the radar screen
and hence the traffic situation below. To guarantee a good
overview of the whole traffic situation use of a second screen
could solve the problem but would create a new issue in that
the active gaze has to switch from one screen to the other and
back.
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However, the controller normally looks at the intended
aircraft anyway. Hence, eye tracking seems to be the most
convenient option for selecting the first controller command
part, just as naturally as one usually makes eye contact in a
face-to-face conversation.

Analogue to the aircraft identifier, the three input
modalities are also discussed for the command type. SR (T-SR)
would recognize International Civil Aviation Organization
(ICAO) phraseology conform command types (T) quite well
due to the limited search space of different types (e.g. reduce,
descend, etc.). Selecting a type by eye movement (T-ET) — for
example from a menu — will be tiring for the human operator as
it requires unnatural and active control of gaze. In a human
conversation, hands are also used to describe a general
direction via gestures. Similarly, a multi-touch device can be
used to draw a simple one- or more-finger gesture that is
recognized very accurately to code a command type (T-MT).

Three different modalities also exist for entering command
values. Selecting exact command values (V) (e.g. 210) with
swiping gestures (V-MT), for example, on a visual scale can be
difficult. Looking at values in certain menus (V-ET) is as
exhausting as selecting command types with one’s eyes.
However, just uttering the short values works fast and is
intuitive (V-SR).

From former investigations we derived a classification of
the input mode suitability (poor-medium-good) in terms of a
color-coded matrix (see Figure 2). This matrix depicts an initial
point for implementation of TriControl (A-ET, T-MT, V-SR).

The chosen combination of modalities for TriControl
enables the input of the three most common elements of a
controller command (aircraft identifier, command type and
value). The number “3” is spoken as “tri” (pronounced as
“tree” in English) in radiotelephony to improve the
understanding of digits even in bad speech quality, hence the
name TriControl was used for the interaction design.

To generate a controller command, the operator has to
focus on an aircraft on the radar situation display with his eyes,
make a specific gesture on the multi-touch device, and utter a
corresponding value for this type of command (see Figure 3 for
the setup of modalities and Figure 4 for an example command).

Situation
Representation

/‘\ Speecl\i“*\
Recognition™..

: Eye tracker

Multi-touch

O

Figure 3.

Interaction modalities of TriControl CWP

The information processed by the TriControl CWP is put
together as a clearance shown in the far right box of Figure 4.

Automatic Speech Recognition

@
Value &° TriControl

CSA2MZ

Command
DLHO001
descend

EZY37RV FL 70
Command Type

Eye Tracking Device DLHOO1 Aircraft Identifier

’
/ Descend

Multi-touch Display

Figure 4. Schematic view of the communication modes and processed
information

Our instantiated controller working position may be used
by a feeder or pickup approach controller. One of the main
tasks of approach controllers is monitoring the radar situation
display. Within TriControl it is assumed that the aircraft radar
label being looked at by the controller is the focus of attention.
Eye gaze measurement is used to continuously calculate the
position of the air traffic controller’s eye gaze and correlate it
with aircraft label positions on the display.

For our demonstrator we used DLR’s radar screen software
RadarVision [27] showing Diisseldorf airspace. It provides data
about the position of aircraft icons, labels, and significant
points (runway threshold, initial approach fixes, and
waypoints). In TriControl, eye tracking enables aircraft radar
labels to be selected as the first part of a command without
losing focus of the traffic situation.

In our demonstrator we use a contact-free Tobii [28]
infrared eye tracking device (Tobii EyeX Controller) which is
mounted at the bottom of a monitor. Calibration is necessary
prior to adapting eye tracking quality to people with contact
lenses, glasses, or without corrected vision. The position of the
user’s pupils is followed regarding a standardized screen
position set and connected to the display size by the
manufacturer software.

Using the resulting display coordinates of the spot being
looked at by the user in front of the display, we determine
whether an aircraft icon or radar label is displayed. A dwell
time of nearly one second was defined as the threshold for
highlighting the currently focused aircraft label with a white
frame. Otherwise, the controller could be distracted if the
highlighting frame jumps around the whole screen, thereby
indicating non-intended gazes, particularly while scanning the
traffic situation.

Although, radar labels do hardly overlap in the TMA due to
lateral aircraft and therefore label separation, manual or
automatic deconflicting is possible to select intended aircraft
safely via eye tracking. As a safety feature, the controller might
fall back to selecting the aircraft callsign from a list on a multi-
touch device.

In combination with two-dimensional gestures on a multi-
touch display, the controller can add the type of a command to
the selected aircraft to start insertion of a clearance.
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The controller selects the type using a set of four single-
and dual-touch gestures on a tablet — altitude, speed, or heading
of the aircraft for example. The direction of the gestures
indicates whether the aircraft should, for example, accelerate or
decelerate.

Specifically to avoid head-down times the gestures and
tablet usage are designed simply and intuitively. Furthermore,
the user may perform all gestures at any location on the multi-
touch screen while still focusing on the situation representation.
We used a standard Wacom [29] multi-touch tablet in our
demonstrator.

For the design of specific gestures typical natural gestures
and well-known gestures from smartphone use were analyzed
and assessed for the use in ATC. So, a one-finger swipe from
left to right is recognized as increase, the opposite direction is
recognized as reduce. A one-finger swipe from top to bottom
indicates a descend, the opposite direction a climb. One finger
held for more than one second pressed on any point of the
multi-touch device is interpreted as a direct-to gesture. This
gesture is also used for ILS clearance and handover to the next
following responsible controller position, but requires different
speech input compared to waypoints. Drawing a sector of a
circle to the left or right with a two-finger gesture — either
using two fingers of either hand — initiates a heading
command. The multi-touch software evaluates the controller's
gesture that results in “reduce / increase [or-more / or-less],
descend / climb [or-above / or-below], turn-right-heading /
turn-left-heading, direct-to, handover, cleared-ILS, intercept-
localizer”. Thus, the controller inserts the second part of his
command — the type — via the haptic modality. If the multi
touch device failed, a redundant method was implemented for
safety reasons. The commands can also be entered by pressing
device hardware respectively software buttons.

For the third and last part of the command — the value — the
auditive modality is used. TriControl incorporates specific
algorithms to detect spoken values such as numbers. By
pressing a foot switch, recording of the subsequent utterance is
started. The streamed audio file is the input for an automatic
speech recognizer developed by Saarland University (UdS) and
DLR [30]. For TriControl this speech recognizer is configured
to analyze only command values without value units. There is a
broad range of valid value types. The controller is allowed to
speak between one and three consecutive digits (“zero, one,
two, tree, four, five, six, seven, eight, niner”). For full multiples
of ten, hundred or thousand, double numbers (“ten, twenty,
thirty,...”), triple numbers (e.g. “two hundred”) or a quadruple
number (e.g. “four tousand”) can be spoken. The system also
recognizes special speed phrases (“own discretion, no
restriction, minimum clean, final approach®). The speech
recognizer accepts keywords for other clearances, e.g. inserting
a handover by saying “tower”, ILS clearance with the runway
name e.g. “two tree right”, or a direct-to command by a
waypoint name in the Diisseldorf airspace (“Bottrop, Metma,
Regno, Delta Lima 454 and so on”). Alternatively, values
might also be selected from a software menu on the multi-
touch device in cases of failure.

The value should of course correspond to a reasonable type
to complete all three command parts. When all three modalities
have been used, the TriControl system merges SR, ET, and MT
data and displays it on the RadarVision screen. The whole
command is presented, then to be validated by the controllers.
For this visualization, five grey cells have been added to all
aircraft radar labels (Figure 5). These cells represent five
different command types. Cell one includes flight levels and
altitudes, whereas all speeds in knots or Mach are presented in
the second cell. The third label line contains the remaining
three display areas for other current clearances. Headings,
relative turns, waypoints, or transitions are shown there. Cell
four includes rates of descent or climb. Cell five contains
miscellaneous entries such as handover, ILS and localizer
clearance, or holding.

]
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Figure 5. Interactive aircraft radar label cells in RadarVision

The completed command is shown as exactly one yellow
value (command part three), in one of the five grey type cells
(command part two) at one specific aircraft radar label
(command part one). If the data is correct, the controller has to
validate the command with a finger tap on the green-only area
of the multi-touch device. The yellow value then becomes
white. If controllers do not want to confirm the yellow value,
they can cancel the entries using a hardware button on the
tablet at any time during the process.

If the second or third part of the controller command, i.e.
the type or a value, is selected after focusing on an aircraft
label the eye tracking feature is locked. The purpose of this
feature is to reduce unintentionally assigning command parts to
other aircraft. Nevertheless, it is always possible to overwrite
command type and value until the whole command has been
confirmed or rejected. Furthermore, the obligatory multimodal
activation (all three modalities are needed) enables the
controller to freely look around without entering commands
accidentally into the system.

After the command has been confirmed it will be sent to the
aircraft. To yield the desired benefits in communication
efficiency this may be done via reliable and fast data link
connection. Even though data link technology with CPDLC
(controller—pilot data link communications) protocol is now
operational at many CWPs, most information exchanges
between air traffic controllers and pilots still use voice
communication owing to insufficient reliability in data link
transfer speed. TriControl is designed to enable use of this
digital connection by eliminating the speed bottleneck of
human data input.
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However, for reasons of compatibility with older aircraft
equipment and the migration process from traditional
communication, the concatenated command can also be sent
via text-to-speech over the conventional radiotelephony
channel. The pilot would then only experience a change to a
more artificial and standardized voice that always sounds the
same.

The following example explains how to insert the three
parts of a command similarly to Figure 6.

BER8411 HEADING

BER8411
A4l
2]

Eye-Tracking 1(8)8 S ———

)

Multi-Touch

Speech Recognition
Figure 6. Multimodal prototypic CWP exhibit TriControl

Figure 6 shows TriControl in a state where the three
modalities have been used to insert data into the system: eye
tracking (gaze on aircraft radar label of BER8411), multi-touch
(two-finger circle-sector gesture indicating command type
heading), automatic speech recognition (utterance of “two
hundred”), situation data display (Diisseldorf approach area),
and the resulting yellow input value (200 in grey “direction”
cell) in aircraft label before validation of the controller
command.

To reach this state the controller firstly looks at the
BER8411 label on the radar situation display for nearly one
second (see Figure 7).

{

Figure 7. TriControl setup with radar display attached eye tracker, headset,
and multi-touch device

This may be achieved very naturally by the controller
merely checking the label of the aircraft that is to be addressed.
In this way the aircraft with the given callsign is selected as the
aircraft which is to receive a new command.

Secondly, the controller touches the multi-touch device
with two fingers, rotates them on the screen, and lifts his
fingers again. This is understood as a heading gesture.

Thirdly, the controller presses the foot-switch and says
“two hundred” using his headset. SR evaluates the speech and
will deliver “200” as a result. All three parts of the command
are concatenated to “BER8411 heading 2007, which means
that flight Air Berlin 8411 must turn its heading to 200 degrees.

As the three interaction modes can be used simultaneously,
the air traffic controller’s intention is entered into the ATC
system fast. In our opinion, the controller will roughly need
only one third of the time needed to utter the whole command
with its three parts “air berlin eight four one one turn heading
two hundred”. The time needed to utter “two hundred” is
simultaneous to the heading gesture and looking at the aircraft
radar label BER8411.

In addition, the wunilateral workload for verbal
communication will be reduced and balanced with other
modalities. It greatly relieves the strain on the voice from
talking. The reduction in the total time needed to issue one
command frees up the controller’s cognitive resources.

This may even result in higher mental capacity and more
efficient work if controllers can manage more aircraft at a time
through reduced communication contact times. This could then
also increase air traffic operational capacity.

IV. EVALUATION OF MULTIMODAL CWP DEMONSTRATOR
TRICONTROL

For preliminary evaluation of the multimodal system
usability we gathered structured feedback data of fair guests at
DLR’s World ATM Congress 2016 booth in Madrid who
‘worked’ intensively on our exhibit and agreed to participate in
the inquiry. The survey comprised ten items from the System
Usability Scale questionnaire (SUS) [14], three additional
questions — one on each modality, and one summarizing item
on the complete system.

Participants had to rate 14 statements on a Likert scale [31]
from 0 to 4 meaning from “strongly disagree” to “strongly
agree”. The questionnaire items consisted of seven
positively/negatively formulated statements. Twelve people
(many of them air traffic controllers) took part in the survey.

A SUS score between 0 and 60 indicates poor usability;
good usability starts at just over 75, becoming excellent the
closer the score gets to 100.

The average SUS score in our survey was 79 and no single
participant score was below 60. Two participants even rated
usability with a SUS score of 90. Hence, usability of the whole
multimodal CWP can be assumed as good.
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The worst single item rating (2.9) was obtained for the SUS
question on “Frequent Use”, with the best (3.3) being obtained
for questions on “Simplicity of Use” and “Using without
Training” (see Figure 8). Black bars indicate the standard error
as the quotient between variance and square root of sample
size.

System Usability Scale Items for TriControl
RATING
o0 05 10 1,5 20 25 30 35 40

Frequent Use
Anti-Complexity
Simplicity of Use

No Technical Support
Functionality Integration
Consistency

Learnability

Smooth Use

Confidence

Without Training
POSITIVE

NEGATIVE

Figure 8. Participants ratings on system usability questionnaire items

A few minutes of exhibit use are not sufficient to
contemplate a steady and more restricted use compared to
current CWPs. However, simplicity was rated best (3.3). This
demonstrates the clarity and intuitiveness of the multimodal
concept.

All other item ratings lay between 3.0 and 3.3 (inversion of
negatively  formulated statement ratings for better
comparability) showing good usability for different aspects of
the prototypic multimodal CWP concept.

Multi-touch gesture recognition was rated best of the
additional questions (3.3) (see Figure 9). Hence, after a quick
training phase, the four different gesture types proved to be
easy to remember and apply. Speech recognition of command
values (3.1) worked very well for most participants. However,
in a handful of speakers accents led to slightly lower
recognition rates and demand for adjustments.

Additional System Usability Questions for TriControl

RATING
00 05 10 15 20 25 30 35 40

Il Il Il Il Il Il Il Il |
Gesture Control

Eye Tracking
Speech Recognition

Whole System Usability
NEGATIVE

POSITIVE

Figure 9. Participant ratings on additional system usability questions

Eye tracking was the most interesting and surprising
modality being integrated. It worked fairly well for people
without vision correction, with contact lenses, or glasses.
Recalibration for each individual participant improved the eye
tracking feature for aircraft labels.

Nevertheless, after changing seat settings or head position,
the feature needed clearer gazes to react and was rated at 3.0,
which is still within the good usability range. The great
majority of participants were positively impressed by the
overall performance of all three integrated modalities as
reflected by the rating 3.2.

V. SUMMARY AND OUTLOOK

TriControl was the first ATC interaction demonstrator to
combine eye tracking, multi-touch gestures, and speech
recognition to generate full-featured controller commands.
Dozens of air traffic controllers from roughly twenty different
countries and all continents tested the TriControl exhibit in
addition to those who took part in the survey. The feedback
was broadly unanimous: training is needed, especially for
simultaneously use of all modalities, but thereafter interaction
is intuitive, fast, and straightforward.

The training need includes “handling” different devices
simultaneously without looking at them. The training effect is
similar to the difference between new and experienced drivers.
Drivers have to manage different foot pedals, gearshift,
steering wheel, indicator lights and other on-board equipment,
whilst constantly watching the traffic, other drivers,
pedestrians, road signs, etc. Thus, there is a general consensus
that it should be fairly easy to acquire multimodal ATC
interaction skills.

ATC experts also encourage further investigations into the
advantages and drawbacks of multimodal interaction for
controllers. Hence, other combinations of interaction
modalities should be tested and compared. As ATC must
satisfy stringent safety standards, the reliability and accuracy of
these input modes must be very high.

In order to accommodate individual differences and
preferences, the next phase anticipates allowing users to choose
the modalities that they wish to use to interact with the system.
Different extracts from the complete three times three matrix,
comprising interaction modalities and controller command
parts (see Figure 2), will be implemented in an enhanced
version of TriControl. The speed gain for command input and
interaction with TriControl should be measured against
conventional systems. With rapid development of other
innovative input technologies by the consumer industry, the
mentioned matrix may grow further. When expanding this
matrix to a tensor including parameters like personal
preferences or variations over user workload even more
combinations could be investigated.

Furthermore, each of the devices for interaction may be
changed. The low-cost eye tracker could be replaced by a
camera system, tracking head and eye position to improve
accuracy and allow for greater freedom of body positions while
working (see Figure 10).

A number of following studies shall prove and improve
various aspects of TriControl. First, operational feasibility and
suitability to controllers’ requirements will be investigated.
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Afterwards, experiments concerning user acceptance,
usability, and related operational improvements will be
performed and evaluated. Finally, capacity and safety will be
analyzed. To this end, we will identify conditions for better and
safer use of certain modalities.

Figure 10. Advanced eye tracking device at CWP

With DLR’s knowledge in CWP design and its validation
infrastructure for executing realistic high-quality simulations,
initial results and empirical evidence on the usefulness of
multimodality for air traffic control will be gained in a
continuative development phase to find out the best ways of
achieving multimodal interaction.
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Abstract: TriControl is a controller working position (CWP) prototype developed by German
Aerospace Center (DLR) to enable more natural, efficient, and faster command inputs. The prototype
integrates three input modalities: speech recognition, eye tracking, and multi-touch sensing. Air
traffic controllers may use all three modalities simultaneously to build commands that will be
forwarded to the pilot and to the air traffic management (ATM) system. This paper evaluates possible
speed improvements of TriControl compared to conventional systems involving voice transmission
and manual data entry. 26 air traffic controllers participated in one of two air traffic control simulation
sub-studies, one with each input system. Results show potential of a 15% speed gain for multimodal
controller command input in contrast to conventional inputs. Thus, the use and combination of
modern human machine interface (HMI) technologies at the CWP can increase controller productivity.

Keywords: air traffic controller; human machine interaction; human computer interaction;
multimodality; eye tracking; automatic speech recognition; multi-touch gestures; controller command;
speed gain

1. Introduction

Multimodal human-computer interaction (HCI) may enable more efficient [1,2] and especially
natural “communication” because “natural conversation” is a complex interaction of different
modalities [3]. It can also be seen as a “future HCI paradigm” [4]. The term “multimodal” can be
defined as an “adjective that indicates that at least one of the directions of a two-way communication
uses two sensory modalities (vision, touch, hearing, olfaction, speech, gestures, etc.)” [5]. Multimodal
interaction (MMI) is interpreted as combining “natural input modes such as speech, pen, touch, hand
gestures, eye gaze, and head and body movements” [6]. In addition, different types of cooperation
between modalities in such systems can be used e.g., inputs from different channels might be redundant
or need to be merged [7].

One advantage of multimodal systems is the flexibility due to alternative input modes, which
also avoids overexertion and reduces errors [6]. Another benefit lies in the support of different types
of users and tasks [6]. MMI also promise to be easy to learn and use, as well as being more transparent
than unimodal interaction [8]. Furthermore, the operator load as a whole can be shared across all
individual modalities [9]. Thus, the fusion of data with their origin in different input modalities is one
essential factor for an effective multimodal system [10].

Aerospace 2018, 5, 54; d0i:10.3390/ aerospace5020054 www.mdpi.com/journal/aerospace
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Even if some of the different modalities that are combined to a multimodal system are error-prone,
the multimodal system normally is more robust against recognition errors [6]. In Oviatt’s study, this is
due to the users’ intelligent selection of the best input mode for the current situation [6].

For many domains, the typical modalities to be used multimodally are speech recognition, eye
gaze detection, and gestures [11], which are also applicable for the air traffic management (ATM)
domain. In the course of SESAR (Single European Sky ATM Research Programme) it is necessary
to integrate new technologies such as speech-, gaze-, and touch-inputs for an improved interaction
between controllers and their system [12]. The possible speed and efficiency gain with multimodal
interaction working with our CWP prototype TriControl is the key topic of this paper.

Section 2 outlines related work on multimodal systems. Our multimodal CWP prototype is
described in Section 3. The study setup, methods, and participant data are presented in Section 4.
The results of our usability study are shown in Section 5 and discussed in Section 6. Finally, Section 7
summarizes, draws conclusions, and sketches future work.

2. Related Work on Multimodal Human Computer Interaction

Different domains investigated the benefits and drawbacks of multimodal systems in the past.
This section outlines multimodal prototypes and some important results on human performance when
working multimodally.

2.1. Examples of Multimodal Interaction Prototypes

In recent years a variety of multimodal interfaces have been developed. MMI can support
education for disabled people using gestures and sound [13]. Using MMI in a car, the driver may
choose his/her preferred modality from speech, gaze, and gestures, and can combine the respective
system input with different modalities [14]. Another MMI system connected to the steering wheel of a
car enables input via speech and gestures [15]. A further example is the multimodal combination of
gestures and voice to place items on a screen [16].

There are even a lot of examples in the air traffic domain. In a part-task flight simulator, the MMI
allows for function control via eye gazes in combination with speech recognition [17]. Another air
traffic control multimodal prototype incorporates pen and touch interaction as well as physical paper
for flight strips [18]. The users of this system were able to get along with the MMI very quickly and
did not feel overstrained. Eye tracking in combination with a mouse can be used for modification of
air traffic control (ATC) radar display settings by the user as well [19,20].

In previous DLR developments, the use of eye tracking as an input device was also conceptually
enhanced with speech recognition and multi-touch sensing for use in ATC [21,22]. DLR successfully
evaluated the underlying unimodal prototypes for speech recognition [23], multi-touch [24], and eye
tracking [25]. More MMIs related to air traffic management such as flight strip manipulation or an
en-route interface can be found in [9].

2.2. Findings of Earlier Multimodal Interaction Studies

In findings of Oviatt, users were more likely to work multimodally if commands dealt with
numbers or orientation of objects [26]. These aspects are to a certain extent also true when controlling
aircraft on a radar display. However, the amount of multimodal overlap between manual input by
hand and spoken utterances does vary heavily depending on the individual [6].

In a study on driving, the use of a buttons-only system was faster than the combination of gestures
and speech interaction, but less visual demand and a comparable performance were reported for
the multimodal system [15]. In a study concerning interactive maps, roughly 95% of users working
with spatial data preferred interacting multimodally and a speed gain of 10% for system inputs was
shown [27]. A preferred multimodal interaction was also found for a map-based military task, with a
3.5-fold improvement in error handling times [28].
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3. Description of TriControl Prototype

In everyday communication with each other, we use multiple ways of transferring information, as
for example speech, eye contact, and manual gestures. The same principle is the underlying idea of the
DLR multimodal CWP prototype “TriControl”. Therefore, it combines speech recognition, eye tracking,
and multi-touch sensing, with the goal of enabling a faster and more intuitive interaction especially for
approach controllers. The following section will outline the multimodal interaction philosophy of the
prototype. A more detailed description including technical details can be found in [29].

The main task of the target user is the transfer of controller commands to the pilot and the
read-back check [30,31]. Currently, these commands are mostly transmitted via radiotelephony (R/T)
using standard phraseologies according to ICAO (International Civil Aviation Organization, Montreal,
QC, Canada) specifications [32]. Furthermore, controllers are required to log the given commands
into the aircraft radar labels respectively electronic flight strips of the CWP. This input is normally
performed manually using keyboard and mouse. Regarding the structure of the commands, they
are usually composed of “callsign—command type-value”, e.g., “BER167-descend-FL60”. Using
TriControl, these three components are distributed over three input modalities, with each component
assigned to a modality based on its suitability of transporting the corresponding piece of information.

As a result, the current two unimodal communication channels are replaced by one multimodal
interaction with the CWP as visible in Figure 1. Each of the used input modalities of TriControl
is presented in the following. When the multimodal input is completed, the combined controller
command is logged by the system (no additional flight strip compiling required) and will then be
transmitted from the CWP to the pilot via data-link. In case of failure in the submission process, the
R/T communication may be used as a fallback solution. Although the TriControl concept is designed
to enable a fast and efficient input into the CWP (intended for data-link transmission), the usage of
text-to-speech could be a viable alternative for the transmission of commands entered into the system
to aircraft in the traffic mix without data-link capability. As the concept focuses on the input method
of the controller commands, future investigations are required regarding the integration of the pilots’
read-back into the concept. Exemplarily, a digital acknowledge of the pilot sent via data-link could be
visualized on the radar screen, or the usual read-back via R/T could be applied.

Command Submission Command Submission
(Current): (TriControl):

Controller

Figure 1. Difference between current controller command submission and TriControl command submission.

3.1. Eye-Tracking

TriControl’s integrated eye tracking device determines the user’s visual focus in order to detect
the aircraft targeted by a controller command. In the same way as we address our conversational
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partners by eye contact in daily life, TriControl users can address aircraft on the radar screen just by
looking at the radar labels or head symbols.

Therefore, the first part of the controller command—the callsign—is selected using the visual
modality. To emphasize the selection of an aircraft, the corresponding label is highlighted by a white
box around it as shown on the radar display in Figure 2 [33].

BER167
e [A5050 20 19
©60 IS

[EZY37RV 276,A321
@ 7014020 19 —
o ILS

Figure 2. White box around the currently selected aircraft as shown in the radar display.

3.2. Gesture Recognition

If someone asks us how to navigate to a location, we automatically use hand gestures to
describe directions. These coarse-grained pieces of information (e.g., “left”, “right”, “straight
ahead”, etc.) resemble the command types of a controller command like “climb”, “descend” and
so on. Thus, TriControl uses gesture recognition on a multi-touch device for the insertion of the
command type. In the current prototype, the following gestures are implemented to insert the
corresponding command types: swipe left/right for reduce/increase of speed; swipe up/down for
a climb/descend in altitude; rotate two fingers for a heading command, and lastly long-press one
finger for a direct/handover/cleared-ILS command, where the final type depends on the value of the
complete command (e.g., a value of “two three right” would correspond to a runway, therefore the
type would be interpreted as cleared-ILS).

Additionally, we implemented a few convenience functions for human machine interface
(HMI) manipulations. Thus, the controller is able to change the zoom factor and visible area of
the radar display by a 5-finger gesture: movement of all fingers moves the visible area and a
spreading/contraction of the fingers zooms in/out the map section. TriControl also offers the display
of distances in nautical miles between two aircraft that are selectable by multi-touch, i.e., by moving
two fingers on the multi-touch screen to position two cursors on the main screen at one aircraft each.

3.3. Speech Recognition

Regarding discrete values, a natural choice to transmit this kind of information is by voice.

Normally, when trying to insert specific values using different modalities, e.g., mouse, gestures, or
eye gaze, the solution would most likely require some kind of menus that can be slow to search
through. Automatic speech recognition is capable of converting spoken text or numbers into digital
values, especially when the search space is limited—in this case limited to relevant values in the
ICAO standard phraseology (e.g., flight levels, speed values, degrees, or waypoint names). TriControl
therefore accepts spoken values from recorded utterances initiated by using a push-to-talk foot switch
to complete the third element of a controller command in a natural and convenient way.

3.4. Controller Command Insertion

As an example, the insertion of the command “DLH271 reduce speed 180 knots” into the system
is shown in Figure 3.
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Figure 3. Interaction concept of TriControl with fusion of three modalities adapted from [34].

For this task, the controller firstly focused the corresponding label with the eyes. Then, the
command type was inserted via swipe-left gesture and the value “one eight zero” was spoken. The
order of uttering and swiping did not matter. It was even more efficient to perform it in parallel. When
the controller began gesturing or speaking, the selected callsign locked so that the controller was
already free to look somewhere else other than the label while completing the command with the other
modalities. When all parts of the controller command were inserted into the system, a single tap on the
touch screen confirmed the new clearance, which was also highlighted in the label. If command type
or value was recognized or inserted incorrectly, it could be overridden by a new insertion before the
confirmation. Alternatively, the whole command could be refused at any time using a cancel button on
the multi-touch device as a measure of safety against unwanted insertion of clearances.

In contrast to the traditional method of inserting all command parts via voice when using
radiotelephony or speech recognition of the whole command [23], this splitting of command parts
to three modalities was envisaged to enable a timely overlap of the separate inputs. Because of this
potential for concurrent input of the controller command parts and the marginal amount of time
needed for the callsign selection (as the controller would look at the label anyway), the input method
was designed to enable a faster, more natural and efficient insertion of commands into the system,
while each modality was well suited for input of the respective type. A quantitative analysis of how
much speed can be gained will be presented in the next section.

4. Usability Study with Controllers at ANSP Site

For a quantitative evaluation on how controllers use TriControl, we prepared the generation
process of log files from different parts of the system. The log files capture:

e  Positions of aircraft icons, aircraft radar labels, and waypoints as shown on the radar display;

e Eye gaze data with timeticks and fixation positions;

e Begin, update, and end of a touch gesture, with timeticks including confirmation gesture or
rejection button press and release times;

e  Press and release times of the push-to-talk foot switch (related to length of controller utterance);

e  Timeticks for appearance of callsign, command type, and command value on the radar display.

4.1. Recorded Timeticks during TriControl Interaction

Eleven points in time (timeticks) were really relevant to judge speed differences during interaction:
E1/E2/E3 (Eye Fixation), G1/G2/G3 (Gesture), S1/52/S3 (Speech), and C1/C2 (Confirmation) as
shown in Figure 4.
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Figure 4. Measuring modality interaction and confirmation times when using multimodal controller
working position (CWP) prototype TriControl.
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The command input starts with the first eye fixation (1) of an aircraft icon or radar label. In the
example of Figure 4, the label of “BER8411” was fixed by the participant’s gaze (E1). If the captured
gaze points are located within an area of around 0.2 percent of the screen for at least 20 ms, the system
highlights the label with a white frame (E2) and presents the callsign in the dark green upper left
box (E3).

Afterwards, the gesture phase (2A), the speech phase (2B), or both phases in parallel may start.
In our example, the participant touched the multi-touch device (G1), performed a rotating “HEADING”
gesture, and lifted his fingers again (G2). The gesture-recognizer module evaluated the gesture type
and visualized it in the blue upper middle box (G3). However, the gestures may have already been
recognized during the gesture update phase if further finger movements did not change the gesture
type anymore. Hence, G3 could also happen before G2. The later timetick was valid for our calculations.

In our example, the participant pressed the foot switch to activate the speech recognition (S1)
before ending up the gesture. After having spoken the value “Two Hundred” or “Two Zero Zero”
(the system supports ICAO phraseology conform inputs as well as occasionally used variations), the
controller had to release the foot switch (S2). The duration between S1 and 52 was also compared to
the automatically evaluated length of the corresponding audio files in milliseconds. In the current
prototype version, the utterance “200” was only analyzed after the foot switch release so that the
recognition result appearance time (S3) in the red right upper box was always after S2.

As soon as all three command elements (callsign, command type, and command value) were
available and presented in the three colored top boxes, two other elements appeared. First, a yellow
“200” was displayed in the direction cell of the corresponding aircraft radar label (first cell in line 3).
Second, the whole touchable area of the multi-touch device turned green to ask for confirmation of
the generated command (C1). As soon as the single touch to confirm the command was recognized
(C2), the command was entered into the system and the yellow “200” in the radar label turned white.
The controller always had the opportunity to cancel his inputs by pressing a hardware button on the
right side of the multi-touch device. This interaction was not considered as a completed command.
After the confirmation event C2, the command insertion was considered as finished.

4.2. Multimodal Interaction Study Setup

From 4-6 April 2017 we conducted an interaction study using the multimodal CWP prototype
TriControl at the German Air Navigation Service Provider (ANSP) DFS Deutsche Flugsicherung GmbH
in Langen (Germany). 14 air traffic controllers from DFS took part in the study. The average age was
47 years (standard deviation = 10 years; with a range from 29 to 62 years). The ATC experience after
finishing apprenticeship was an average of 21 years (standard deviation = 12 years; with a range from
7 to 42 years). Some of the older controllers were already retired. The current controller positions were
Approach (7xAPP), Area Control Center (5xACC), Upper Area Center (2xUAC), Tower (4xTWR), and
one generic instructor. Several controllers had experience in multiple positions. Eight participants
wore glasses, two contact lenses, and four took part without vision correction. Two of those fourteen
controllers were left-handed. Depending on the modality, some participants had previous experience
with eye tracking (5), gesture-based interaction (3), or speech recognition (10). Controllers’ native
languages were German (9), English (3), Hindi (1), and Hungarian (1).

The simulation setup comprised a Diisseldorf Approach scenario using only runway 23R. There
were 38 aircraft in a one-hour scenario without departures. Seven of them belonged to the weight
category “Heavy”, all others to “Medium”. Each participant had to work as a “Complete Approach”
controller (means combined pickup/feeder controller in Europe and combined feeder/final controller
in the US, respectively). After approximately 15 min of training using a training run with less traffic
density, a 30-min human-in-the-loop simulation run was conducted (see Figure 5).
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Figure 5. Participant during TriControl trials before command confirmation and after uttering a
value, performing a multi-touch gesture. His gaze is being recognized at an aircraft almost on final
(white radar label box).

The TriControl multimodal interaction results were compared against Baseline data gathered
during a study with a conventional input system in November—December 2015 and January 2017.
During these simulations, controllers had to give commands via voice to simulation pilots and had
to enter those commands manually via mouse into the CWP. Both of these necessary controller tasks
could be performed sequentially or in parallel. Twelve radar approach controllers took part in this
earlier study. Four controllers were sent from DFS, eight controllers from COOPANS (consortium of
air navigation service providers of Austria (Austro Control, Vienna, Austria, four controllers), Croatia
(Croatia Control, Velika Gorica, Croatia, one controller), Denmark (Naviair, Copenhagen, Denmark,
one controller), Ireland (Irish Aviation Authority, Dublin, Ireland, one controller), and Sweden (LFV,
Norrkoping, Sweden, one controller)).

The average age was 39 years (standard deviation = 11 years; within a range from 22 to 56), their
professional work experience 17 years (standard deviation = 11 years; within a range from 1 to 34). The
number of aircraft and weight category mix in the traffic scenario were the same as for the TriControl
study. However, training and simulation runs lasted some minutes longer in this study (at least 45 min
each). This aspect should not affect the duration of single controller commands during the run time
except for some training effects.

5. Results Regarding Controller Command Input Duration and Efficiency

One of the primary goals of TriControl is to enable faster controller commands, as compared
to Baseline. We defined the TriControl command input duration as the amount of time between
the controller’s initiation of the multi-touch gesture (or the pressing of the voice transmission pedal,
whichever came first) and the confirmation of the command on the multi-touch display. In Figure 4,
this is the difference between G1 and C2. For Baseline, we defined the command duration as the
amount of time between the controller’s pressing of the voice transmission pedal (or entering a value
in the data label, whichever came first) and the confirmation of the command in the data label (or the
release of the voice pedal, whichever came later).
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The time for visually acquiring the radar label information and consideration (roughly E3-E1
in Figure 4 for TriControl) should be similar to the “time to think” in Baseline. Therefore, the “time
to think” is not part of the command input duration time in both conditions. Response times are
generally not normally distributed, due to the occasional outlier response that is significantly longer
than average. Therefore, for both measures (command input duration of TriControl and Baseline), we
computed the median duration for each controller, which is a much more stable estimate of individual
controllers’ response times. We compute the mean of those median response times and conduct ¢-tests
comparing the means of Baseline and TriControl, reporting the t-statistic and p-values of individual
comparisons. Although raw response times are not normally distributed, the controller medians
are consistent with the normality assumptions of the t-test. When we presented data for individual
command types (e.g., altitude, speed), we only included data from controllers with at least five of
those commands.

5.1. Command Input Duration

Figure 6 shows the command duration results for the full set of commands and for the most
common command types. Overall, TriControl commands (mean = 5.4 s) were slower than Baseline
(mean = 4.7 s), though this was only marginally statistically significant: #(24) = 1.77; p = 0.09.

I Baseline
12 4 [ TriControl

10 A

# oo

Duration (s)
o
® °° .oP-+v-|o o
° o .Oh+“'|o
® o ’++‘%U
o
oo © gctl-—l—v—‘o

All Altitude Heading Speed Cleared ILS
Command Type

Figure 6. Baseline vs. TriControl command duration. Error bars represent +1 standard error of the
mean. Blue dots represent individual controllers.

Although TriControl was slower overall, this likely does not reflect the system’s true performance
potential. With only 15 min training, participants were still learning the system during the main
scenario. Comparing the first 15 min to the second, there was an 11% drop in the number of gesture or
voice corrections per command (0.62 to 0.55). There was also a 0.4 s decrease in the command duration
for commands that did not require a correction (4.8 to 4.4 s).

In addition to training, there are also known limitations with TriControl that we plan to address
in the future. At present, the speech recognition module is tuned to English language with a German
accent. The German-speaking controllers made 50% fewer voice corrections and their command
durations were 1.7 s shorter. Also, TriControl does not presently support chained commands (e.g., an
altitude and speed command in a single transmission). In the Baseline condition, unchained command
durations were 0.3 s longer than chained commands, on a per-command basis (mean = 4.7 s).
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A best-case comparison would reflect the faster, low-error performance that we would expect from
additional training and use, speech recognition that is trained on more accents, and an implementation
of chained commands. With the current data set, we compared the Baseline unchained commands to
the TriControl commands issued by native German speakers in the second half of the simulation that
did not require corrections.

This comparison was reasonable, as controllers in the Baseline were very skilled and trained due
to the similarity of the test system with current operational systems. Therefore, all following analyses
encompass only the second half of the exercise. Results of the best-case comparison are shown in
Figure 7.
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° ° ° " 2
) °
44 :
°
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All Altitude Heading Speed Cleared ILS

Command Type

Figure 7. Baseline unchained commands vs. TriControl second half uncorrected German-speaker
command duration. Error bars represent +1 standard error of the mean. Blue dots represent
individual controllers.

Overall, TriControl command durations (mean = 4.2 s) were shorter than Baseline (mean = 5.0 s),
which is statistically significant: ¢(18) = 2.11; p = 0.049. This is a drop that exceeds 15%. There was also
a significant speed improvement for altitude (3.9 vs. 4.9 s, £(18) = 2.82; p = 0.01), heading (4.4 vs. 7.0 s,
t(16) = 3.9; p = 0.001), and ILS (4.0 vs. 7.7 s, t(11) = 2.82; p = 0.02) commands.

In addition to shorter median command durations in this best-case comparison, TriControl also
has a smaller number of long-duration commands, excluding those that required input corrections.
Figure 8 shows the cumulative distributions of command durations for Baseline and the uncorrected
commands issued during the second 15 min of the TriControl simulation. Although the shortest 50%
of commands have similar durations, the 75th percentile TriControl command is approximately one
second shorter than Baseline, and the 90th percentile is two seconds shorter.
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Figure 8. Cumulative distribution of Baseline vs. TriControl second half uncorrected command durations.
The 75th percentile comparison is also shown in Figure 9. Command durations were shorter for

TriControl overall (£(24) = 2.69; p = 0.01), and for altitude (#(23) = 5.51; p < 0.001), heading (#(21) = 2.41;
p = 0.03), and speed (t(24) = 2.56; p = 0.02) commands.
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Figure 9. Baseline vs. TriControl second half uncorrected 75th percentile command duration. Error
bars represent £1 standard error of the mean. Blue dots represent individual controllers.

5.2. Command Input Efficiency

Finally, we investigated how efficiently controllers used the voice and manual modalities with
each system. In particular, we looked at the portions of the command that can be parallelized. In the
Baseline condition, this is the voice transmission of the command and the manual data entry into the
radar label. In TriControl, this is the command type gesture and the command value vocalization. We
defined the modality consecutiveness of the command as the ratio of (1) the total time to complete the
voice and manual steps to (2) the larger of the two steps’ durations. For example, consider a command
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with a manual duration of one second and a voicing duration of two seconds. If the controller starts and
completes the manual component while they are performing the voicing component—completely in
parallel—then that command has a modality consecutiveness of 1.0. If the steps are done sequentially
with no delay, that is a modality consecutiveness of 1.5. A delay of half a second would correspond to
a consecutiveness of 2.0.

Figure 10 shows a scatterplot of each controller’s median command duration and mean command
modality consecutiveness of Baseline and for the uncorrected commands in the second half of
TriControl. The data points for Baseline were fairly clustered, with modality consecutiveness ranging
from 1.09 to 1.47, and most durations falling between 3.75 to 5 s. In contrast, the TriControl modality
consecutiveness ranged from 1.0 to 2.04, and duration ranged from 2.9 to 5.2 s. A third of TriControl
controllers were issuing their commands with more parallelism than the most parallel controller in the
Baseline condition. This suggests that TriControl does support more parallelism than Baseline, and
that as controllers become more comfortable performing the command components in parallel, they
will produce commands more efficiently.
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Figure 10. Command duration by modality consecutiveness for Baseline and TriControl second
half uncorrected.

6. Discussion of Study Results and the TriControl Prototype

This section discusses the presented results with respect to performance, outlines some qualitative
feedback and then considers safety aspects of the TriControl system.

6.1. Performance Considerations Derived from Results

On the one hand, for the majority of command types in Figure 6, the best performance was
achieved from TriControl controllers. On the other hand, this is also true for the worst performance.
However, this indicated a lack of training. More training could help the worst TriControl performers
to also achieve results comparable to the best TriControl performers and thus better than the Baseline
average. This assumption is already supported by the analyzed data subset of Figure 7.

Some TriControl enhancements, especially for the value recognition of different accents and more
training, might lead to faster command inputs of up to two seconds per command, depending on
the command type. The misrecognition of the uttered word “tower” of some native respectively
non-German accent speakers to initiate an aircraft handover to the next controller position is one main
aspect that needs to be improved. There was of course, only a limited set of modeled accents for this
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first study. Enhancements are also necessary regarding a number of misrecognized confirmation touch
taps on the multi-touch device.

The fastest commands of TriControl and Baseline were comparable (Figure 8). However,
TriControl enabled faster medium command duration times that might again even improve with
more training. This can result in roughly one second saved per command input over all analyzed
command types (Figure 9).

The assumed improvement due to more than 15 min of training (and 30 min simulation run)
with the multimodal system can also be seen in Figure 10. When analyzing the best participants
working with TriControl (near x- and y-axis in Figure 10) they were more efficient and faster than
the best Baseline participants. As the Baseline environment is quite equal to today’s controller
working positions, it can be assumed that the potential for improvement of performance (orange
dots in Figure 10) is low. This is also supported by the clustering effect of those orange dots for
Baseline participants. As there might not be anticipated a performance decrease of the best TriControl
participants (lower left blue dots), the bad performers will probably improve with training and reach
or overcome the Baseline average (blue dots in the upper right area of the plot might move more to the
lower left). The familiarization to the new parallel multimodal input was reported as a main aspect of
training. Many subjects already improved in the short amount of time during the study. This is also
interesting from a pedagogical perspective: an increase in performance over the Baseline with only a
short 15 min period of training raises the prospect of what results could be expected with the inclusion
of a more comprehensive training and preparation program for the test subjects.

6.2. Qualitative Information about Test Subjects” Opinion

The feedback of test subjects gathered in a debriefing session after the simulation run concerned
various positive aspects and suggestions for improvements. A lot of statements were related to the
learnability such as:

e “Ifound it, surprisingly, simple after a period of practice.”,

e ... easy to spot—and after a short time as well easy to correct.”,
e  “I'had no problems at all.”,

e “It's quite interesting on a conceptual level and easy to use.”,

e  “The system is easy to learn.”.

However, there were some flaws that need to be taken into account in the further development
according to:

e “Conditional Clearances and Combined Calls are needed for daily work; at this time the clearance
given is too simple to reflect the demands.”,

e  “The system often reacts too slow; e.g., with respect to the eye tracking dwell time; too long
‘staring’ necessary to ‘activate’ the square.”,

e “Instead of ‘watching the traffic’  needed to ‘watch if the system complies”.”,

o  “TriControl focuses on just one aircraft. That might be a reason for attentional /change blindness.”,

e  “Uttering the whole command might be better for the situational awareness.”,

e  “There is potential for confusion and errors.”,

e “ ... foruse in ATM systems many more variables need to be incorporated and tested for safety”.

Nevertheless there were many encouraging comments to further follow the multimodal approach:

e  “Auseful tool.”,
e  “This leads to less misunderstandings.”,

e  “I think it’s worth to think about systems like TriControl, but it is really hard to state now if I
would really work live-traffic with it ... ; the use is fun!”,

e  “I'would prefer TriControl over mouse or screen inputs.”,
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e  “Asan On-the-job Training Instructor (OJTI) teaching controllers to be instructors, this would be
a good system to easily see what the controller is thinking/doing. I liked the system. Naturally, it
would require practice and exercise to improve the skills required. However, once done, I believe
it would be a good aid to the controller.”,

e  “After adequate training I expect significantly more performance.”.

The level of comments from the participants broadly corresponded to the age of the participants
and their success with the system—the younger participants often had greater success (best case
scenarios) with making command submissions/inputs simultaneously, and as a result, enjoyed a
higher success rate with the evaluation. This lead to more positive anecdotal comments regarding
the potential of the system compared to many of the older test subjects. Older subjects found the
multi-modality more challenging to coordinate and commented that they were frustrated by the
system. The success rate in ATM training generally has been recognized to be better with younger
trainees within a certain age range; it is assumed that within this range they can develop cognitive
skills more readily.

To sum comments and observations up, the TriControl prototype in the current stage has—as
expected—still far to go until it can be considered for operationalization. However, the underlying
concept seems to have great potential for benefits, and for being used in future ATC environments
with controllers who are “native” with modern HMI technologies.

6.3. Safety Considerations

In terms of safety, the general ATC tasks and procedures of the controllers did not change
using TriControl compared to the traditional operation. Although the current state of the TriControl
prototype has a limited amount of available commands, the radiotelephony channel is always intended
to serve as a safe fallback solution for exceptional cases. Also today there is the potential for a
misunderstanding between controller and pilot in the voice communication. This safety factor is to
some extent comparable to an accidental insertion of erroneous commands into the system. To prevent
this issue, the confirmation step for the command inserted via the three modalities was introduced.
However, during the trials, a number of commands mistakenly input into the system were recognized.
As stated earlier, this is most probably a result of the voice recognition not modeled for the respective
accent, and misrecognized confirmations. Those issues are expected to decrease due to two reasons.
First, increased training of the controllers with the system will lead to less erroneous inputs. Second,
further development of the prototype foresees an elaborated plausibility check with respect to all three
parts of a command and the command as a whole with respect to the current air traffic situation.

Hence, this plausibility check even goes beyond the two-way command-read-back-check of
controllers and pilots today. With TriControl it will not be possible to assign commands to aircraft
callsigns that do not exist in the airspace as sometimes happens nowadays. Furthermore, the TriControl
system might immediately execute a what-if-probing and warn the controller before confirmation
and thus issuing of the command, in case of potential negative implications to the air traffic situation.
Besides, the ambiguity of human verbal communication can be reduced as TriControl uses a clearly
defined set of commands to be issued.

Nevertheless, it is obvious that low error rates regarding eye tracking, speech, and gesture
recognition should exist. Those rates are achievable e.g., using Assistance Based Speech Recognition
(ABSR) as already partly used by TriControl. When analyzing complete commands with all three
command parts uttered as usual, Command Error Rates of 1.7% can be achieved [23]. At the same time,
wrong and forgotten inputs into the aircraft radar labels can be reduced with the help of an electronic
support system compared to just using the mouse for all manual label inputs [23]. An intelligent
aircraft radar label deconflicting is important to avoid selecting wrong aircraft via eye tracking if some
aircraft are near each other. Malfunction of gesture recognition to generate unintended command
types have hardly being pointed out by controllers during the study. As low error rates with respect to
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the “automatic recognition” of generated commands can be expected in the future TriControl version
and the additional confirmation step exists, no basic ATC safety showstopper is currently expected.

The aspect of fatigue can also be related to safety. It needs to be analyzed if controllers might
experience fatigue earlier using the three modalities as implemented in the current stage of the
TriControl prototype compared to just using voice communication and mouse inputs. However, if a
controller is able to—at a later stage of TriControl—choose the modality that is the most convenient for
the current situation, this should not lead to earlier fatigue than in traditional CWP HMIs.

As this study was intended to get early insights on the potential speed and efficiency benefit of
the novel interaction concept, future versions of the prototype will incorporate measures to maintain
or increase the safety introduced by TriControl compared to traditional CWPs.

7. Summary and Outlook

TriControl is DLR’s multimodal CWP prototype to enable faster and more natural interaction for
air traffic controllers. The comparison of TriControl (controllers used this setup for the first time ever)
and Baseline (controllers were very familiar with this kind of setup) study results primarily reveals
the potential to improve speed and efficiency of air traffic controller command input under certain
conditions. The short training duration during the TriControl study and thus the familiarization with
the multimodal system most probably even worsened the TriControl in contrast to Baseline results.

Hence, in the pure analysis of the data as a whole, TriControl does not seem to enable faster
and more efficient interaction. However, a closer look into specific parts of the data unveils relevant
benefits. When investigating the second 15 min of each TriControl simulation result, the data of
unchained and uncorrected commands and of participants with a German accent, for which TriControl
was designed in its current version, a speed gain of 15% can be seen. An improvement in speed and
efficiency might lead to less controller workload, or could in the long run help to increase the number
of aircraft handled per controller.

The multimodal TriControl system is of interest to research and educational specialists, for
example within the DFS, because it combines several developing technologies, which are either being
researched, in operational use in ATC systems, or already used in training. Touch input devices are
a mature and widely used ATC interface. The ability to ‘email” clearances to aircraft via Controller
Pilot Data Link (CPDLC) rather than by voice is used extensively in ATC communication systems.
Research is being undertaken in eye tracking and its” use in controller support tools. Voice recognition
and response (VRR) systems are used in various aspects of training, and the technology is improving.

Trials of VRR in ATC simulation within the DFS Academy have suggested similar results to
those in the TriControl trial: general VRR recognition results are often overshadowed by higher
misrecognition rates of the verbal instructions of a small number of users, sometimes because of an
unusual accent for which the VRR has not been tuned. This limits its use as a training tool, and can
also lead to low expectations and poor acceptance levels by users. Improving the system’s recognition
ability can remove this potential roadblock to its implementation.

Many aspects like controllers’ experience with the involved interaction technologies, the
parallelism of input, their own controller working position design and responsibility area as well as
age might have influenced the TriControl results. Nevertheless, some controllers performed really well
with the multimodal system that has only been planned for future CWPs. Hence, there will probably
be a new generation of trainable controllers in the future to benefit from the potential speed gain in
command input. There is a list of reasonable enhancements for this early version of a multimodal
CWP prototype that we gained from the evaluations.

In a next step, TriControl will for example, use a context-based fusion of input modality data
for plausibility checking of information, as DLR has already shown that it is reliable in speech
recognition [35]. This step aims to reduce recognition errors by using the information from all three
modalities to cooperatively construct a reasonable controller command. This could also increase
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the safety as the pre-check of complementary command parts will be performed before sending the
information to a pilot via data-link or standardized text-to-speech.

Other differences to current interaction are the lack of chain commands, conditional clearances, or
traffic information. Therefore, we hope to find reasonable ways to include possibilities to cover a great
amount of the controllers’ interaction spectrum by incorporating their feedback as early as possible.
Accordingly, the effects on safety using the TriControl system have to be analyzed as well, when the
maturity of the prototype has increased. The limited time available to each participant did not allow
familiarity with the system to be fully developed before the trial took place. With a longer period of
time in a second trial, the individual tasks could be evaluated, as well as combined tasks, prior to
the exercise. This data evaluation would be of interest, but would involve more intensive evaluation
that was not possible in the first trial. Training could then be tailored to assist and overcome the main
problems identified in a qualitative error analysis. A quantitative error analysis was not reasonable for
the first trial due to the described different sources of errors and as it was not the scope of the first trial.

To furthermore investigate the effects of users’ free choice of modalities, we will extend each of
the involved modalities to enable inputs for as many command parts as possible. On the one hand,
users will be able to choose the modality for a piece of information as it fits their needs or the situation.
On the other hand, quantitative evaluations will be performed to assess the performance of different
interaction modality combinations. This will also enable an assessment of the performance using the
modality combination presented in this work compared to combinations more similar to the current
work of the controller.

The multimodal interaction CWP prototype TriControl showed the possibility of fast and efficient
input of most approach controller command types into the digital system already now. This will be
essential in the context of digital ATC information distribution and future ATC tasks.

Very similar benefits are as well anticipated by the major European ANSPs and ATM system
providers in the course of SESAR2020’s solution “P].16-04 CWP HMI” investigating the effects
of automatic speech recognition, multi-touch inputs and eye-tracking at the CWP on controller
productivity. Thus, future activities will probably also use and combine the advantages of those
innovative HMI technologies.
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Abstract: Current Air Traffic Controller working positions (CWPs) are reaching their capacity owing
to increasing levels of air traffic. The multimodal CWP prototype TriControl combines automatic
speech recognition, multitouch gestures, and eye-tracking, aiming for more natural and improved
human interaction with air traffic control systems. However, the prototype has not yet undergone
systematic evaluation with respect to feasibility. This paper evaluates the operational feasibility,
focusing on the system usability of the approach CWP TriControl and its fulfillment of operational
requirements. Fourteen controllers took part in a simulation study to evaluate the TriControl concept.
The active approach controllers among the group of participants served as the main core target
subgroup. The ratings of all controllers in the TriControl assessment were, on average, generally
in slight agreement, with just a few showing statistical significance. However, the active approach
controllers performed better and rated the system much more positively. The active approach
controllers were strongly positive regarding the system usability and acceptance of this early-stage
prototype. Particularly, ease of use, user-friendliness, and learnability were perceived very positively.
Overall, they were also satisfied with the command input procedure, and would use it for their daily
work. Thus, the participating controllers encourage further enhancements to be made to TriControl.

Keywords: air traffic controller; human-machine interaction; usability; multimodality; eye-tracking;
automatic speech recognition; multitouch gestures; controller command; feasibility analysis

1. Introduction

Facing the growing levels of air traffic and increased automation, conventional working methods
and workstations are no longer adequate for air traffic controllers (ATCOs). Hence, there is a
need for a faster, more efficient, and, ideally, more natural way of working, considering that a
huge amount of ATCO work includes communication with aircraft pilots to issue commands. The
communication between ATCOs and pilots is still mostly based on radio telephony. Hence, current
human-machine interfaces (HMIs) in air traffic control (ATC) support the single voice interaction
mode. However, this principle contradicts natural, intuitive, and efficient human communication.
For instance, when explaining the route and distance to the airport to someone, verbal instruction
is most often simultaneously accompanied by gestures for the direction and eye contact. In order
to comply with these everyday interactions, the modalities should also be available at the controller
working position (CWP), which mainly comprises an interactive air traffic situation data display and
the communication infrastructure.
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First, controllers observe and analyze the air traffic at their situation data display. Thus, it is
only a small step to utilizing eye-tracking technology to select the currently observed aircraft as the
one to receive the next command. Secondly, verbal commands are an everyday concept in ATC.
However, utterances can be reduced to only articulating command values. Thirdly, performing
simple and fast multitouch gestures for command types—as are widely used nowadays on electronic
consumer products—complements an easy and natural way of creating commands, which the controller
finally confirms.

Multimodal HMIs combine different interaction modalities, aiming to support a natural [1] and
efficient way of human communication [2,3]. Recent research has revealed that reasonable interaction
technologies [4] for a CWP should recognize touch, speech, and gaze [5-8]. In accordance with these
findings, the German Aerospace Center (DLR) has developed the multimodal CWP TriControl concept,
which combines automatic speech recognition, multitouch gestures with one or multiple fingers on a
touch input device, and eye-tracking via infrared sensors located at the bottom of the monitor. These
modalities can be used to input the three basic ATC command parts, i.e., aircraft callsign, command
type, and value, into the ATC system [9]. Hence, conventional subsequent command parts that are
uttered verbally are replaced by parallel ATC system input with different modalities [10].

First analyses with the multimodal CWP prototype TriControl showed an acceleration of command
input by up to 15% [10]. Furthermore, the artificial voice broadcast or data-link transmission of
commands resulting from combined command parts of the parallel ATC system input in TriControl
can also reduce misunderstandings in verbal communication caused by various “foreign language”
English accents [11], that might even lead to serious accidents [12].

However, the operational feasibility including the system usability and acceptability of TriControl
have not yet been systematically evaluated with ATCOs in a realistic environment [9]. As ATCOs work
in a highly safety-critical domain, they and the air navigation service providers are very cautious with
respect to new technologies [13].

The goal of this paper is to evaluate the multimodal CWP prototype TriControl in practice, i.e.,
mainly based on questionnaires after simulation runs, to receive input from target users for future
development [14]. The evaluation concentrates on operational feasibility in terms of system usability
and analyzing the fulfillment of operational requirements.

In the next section, we present the relevant background on multimodal HMIs, the validation
methodology, and the TriControl system. Section 3 is the method part, introducing the participants,
setup, and contents of the TriControl feasibility analysis study. All analysis results on system usability,
acceptability, and performance are presented in Section 4. The main results and further comments are
briefly presented in Section 5. Finally, Section 6 summarizes and concludes this paper, and sketches
out future work.

2. Background of Multimodal Interfaces, Feasibility Analysis, and the CWP prototype TriControl

Many studies have investigated the advantages and disadvantages of specific interaction
technologies as well as of multimodal HMIs. The most important results regarding multimodal
HMIs and their relationship with the ATC domain are outlined in the following section. Furthermore,
a theoretical background regarding the main aspects of the feasibility analysis study is outlined, i.e.,
concerning the validation methodology, the concepts of usability and acceptability, as well as the
user-centered design. Finally, the functionality of the multimodal CWP prototype TriControl that was
evaluated in a feasibility analysis is explained.

2.1. Multimodal HMIs and Their Benefits for ATC

Human-machine systems comprise reciprocal interaction between system components such as
hardware and software as well as humans to achieve specific goals [15]. The communication channel
for information between human and machine is called the “modality” [16]. HMIs usually utilize
visual-, audio-, and sensor-based modalities [17]. Hence, there can be unimodal or multimodal HMIs,
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depending on the number of utilized modalities. The HMI serves as a means for information exchange,
including input and output. Well-designed HMISs can lead to better operational performance, safety [18],
and efficiency [19], in particular, for high risk systems such as air traffic control workstations [20].

ATCOs shall ensure safe and efficient air traffic flow, also avoiding fuel and noise pollution, [21]
being supported by their CWP. The basic tasks of ATCOs follow a cognitive cycle that consists of
checking external information, searching for conflicts, issuing commands, and updating their mental
picture [22]. The radar screen of their CWP is a central means to receiving external information, to
search for conflicts, and to updating the ATCOs’ mental picture. Thus, the information flow from the
machine to the ATCO is mostly visually based. For issuing of commands—and the check of pilots’
readbacks—ATCOs use audio-based radio telephony in two-way communication with pilots [23] and
other ATCOs. Furthermore, there are touch-based input devices at modern CWPs, which are used to
update the information in the system. However, due to a lack of reasonable parallel usage of those
modalities, current CWPs are more like a set of different unimodal HMIs instead of a multimodal HMI
as sketched.

The limits of human cognitive resources for information processing compared to the machine
especially are a disadvantage of unimodal HMIs [24]. If the speed of information input or output,
natural interaction, error-proneness, or individualization is essential, unimodal HMIs are often not the
best concepts [17]. Conversely, multimodal HMIs take into account that humans process information
modality-dependent and potentially simultaneously via different modalities considering the cognitive
load theory [25] and the working memory model [26]. Respective interfaces and their analysis started
in the 1980s [27].

Nowadays, many versions of multimodal HMIs exist, but all of them contain the principle of
“more than one modality” for a human to interact with a machine [16,28,29]. Focusing more on the
technical aspects and with regard to TriControl, a definition of multimodal interfaces could be “two or
more combined user input modes—such as speech, pen, touch, manual gestures, gaze, and head and
body movements—in a coordinated manner with multimedia system output.” [30]. Multimodal HMIs
have several advantages compared to unimodal HMIs. They promise to be more intuitive [31], to be
better fitting to human needs for system control [32], to be faster, safer, and more reliable [33], to be
less error-prone [34,35], to be more robust [35], to offer the best-suiting modality for users’ choice [36],
to reduce cognitive workload of users [37], and to comprise briefer and less disfluent input [34,38].

In a tested use case, roughly 95% of target users would prefer the multimodal over unimodal
interaction [34]. However, users often mix unimodal and multimodal interaction [39,40]. Particularly
in case of low cognitive load, users may even prefer unimodal interaction [41]. If users established
their individual way of using multiple modalities, this interaction style would hardly change [42].
Overloading one or multiple modalities with information can result in less trust in the HMI [43].

Further findings on the three interaction modalities (automatic speech recognition, eye-tracking,
and multitouch inputs as used by TriControl) are outlined in the following. The use of speech
recognition in ATC started decades ago [44]. As ATCOs and pilots are obliged to use standard
phraseology, a set of rules and terms for verbal radio telephony communication defined by the
International Civil Aviation Organization (ICAO), the number of words and word sequences is limited
compared to natural language [45]. Transcribing controller utterances word-by-word is only a small
step for further applications [46]. The interpretation of those words also needs to be annotated to
understand the respective command parts [47] especially if they do not follow the ICAO phraseology.

Given the commands, it is possible to highlight aircraft labels, to assess ATCO workload [48],
or to enable safety functions [49,50] in operational environments or for the support of ATC training
and simulations [51]. However, low command error rates are crucial for those applications. Thus,
assistant-based speech recognition has been introduced [52]. A command hypotheses generator
provides the most probable and reasonable commands in a given situation to a speech recognition
engine. This reduces the command error rate down to 1.7%. The respective radar label maintenance
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task supported by speech recognition reduces ATCO workload for ATC system input by more than
30% [53].

Eye-tracking interaction has already been analyzed in the air traffic domain [54,55]. The freeing of
hands to be used for other manual interaction is one central advantage of this interaction means [56].
However, the visual selection of elements after a gaze dwell time does not seem beneficial [57]. The use
of gestures in the ATC context has also been investigated. Earlier prototypes mostly include multitouch
surfaces for more complex gestures [58]. Further examples from ATC research prototypes combine
gestures with eye-tracking [59] or speech recognition [60]. Another application uses visual gesture
recognition of air marshallers [61,62].

Touch gesture recognition has been investigated in the context of multimodal CWP [13,63].
Multitouch based interaction was evaluated as natural and fast enough for ATC applications [13].
Furthermore, users were able to work with the tested modalities quickly and perceived easy interaction [13].
Speed gains of up to 14% could be achieved compared to mouse inputs [64]. As ATCOs work in a highly
safety-critical environment, the acceptability and trust by ATCOs of their HMIs is essential.

The user-centered design process takes target users into account in each design step of the HML
Hence, there are early opportunities to influence the HMI development to the needs of ATCOs also in
low technology readiness levels respective to validation phases.

2.2. Validation Methodology for Feasibility Analysis with Usability, Acceptability, and User-Centred Design

The European Operational Concept Validation Methodology 3 (E-OCVM 3) developed by the
European Organisation for the Safety of Air Navigation (EUROCONTROL) [65] provides a processual
approach for the validation of air traffic management (ATM) operational concepts. The methodology
shall include all relevant stakeholders and support the development process. The E-OCVM concept
lifecycle model encompasses eight steps for maturing concepts based on iterative loops for design and
evaluation. The steps for “validation phases” (V) are “ATM needs (V0)”, “Scope (V1)”, “Feasibility
(V2)”, “Pre-Industrial Development and Integration (V3)”, “Industrialization (V4)”, “Deployment
(V5)”, “Operations (V6)”, and “Decommissioning (V7)” focusing on V1 to V3 for the concept validation
methodology. Many of those phases are similar to the more popular “technology readiness levels
(TRL) 1 to 9 [66]. Hence, V1 corresponds to TRL2 “Technology concept and/or application formulated”,
V2 corresponds to TRL4 “Component validation in laboratory environment”, and V3 corresponds to
TRL6 “System/subsystem model or prototype demonstration in an operational environment” [67].

The TriControl CWP prototype is assumed to fulfill step V2 “feasibility” of E-OCVM 3 or TRL4
“Component validation in laboratory environment” respectively. In this step, the technological concept

”

of a prototype in the ATC domain should be elaborated to be operationally feasible in normal and
non-normal conditions, the latter e.g., comprising emergency flights or severe weather. An initial
functional prototype should undergo a simulation for further analysis and revelation of further
development needs. The aspect of feasibility itself is again subdivided into operability respectively
usability, (system) acceptability, and performance.

Usability as one aspect of feasibility is defined as a construct with many facets including the
aspects being “easy to learn, efficient to use, easy to remember, having a low error rate, and meeting
user satisfaction” [68]. It can also be seen as the extent to which a system can be used regarding
specified users and context to reach effectiveness, efficiency, and satisfaction [69]. Much background
of the concept “usability” is given in [70]. The focus on users and environments next to just the
tasks in the tool development is a central factor resulting from usability concerns [71,72]. If usability
is taken into account, this can increase productivity, reduce training and support needs, improve
users’ acceptance [73], or even lead to higher efficiency [74]. Usability can be measured directly or
indirectly [75,76] via questionnaires and interviews on perceived usability respectively via behavioral
and interaction data from system experiments [77,78]. Therefore, a combination of evaluation methods
improves the usability assessment [79]. System usability problems can be detected with small user
sample sizes. In specific studies, five study subjects were able to find 80% of usability problems and
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15 study subjects detected all usability problems [80,81], however there may be hierarchies in those
problems so that fixed numbers of subjects might not make sense [32].

Acceptability as another aspect of feasibility can be defined as the perceived usefulness and ease
of use of a system to fulfill a task [83-85]. This affects the attitude towards the system as well as the
behavioral intention and actual use of this system following the Technology Acceptance Model (TAM) [86].
The TAM has broadly been applied and developed high reliability to become a valuable acceptability
assessment model [87]. If acceptability is taken into account during concept and system development
especially in complex environments, this can avoid user resistance [88] and avoid negative use of the
system such as obstruction or under-utilization [89]. Acceptability can be measured via Likert attitude
scales [90] in questionnaires. A widely used questionnaire with 12 items [91] has high reliability [92].

Those aspects of feasibility can be assessed early in the applied “user-centered design” process.
User-centered design encompasses the involvement of all relevant stakeholders in iterative design
steps having an appropriate view on the requirements of tasks, users, and task distribution [73]. If
user-centered design is applied, this can result in better acceptance of users [93], higher satisfaction [94],
improved usability [95], and less training needs [96]. The iterative design loop of DIN EN ISO
9241-210 includes an analysis of system usage context, followed by a deduction of requirements and
the development of a design solution that is evaluated afterwards. Non-satisfied user requirements of
the evaluation tests lead back to the beginning of the design loop. This methodology has also been
applied to certain extents to other ATC interfaces [97] next to TriControl.

2.3. Multimodal CWP TriControl

Nowadays, an ATCO usually issues verbal clearances to pilots via radio telephony and enters the
clearances’ contents manually into the ATC system. The clearances include structured information
about the necessary pilot actions. The central contents are an aircraft callsign, a command type, and
a command value. Pilot actions after readback of the clearance can lead to trajectory changes of the
aircraft, e.g., due to speed, altitude, and heading changes; or can be of organizational manner, e.g.,
to handover the controlling responsibility for an aircraft to an ATCO of the adjacent airspace sector.

When using the multimodal CWP TriControl-—combining three input modalities—an ATCO is
able to generate a clearance with an aircraft callsign via gaze, a command type via multitouch gesture,
and a command value via verbal utterance (see Figure 1).

Automatic Speech Recognition

Value

~
-
-

SAS2MZ

Command

DtH123ws Callsign géggEBND

’ EZY37RV 80 FL
/ Descend Type

Eye Tracking Device

(O]
@@ TriControl

Multi-touch Display

Figure 1. Multimodal interaction with TriControl combining the inputs from eye-tracking via gaze,
automatic speech recognition via utterance, and multitouch display via gesture to a controller command
(adapted from [98]).

The eye-tracking device detects the spot at the radar screen the ATCO is fixing for a certain dwell
time. If there is an aircraft label or icon, the respective callsign is selected as the aircraft that will then
receive the next command. Afterwards, the ATCO can input the command type and value in sequence
or in parallel. The targeted aircraft is locked as soon as the system detects that the ATCO performs a
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gesture or utters something, to avoid the clearance being sent to another aircraft that may be looked
at thereafter.

The command type is entered into the system via two-dimensional gestures on the multitouch
display. The one-finger gestures swipe down results in “descend”, swipe up for “climb”, swipe left for
“reduce”, swipe right for “increase”, and long press for “cleared ILS/handover/direct to” depending on
the value. When rotating semi-circle wise with two fingers, this will be recognized as a “heading” type.
In an additional multitouch interaction mode that can be activated and deactivated with a button press
on the multitouch device, some aspects of the graphical user interface of TriControl can be adjusted.
This is done with two further multifinger gestures: Five fingers are used to zoom in and out on the
radar map via spreading/contracting or they are just moved to pan the map; two fingers are needed to
attach the distance measurement tool circles on two selectable aircraft.

The command value is spoken and recorded with a microphone. This value only consists of digits

Zaw

or is a waypoint, runway, or controller position name, respectively, i.e., “one five zero”, “two hundred”,
“delta lima four five five”, “two three right”, “tower”, etc. The command type gesture and command
value utterance can be entered in parallel as Figure 2 demonstrates.

The callsign, type, and value are then combined to a controller command displayed to the ATCO.
The uttered value is displayed in yellow in the type field of the corresponding aircraft label. For the
validation trial, there was an additional top bar on the radar screen [99] with the three input elements
next to a yellow value in the corresponding command type label field of the respective aircraft as
shown in Figure 2. This visualization of the generated controller command before issuing it helps
to detect mistakenly entered or falsely recognized command parts. Thus, the controller can either
completely cancel the clearance or overwrite a wrong callsign as detected by gaze recognition, a wrong
command type as analyzed by the multitouch device, or a wrong value as recognized by the speech
recognition. Hence, there is even one more additional manual check for correctness with TriControl
than just to listen to the pilot readback to determine if a conventional—completely verbal—clearance
might contain an error.

If the ATCO acknowledges the completed command via a confirmation tap on the multitouch
device, it is entered into the ATC system and could be further processed to influence the aircraft
trajectory. Hence, the command could be sent to the aircraft via datalink or could be read by an artificial
voice via the usual radio telephony channel. More details on the background of TriControl as well as
functionalities especially with respect to aspects of command element input orders and timing can be
found in [10].

DLH6421 HEADING

DLH6421

® ®

=/

2B. Speech

s asind
.

Figure 2. Input order of TriControl starting with eye fixation (on label of callsign DLH6421), followed

by potentially parallel touch gesture (rotating two-finger semi-circle swipe) and speech utterance (two
one zero) being recognized, terminated with a confirmation tap (short press) to finalize a command.
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3. Multimodal CWP Feasibility Analysis

The participants, setup, and tasks of the feasibility analysis study as well as questionnaires and
study hypotheses are explained in the following sections.

3.1. Evaluation Site and Study Participants” Characteristics

The TriControl human-in-the-loop feasibility analysis study took place at the German air navigation
service provider DFS Deutsche Flugsicherung GmbH in Langen, Germany in April 2017. Fourteen
DFS ATCOs with an average age of 47 years (standard deviation (SD): 10 years) participated as study
subjects. They had an average professional ATC experience of 21 years (SD: 12 years). The ATCOs
worked at different positions, such as approach (7xAPP), area control center (5xACC), upper area
center (2xUAC), tower (4xTWR), and as a generic instructor, so multiple answers were possible, and
multiple perspectives were obtained. Four ATCOs were identified as the core target group being active
APP ATCOs. This is due to the fact that TriControl is an approach control CWP, and current controlling
skills, i.e., not being retired, influences the performance during the simulation study.

Some characteristics and experiences of ATCOs were asked as this could be relevant for the
efficient usage of the different input modalities. Five participants had previous experience with
eye-tracking, 3 with gesture-based inputs, and 10 with automatic speech recognition. Four participants
did not use vision correction devices, two participants wore contact lenses, and eight participants
wore glasses. Twelve of 14 participants were right-handed. All participants had appropriate English
language skills as needed for air traffic control. The participants’ native languages were German (9),
English (3), Hungarian (1), and Hindi (1).

3.2. Tasks during the Human-in-the-Loop Study for Feasibility Analysis

The complete study included four different phases: Introduction, training, simulation run, and
evaluation with debriefing. The TriControl concept and functionalities were described during the
15 min introduction. This included a standardized presentation about project goals as well as the
system handling with the three interaction modalities and the graphical user interface taught by the
technical supervisor.

The training phase consisted of a practice human-in-the-loop simulation run and lasted roughly
15 min. The traffic scenario used Diisseldorf approach airspace and comprised less aircraft than the
later evaluation trial. This gave study participants time for repetition and familiarization with multiple
and very different command inputs. Furthermore, they could focus on gathering information using the
new radar screen environment. In addition, the eye-tracking device was calibrated to the participants’
physical requirements. This phase was accompanied by the technical and psychological supervisors
who answered open questions and corrected possible mistakes. As soon as the study participants
stated his/her comfort and confidence with the system, the practice run was finished.

The simulation run in which participants worked with the TriControl CWP lasted a bit more
than 30 min. The hardware comprised commercial-off-the-shelf devices (laptops, monitor, touchpad,
eye-tracker, headset, foot switch). The Diisseldorf approach area with only active runway 23R was
used as simulation setup (see Figure 3).

The air traffic scenario comprised 38 arriving aircraft including seven of wake turbulence category
“Heavy” and 31 “Medium”. The scenario did not encompass departure traffic and was sufficient for
one-hour maximum simulation time. Each participant’s task was to work as a “Complete Approach”
controller (meaning combined pickup/feeder ATCO in Europe and combined feeder/final ATCO in the
US, respectively). The traffic scenario used standard arrival routes and there were no unusual traffic or
weather conditions. The aircraft followed the issued command instructions directly after confirmation.
Hence, the participants got an impression of TriControl’s functional mechanisms in a standard ATC
approach environment.
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Figure 3. Setup of TriControl feasibility simulation study with a participant before uttering a command
value, after performing a command type gesture and selecting an aircraft with his eyes.

During the final evaluation and debriefing phase, all study participants needed to fill out
questionnaires regarding feasibility with usability and acceptability, demographics, and profession-
related data in the presence of the psychological supervisor. More precisely, 10 questions about
personal data as well as 146 statements comprising the system usability scale (SUS) as well as the topics
TriControl concept (T), eye-tracking (E), clearances (C), gestures (G), speech recognition (S), input
procedure (I), and radar screen (R) plus 30 lines for optional comments on certain elements needed to
be handled. Examples for those statements contain the ability to guide air traffic with TriControl (topic
T), usefulness of eye-tracking (topic E), ability to issue different command types (topic C), learnability
of gestures (topic G), user-friendliness of speech recognition (topic S), satisfaction with command input
procedure (topic I), and identification of radar information (topic R) (see Appendix A for all statements
to be rated). Together with further 17 categories for notes taken by the psychological supervisor during
the experiment, this sums up to 203 lines of raw data for each of the 14 participants.

Three classes of requirements have been defined for the feasibility analysis of TriControl:
(1) Multimodal interface fitness for intended use in the “TriControl concept”, (2) “information
retrieval”, and (3) “command issuing”. The developed questionnaires apply the norm DIN EN ISO
9241-11 (2017) with the subcategories effectiveness, efficiency, and satisfaction, as well as acceptability.
For class (1—TriControl concept), the category effectiveness consisted of controlling air traffic as the
core task of an ATCO. The category efficiency orients on DIN EN ISO 9241-11 Dialogue Principles
(2006) for HMIs. The general requirements of this main norm were used for the category satisfaction.
The category acceptability is assessed with widely used items of system use aspects [86]. For class
(2—information retrieval), category effectiveness took the retrieving of information into account,
category efficiency bases on DIN EN ISO 9241-12 Presentation of Information (2000), categories
satisfaction and acceptability used the same sources as for class (1). For class (3—command issuing),
category effectiveness again took the core task of issuing commands into account, categories satisfaction
and acceptability consider the E-OCVM 3 demands.

3.3. System Usability and Feasibility Analysis Questionnaire

To answer the research questions on basic feasibility and usability of the TriControl prototype
in a quantitative and qualitative way, different assessment approaches were necessary. The quality
of the operational concept and system usability of TriControl in general needed to be analyzed with
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a globally comparable measure. Therefore, the System Usability Scale (SUS) [100,101]—a subjective
system usability assessment tool—was chosen. The SUS questionnaire consists of 10 statements to be
rated on a scale comprising five possible answers coded as 0 to 4 points. The statements alter their
positive-negative formulation respectively to prevent bias [102]. All ten items are multiplied with
2.5 to span a range from 0 to 100 whereas a higher score indicates better perceived system usability.
The SUS proved to be highly reliable with an o of 0.911 [103] and to represent an overall trend [104].
Furthermore, the SUS scale has been used to evaluate TriControl in an earlier phase [9] and thus allows
for better comparability and continuing the system usability assessment.

For the current analysis, the SUS score should indicate a sufficient value to represent a system
usability as “ok”, i.e., be at least at 50.9 as investigated in the literature [104]. Thus, the formal
hypotheses on system usability of TriControl are:

H(]li x <509 (1)

Hqp: X >509 2)

The SUS score represents an overall score of ten recorded items [100] that is used for a point
estimation. The SUS score is analyzed for a confidence interval (condition o = 0.05) for an interval
estimation. It also investigates possible significant deviations from the critical cutoff value [79].

The feasibility was tested with a newly developed Likert-scale questionnaire based on user
requirements. The self-based assertions aimed to evaluate the single elements of the TriControl system
in a systematic manner [105]. The respective scale ranged from 1 (strongly disagree) to 6 (strongly
agree) and included two further items (not important) and (not affected) [106]. The newly developed
feasibility questionnaire should indicate at least a positive evaluation above the average score of 3.5 on
the Likert-scale [90] ranging from 1 to 6 for all items. Hence, the formal hypotheses on feasibility of
TriControl’s operational concept are:

Hop: x <35 (3)

H122 E > 3.5 (4)

The non-parametric binomial test was used for the statistical significance analysis due to the small
sample size of N = 14. However, taking into account the robust binomial distribution supporting the
null hypothesis, results will less likely be significant with respect to the desired direction [107]. The
binomial test for each item included the n answers actually given by ATCOs, a test ratio of 0.5, an « of
0.05, and an expected mean value of 3.5 as the answers lay within 1 to 6. The further qualitative analysis
was structured content-wise to deduct recommendations for certain feasibility elements according
to [108].

Additionally, verbal remarks by the study subjects on the human-machine interface during
non-task-interfering times were noted in a similar version compared to the Thinking Aloud
technique [109]. Furthermore, non-verbal mistakes when using the prototype were noted [110].

4. Results of the Feasibility Study

The questionnaire results on system usability and feasibility as well as the most important
comments of the 14 ATCOs are reported in the following sections.

4.1. Score of System Usability Scale (SUS)

The average SUS of TriControl for all 14 ATCOs was 60.9 (SD = 21.9; lower and upper confidence
interval limits: 48.3/73.5). Hence, the mean value indicates a system usability between “ok” (50.9)
and “good” (71.7) [104]. However, the confidence interval overlapped the cutoff value. So, the mean
value does not significantly deviate from the null hypothesis value of 50.9. It has to be rejected that the
TriControl prototype offers a valid operational concept for ATC at the current stage. Though, when
reducing the sample set to the core target group of active approach (APP) ATCOs (N = 4), the results
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dramatically improved, i.e., the mean increased to 79.4 (SD = 9.7; lower and upper confidence interval
limits: 73.8/85.0). This would indicate a system usability evaluation of TriControl between “good”
and “excellent” [104] as shown in Table 1. The SUS score of 79 also equaled an older non-systematic
pre-evaluation of TriControl [9]. Table 1 also lists the 10 single SUS items S01-510 representing a similar
result regarding the ratings of active APP ATCOs. They did not perceive TriControl as cuambersome
(S08) or inconsistent (S06) but would even like to use the system frequently (501) with 3.5 points or
more on the scale up to 4 points. Furthermore, the four usability statements S11-514 on the three
different input modalities and the combination of it was rated above the scale mean and, again, better

from active APP ATCOs.

10 of 26

Table 1. Scores for system usability and four extra statements for single items and total system usability
scale (SUS) score.

N=4
N=14
I.. (Active APP
(All ATCOs) ATCOS)
No. System Usability Score Items ! M SD M SD
S01 think that I would like to use the system frequently. 21 15 3.5 0.6
502 found the system unnecessarily complex. 2 2.6 12 3.3 0.5
503 thought the system was easy to use. 2.5 12 3.3 0.5
S04 think that I would need the support of a te2chrucal person 27 13 33 1.0
to be able to use the system.
S05 found the various fupctlons in the system were well 23 11 3.0 0.8
integrated.
S06 thought there was too much inconsistency in the system. 2 2.4 1.2 3.5 0.6
so7 would imagine that most people Would learn to use the 29 11 25 1.0
system very quickly.
S08 found the system very cumbersome to use. 2 2.5 1.6 4.0 0.0
S09 felt very confident using the system. 2.1 11 3.0 0.0
510 needed to learn a loF of things beforze I could get going 29 11 25 17
with the system.
Total SUS score 60.9 21.9 79.4 9.7
s11 found that Trl‘Control' mu_lt'ltouch gestures for command 38 12 35 0.6
selection are intuitive and easy to learn.
s12 think that the use of eygtrgckmgl feat;lre for selecting 23 14 25 1.0
aircraft is disturbing.
s13 think that automatic speech recognition is a good way to 29 14 8 15
enter values.
S14 found the use of multiple modalities (eye gaze, gestures, 26 12 3.0 12

speech) is too demanding. 2

! Rating per single item from 0 “worst rating” to 4 “best rating”, multiplied by 2.5 for Total SUS score. M represents
the mean, SD the standard deviation. 2 Statement rating has been “inverted” due to negative formulation, i.e., 0.5

points in the raw data are presented as 3.5 points here to enable better comparability of all items.

4.2. Feasibility Questionnaire Ratings

All 25 statements on the TriControl concept (T) are presented in Table Al. The 44 statements on
command input in different categories (E/C/G/S/I) are shown in Table A2. Table A3 lists all 63 statements
on the used prototypic radar screen (R). The tables include values for ratings’ mean, standard deviation,
number of answers, and number of positive answers. They also list the p-value of the binomial test for
significance analysis, i.e., to assess if the mean value significantly deviates from the null hypothesis
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value of 3.5. In roughly 85% of all 132 items of those three tables—especially except in the majority
of items in category “R1.2 Coordination”—the rating of the active APP ATCOs was equal or better
than the rating of all ATCOs. More than 55% of active APP ATCO ratings, on average, were equal or
even above 5 points on the six-point scale. Some meaningful results per category are highlighted in
the following.

4.2.1. Ratings on TriControl Concept (T)

The active APP ATCOs rated the statements on the TriControl concept with an average of
4.8 points (on a scale from 1 to 6, see Table A1). Except for the statement on “T6.1 need of suitability
for individualization”, the active APP ATCO ratings were better than of all ATCOs, i.e., almost one
point higher.

ATCO (in particular active APP ATCOs) were able to guide aircraft to their destination in an
efficient way following the common safety requirements with TriControl (Controlling T1.1-T1.3).
The TriControl interface was rated as appropriate for the intended use. ATCOs—especially with the
parallel command input—felt supported to quickly and effectively achieve their best performance
(Task Adequacy T2.1-T2.3). All ATCOs were aware of TriControl command input states and knew
which and how actions could be executed to perform their controlling tasks due to the average ratings
(Self-Descriptiveness T3.1-T3.4). They were also able to intuitively interact with TriControl as it
matched common CWP conventions (Expectation Conformity T4.1-T4.2).

Furthermore, the statement ratings on timing and issuing of commands were rated above the
scale mean (Controllability T5.1-T5.3). Particularly, active APP ATCOs felt safe to issue commands
with little time and mental extra effort in case of a mistake (Error Tolerance T6.1). Active APP ATCOs
less likely wanted to be able to adapt TriControl’s interface to personal preferences than all ATCOs
on average, even though they preferred to have the settings options (Suitability for Individualization
T7.1). The satisfaction, notably of active APP ATCOs with TriControl, was good (T8.6). There were
high ratings for the ease of use, user-friendliness, and learnability (Satisfaction and Acceptability of
TriControl T8.1-T8.8). Some even wished to use TriControl in their daily work if they had the option.

To sum it up, almost all ratings were in the positive half of the scale, indicating a feasible TriControl
concept even if not being statistically significant in all cases. Some circumspection existed to state that
TriControl is preferred over common ATC interfaces, even in its current prototypic stage.

4.2.2. Ratings on Command Input

Every single active APP ATCO rating on the command input statements was better than that of
the group of all ATCOs, i.e., more than 0.7 points better in average on the six-point scale (see Table A2).
Almost one-third of the statements even had a significantly positive rating.

Ratings on Eye-Tracking (E)

The eye-tracking modality worked fine for aircraft selection. ATCOs perceived the eye-tracking
as useful, user-friendly, as well as easy to use and learn (Aircraft Selection E1.1-E1.2; Satisfaction and
Acceptability of the Eye-Tracking Feature E2.1-E2.8). Ratings of active APP ATCOs were mostly in the
positive scale range.

Ratings on Clearances (C)

According to the ratings, ATCOs were able to issue each type of clearance that TriControl offers.
They also knew the command state they were in and could even simultaneously enter command
type and value. Almost all statements were rated statistical significantly positive (Issuing Commands
C2.1-C2.9).
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Ratings on Gestures (G)

The multitouch gestures to input the command type were perceived as useful, user-friendly,
as well as easy to use and learn (Satisfaction and Acceptability of the Gesture based Command type
input G2.1-G2.8) and could be an option for ATCOs’ daily life CWPs with respect to ratings.

Ratings on Speech Recognition (S)

ATCOs were also satisfied with the automatic speech recognition modality for command
value input in average, especially true for the active APP ATCOs (Satisfaction and Acceptability
of Speech-Recognition based command value input 52.1-52.9). Speech recognition was rated as useful,
user-friendly, as well as easy to use and learn. Furthermore, the majority did not have problems
verbalizing only the value instead of a whole command.

Ratings on Input Procedure (I)

The ratings on the complete command input are very similar to those of single input modalities
(Satisfaction and Acceptability of the complete command input procedure 12.1-12.8). TriControl
received positive ratings for usefulness, user-friendliness, as well as ease to use and learn. In particular,
active APP ATCOs were satisfied with eye-tracking, multitouch gesture recognition, speech recognition,
and command confirmation elements of TriControl.

If all ATCOs are considered, the ratings on daily work use of TriControl and preference over
conventional ATC interfaces are only around the scale mean. It is noticeable that all statements on
effectiveness of the single interaction modes and TriControl as a compound, respectively (E/G/S/1.2.2
and T8.2) were rated rather negatively below the scale mean of 3.5. As TriControl would replace or
support an APP CWP, respectively, it is also not expected that it would be more effective. Controlling
air traffic via commands is still possible and is still the valid method to actively guide the traffic.
The term effectiveness does not say anything about the efficiency of TriControl. The potential for
efficiency gains—comparing TriControl with pure speech commands and following manual ATC
system input—has been reported in [10].

4.2.3. Ratings on Radar Screen (R)

The majority of ATCOs’ ratings on the radar screen used for TriControl were in the positive scale
range and even statistical significantly positive (Aircraft within and aircraft heading to ATCOs’ sector,
orientation aids, centerline separation range (CSR), information design, as well as satisfaction and
acceptability R1.1.1-R6.8). Active APP ATCOs had some difficulties to obtain weight classes and
alphanumeric distances at the linker line between two aircraft as the appearance was different from
their usual radar screen. The basic radar screen appearance should represent a common state-of-the-art
like radar display. This was confirmed by ATCOs as it was usable for monitoring, designed to be
user-friendly, and was easy to learn (R6.3-R6.5). The active APP ATCO ratings on the radar screen
(see Table A3) were slightly better than the ratings of all ATCOs, i.e., more than two-thirds of the
statements had better scores. However, even more than 60% of the statements for all ATCOs also had a
significantly positive rating.

For the TriControl concept itself, it was important that ATCOs rated the statement on
discriminability between different command states within the aircraft label (inactive, active, received,
confirmed) positively (13.2).

4.3. Feasibility Questionnaire Comments of all ATCOs

On the one hand, there are hints for improvements. Some ATCOs recommended that speech
recognition needs to recognize multiple accents better as it did not work reliably for some ATCOs
during the simulation trials. One ATCO perceived the foot pedal for speech recording as not helpful.
Thus, a button at the headset microphone would be preferred. The technical issue with the non-reliable
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confirmation gesture recognition should of course be solved. One ATCO claimed that he disliked the
two-finger selection for separation assessment and that the left hand is completely unused. Moreover,
the additional graphical user interface mode of the multitouch device offers too few functionalities to
deserve its own category. A number of ATCOs reported that the eye-tracking was too slow reacting for
them. Furthermore, aircraft have been deselected when looking away during command issue phases.
The precision of the mouse has been rated better than eye-tracking especially in cases of vertically
separated aircraft with partially overlapping labels. Also, the label itself seems to present too much
information. Furthermore, many requests for additional functionalities were formulated such as the
option to input combined and conditional clearances, to enter vertical speeds, to differentiate between
left and right turns, to see the pilot statements in the aircraft radar labels as well, and a possibility
for rotating or moving labels. The labels themselves can be analyzed separately as there are other
dedicated studies and developments of labels and label interactivity. The main focus of this paper is
on the multimodality.

Some further comments were made with respect to the simulation capabilities and the radar screen
layout, which have not been central aspects of the feasibility study. Therefore, ATCOs wanted to have
a better trail history and heading needles that are not overlapped by radar labels. Some aircraft did not
follow instructions and the descent rates were too slow. Some ATCOs wanted better highlighting of
heavy aircraft and information about whether an aircraft is on his/her frequency. Furthermore, a traffic
forecast for the next ten minutes would be helpful. For some ATCOs, it was uncommon to work with a
dark background radar map and without minimum vector altitude and airspace maps.

One ATCO remarked that the focus would change from “watching the traffic” to “watching if the
system complies”. Thus, the system feels like an extra step. In addition, there would be a great potential
for confusion and errors due to convoluted features. Command issuing via voice was perceived as
easier by some of the ATCOs, because it allows better situational awareness. A fallback redundancy
would be necessary next to a safety assessment during further system development.

On the other hand, there are many aspects liked by ATCOs. Some ATCOs would prefer TriControl
over mouse and screen input. Another ATCO still liked the Paperless Strip System (PSS) better;
however, the mouse menu in the labels was perceived to be worse than in TriControl. Other ATCOs
remarked that the use of TriControl is fun, it is easy to learn, and that they liked the system. The
idea of combining three input methods was appreciated. One ATCO experienced no problem at
all. For another, the speech recognition worked fantastically. The eye-tracking input was interesting
and worked well after short practice for a number of ATCOs. Hence, it has potential with more
development. If the system input was successful, the response is much quicker than with common
systems to overall save time due to other ATCOs. It could also lead to fewer misunderstandings.
Further thoughts were on the helpfulness in ATC training. An on-the-job-training instructor, who
teaches ATCO:s to be instructors, noticed that TriControl would be a good system to easily see what the
controller is thinking and doing. The centerline separation range support functionality was especially
appreciated as it was helpful without needing deduction. It was also reported that the plausibility
check of command elements is a good idea and better than the solutions of competitors. Many ATCOs
reported that their performance improved with practice and would further improve, so TriControl
would be a good aid to ATCOs. They also encouraged following up the project.

5. Discussion of TriControl Feasibility

The system usability of TriControl as rated by all ATCOs was in a range up to a “good” result. This
system usability score increased to a range up to “excellent” if considering only active APP ATCOs.
However, these values should not be taken as equivalent due to the small sample size of only four
active APP ATCOs. It can be a bias indicator with respect to the working positions the ATCOs usually
work with. The system usability results were also reflected in the same range by the single system
usability statements and the additional items for the specific interaction modalities.
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The 132 feasibility analysis statements on TriControl concept, command input, and radar screen
were slightly positive, whereas active APP ATCOs again agreed far more positively in the majority of
items. Particularly, ATCOs appreciated user-friendliness, usefulness, as well as ease to use and learn.

It is worth mentioning that there were great differences in the TriControl concept ratings depending
on some personal and technical abilities of ATCOs during the simulation run. TriControl concept was
rated much better by ATCOs—than by other ATCOs—if they:

e  Were able to perform parallel input with different modalities,

e Hardly experienced any malfunction with the multitouch pad correspondence,
e Did not forget to perform the confirmation gesture after command completion,
e Did not perform wrong gestures,

e Did not experience some troubles with eye-tracking,

e Experienced more reliable speech recognition,

e Did not make other interaction mistakes, such as:

o  Too long press for confirmation and thus turning into a direct_to command,
o  Forgetting to toggle back from the multitouch device’s graphical user interface mode,
o  Pressing the foot pedal for voice recording during complete command creation.

All of the above criteria do fit for the active APP ATCOs. However, it is not completely clear
why the four active APP ATCOs performed much better and almost error-free compared to the other
10 ATCOs even if TriControl was designed as an APP CWP. The average age might be an indicator for
that, i.e., the four active APP ATCOs were 37 years, the other ATCOs 52 years in average. Assuming
that younger people are more familiar with modern interaction technologies from their daily life, this
could explain the better ratings of active APP ATCOs. Furthermore, the simulation run time of 30 min
might have been too short for ATCOs usually working on other positions to familiarize with the APP
environment in addition to the new input modalities.

6. Summary, Conclusions, and Outlook

The feasibility of the multimodal CWP prototype TriControl—integrating eye-tracking, multitouch
gesture, and speech recognition for command input—has been analyzed with 14 ATCOs in a
human-in-the-loop study. Feasibility, system usability, and acceptability were judged slightly positive.
The subgroup of active approach controllers agreed even more positively due to statistical analysis of
questionnaire results. They were also motivated to further improve the TriControl system to bring it
closer to operational needs as the achieved feasibility scores do not indicate significant showstoppers.

The SESAR2020 (Single European Sky ATM Research Programme) project PJ.16-04 CWP HMI
“Workstation, Controller productivity” also dealt with automatic speech recognition, multitouch inputs,
and eye-tracking in three different activities. However, those interaction technologies are not combined,
but investigated stand-alone. Further research activities on the three interaction technologies will
be continued in SESAR2020’s wave 2 projects PJ.10-96 “HMI Interaction modes for ATC centre” and
PJ.05-97 “HMI Interaction modes for Airport Tower”. Hence, there is and will be research on modern
interaction technologies in air traffic control. However, TriControl is one of the few concepts integrating
multiple promising technologies to extract the benefits of each of them.

Recent iterations of ATC system development in general—and in particular, interface
developments—have resulted in significant efficiency gains in the ability to process increased traffic
levels, which soon rise in the real world to reach the new system limitations. A significant limitation
in all further developments, however, seems to be the “bottleneck” of frequency congestion. The
process of getting clearances clearly and safely submitted from the ATCO to aircraft and checking
pilot readbacks for correctness is time consuming. The TriControl system seeks to address this with
what could potentially be the effective removal of the existing bottleneck, allowing a greatly improved
capacity increase.
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According to the above study results, and to already revealed increased efficiency potential,
further development of the early prototype TriControl will be performed to overcome the revealed
malfunctions and integrate many suggestions for improvement. Afterwards, TriControl should be
applied in different contexts also comprising non-nominal conditions such as weather influence,
high-density air traffic, and emergency aircraft. Then, TriControl’s operational concept can be
compared with current systems including cognitive workload assessment. Overall, the feasibility
analysis motivated to foster multimodal interaction for air traffic control.

7. Patents

TriControl can serve as an input means and usable environment for the command generator
European patent application 17158692.8.
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Appendix A

Table Al. Evaluation of statements on TriControl core concept in different categories.

N=4
N=14
(Active APP
(AI1ATCOs) ATCOs)
No. Statement ! M SD n k P M SD

Controlling
T1.1 I was able to guide the aircraft to their destination. 48 11 14 11 003 58 0.5

I'was able to guide the aircraft following the common
safety requirements.

T1.3 I was able to guide the aircraft in an efficient way. 34 17 14 8§ 040 53 0.5

T1.2

Task Adequacy
™1 The interface sufficiently supported me achieving my 36 15 14 7 060 43 1.0
best performance.
The parallel command input enabled me to issue
122 commands fast and effectively (type and value). 3420 14 7060 53 05
Allin all the command procedure was appropriate for
123 its intended use (input and feedback). 44 14 14 00 50 08
Self-Descriptiveness
T31 I'was alwe?ys aware of. thc? stat.e of.use I'was currently 39 11 14 9 021 5.0 0.0
operating in (monitoring, issuing commands).
T3.2 I was a'lwa}{s aware of the state the cc?mmand input 0.9 14 8 040 40 0.8
was in (inactive, active, receiving, received, accepted).
T33 I always knew which actions I was able to execute at 44 11 14 11 003 53 05

any given moment.
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N=4
N=14
(Active APP
(AI1ATCOs) ATCOs)
No. Statement ! M SD n k p M SD
T3.4  Ialways knew how those actions had to be executed. 51 0.6 14 14 000 53 0.5
Expectation Conformity
Ta1 I'was alwgys able to intuitively interact with the 36 16 14 9 021 50 0.0
interface the way I needed to.
TriControl matched common conventions of use
T4.2 (content, depictions, specificity of numeric 36 16 14 8 040 438 0.5
information etc.)
Controllability
T5.1 I was able to start the command issuing exactly when 38 18 14 9 021 5.0 08
I'wanted to.
T5.2 I was able to control the command issuing the way I 41 15 14 11 003 53 05
wanted to (proceed, cancel, or confirm). -
T5.3 I was able to control the pace at which the commands 36 17 14 9 021 40 0.8
were entered.
Error Tolerance
In case of a mistake, a command could still be issued
Te.l with little extra effort (time and mental effort). 38 17 13 ? 01350 0.0
Suitability for Individualization
71 I'would like to be able to adapt the interface to my 42 15 9 7 009 40 20
personal preferences.
Satisfaction and Acceptability of TriControl
T8.1 TriControl is useful fo? managing routine approach 36 16 14 8 040 48 1.0
air traffic.
T8.2 Working w1.th Tr1¢0ntr01 is more effective than 28 14 14 3 099 33 05
working with common interfaces.
T8.3 TriControl is easy to use. 43 16 14 9 021 55 1.0
T8.4 TriControl is user friendly. 44 16 14 10 009 58 0.5
T8.5 It is easy to learn to use TriControl. 49 1.0 14 13 000 58 0.5
T8.6 Opverall, I am satisfied with TriControl. 4.2 14 14 10 0.09 53 0.5
T8.7 I would want to use Tr1C0ntr0¥ for my daily work if I 33 18 12 5 081 40 29
had the option.
T8 I'would prefer TriControl over common 31 15 14 6 079 35 13

ATC interfaces.

! Rating per single item from 1 “worst rating” to 6 “best rating”, other/missing ratings are ignored. M represents the
mean, SD is the standard deviation, n is the number of given valid ratings, k is the number of “successful” ratings
above the scale mean (>=4), and p is the p-value of the binomial test (1-tailed) that is underlined if equal or below
0.05 to state significance.

Table A2. Evaluation of statements on TriControl command input in different categories.

N=14 N=4
(AIIATCOS) Ao T
No. Statement ! M SD n k P M SD
Aircraft Selection
El.l I was able to select every aircraft I wanted to. 38 13 14 10 009 45 0.6
E1.2 Only little effort was needed to select aircraft. 40 16 13 10 005 50 0.8
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N=4
N=14
(Active APP
(AIIATCOs) ATCOSs)
No. Statement ! M SD n k p M SD
Satisfaction and Acceptability of the Eye-Tracking Feature
21 The eye-traFklng methogl is useful for 41 14 14 11 003 50 0.0
aircraft selection. -
2.9 The eye-tracklr}g method works more effectively than 29 14 14 6 079 30 14
conventional aircraft selection methods.
E2.3 The eye-tracking method is easy to use. 41 15 14 10 009 50 14
E24 The eye-tracking method is user-friendly. 39 14 14 10 009 438 1.3
E2.5 It is easy to learn to use the eye-tracking method. 49 1.0 14 12 001 55 0.6
2.6 Overall, I am satisfied .w1th the eyg—trackmg asa 37 14 14 9 021 48 05
method of aircraft selection.
27 I'would want to use it for my daily work if I had 33 19 14 7 060 38 29
the option.
E2.8 I'would prefer it over conventional input methods. 31 18 14 7 060 33 1.7
Issuing Commands
C21 I was able to issue altitude clearance. 49 09 14 13 000 58 0.5
Cc2.2 I was able to issue speed clearance. 49 09 14 13 000 58 0.5
C2.3 I was able to issue heading clearance. 48 1.0 14 13 000 55 1.0
C24  Iwas able to command heading to a certain waypoint. 50 0.7 12 12 0.00 57 0.8
C25 I was able to command hand over to tower. 40 18 14 9 021 5.0 2.0
26 I was able to identify when I was able to 48 12 13 12 000 58 06
issue commands. -
2.7 I was able to 1dent1fy when_ my commands were 47 13 14 12 00l 58 05
being received. -
38 I was able to identify when my commands were being 48 11 14 13 000 53 1.0
accepted by the system. -
2.9 I was able to enter cqmmand type and command 39 15 14 9 021 45 13
value simultaneously.
Satisfaction and Acceptability of the Gesture based Command type input
21 The gesture-ba;ed command type input is useful for 46 12 14 1 003 55 0.6
the input of command types. -
22 The gesturejbased command type input is more 32 14 14 7 060 35 13
effective than common approaches.
G2.3  The gesture-based command type input is easy touse. 4.4 14 14 10 009 53 0.5
o4 The gesture-based comm:.and type input method is 41 15 14 9 021 50 08
user friendly.
G2.5 It is easy to learn the gestures. 51 05 14 14 000 55 0.6
26 Overall, I am satisfied with .the gesture-based 40 15 14 9 021 53 05
command type input.
27 I'would want to use it for my daily work if I had 34 14 14 7060 40 12
the option.
28 I would prefer it over common methods of command 31 14 14 6 079 35 13
type input.
Satisfaction and Acceptability of Speech-Recognition based command value input
51 Speech recognition is useful for the input of 42 14 14 9 021 53 05

command values.
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N=4
N=14
(Active APP
(AIIATCOs) ATCOSs)
No. Statement ! M SD n k p M SD
22 The speech rec.ogrutlon command value input is more 33 13 13 6 071 43 12
effective than common approaches.
52.3 The speech recognition is easy to use. 40 1.6 13 8 029 53 0.5
S04 The speech recogn}tlon-bas.ed command value input 41 15 14 9 021 53 05
is user friendly.
52.5 It is easy to learn to use the speech recognition. 44 14 14 10 009 53 0.5
26 It was easy to get used to only verbalize the command 43 14 14 11 003 48 05
value and not the whole command. -
s 7 Overe.ll.l, I am satisfied with the spfaech 38 13 14 7 060 48 05
recognition-based command value input.
58 I would want to use it for my daily work if I had 32 16 14 6 079 38 15
the option.
529 I'would prefer it over common methods of command 30 12 14 6 079 33 1.0
value input.
Satisfaction and Acceptability of the complete command input procedure
01 TriControl comr'nan'd input procedure is useful for 43 13 14 10 009 48 05
issuing commands.
.2 The command input procedure is more e.ffec’Flve than 29 13 14 5 091 30 14
common approaches for command issuing.
12.3 TriControl’s command input procedure is easy touse. 42 1.6 14 10  0.09 5.0 0.8
04 The coml?l_natlon of eye.-traclfmg‘, gestures, speech 38 17 14 8 040 48 13
recognition and confirmation is user friendly.
5 It is easy tq learn to use the command 47 11 14 13 000 50 0.8
input procedure. -
2.6 Overall, I am satisfied with the command 39 14 14 9 021 5.0 0.0
input procedure.
I'would want to use the command input procedure
127 for my daily work if I had the option. 3114 14 7 060 38 10
s I'would prefer the command input procedure over 26 13 14 4 097 28 1.0

common methods of command value input.

! Rating per single item from 1 “worst rating” to 6 “best rating”, other/missing ratings are ignored. M represents the
mean, SD is the standard deviation, n is the number of given valid ratings, k is the number of “successful” ratings
above the scale mean (>=4), and p is the p-value of the binomial test (1-tailed) that is underlined if equal or below
0.05 to state significance.

Table A3. Evaluation of statements on radar screen prototypic design used for TriControl in

different categories.

N=14 N=4
(AIIATCOSs) (A;tTIZ:"'O";P r
No. Statement ! M SD n k P M SD
Aircraft within my sector: Identification
R1.1.1 I was able to identify every aircraft’s presence. 49 12 14 12 001 53 0.5
R1.1.2 I was able to identify every aircraft’s location. 51 09 14 13 000 55 0.6
R1.1.3 I was able to identify every aircraft’s call sign. 54 06 14 14 000 58 0.5
R1.1.4 I was able to identify every aircraft’s weight class. 40 18 14 7 060 33 1.9
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N=4
N=14
(Active APP
(AIIATCOs) ATCOs)
Aircraft within my sector: Coordination
R12.1 I was able to obtzflm mff)rma}tlon regarding every 47 11 14 12 001 45 17
aircraft’s altitude. -
R122 I was able to .obtalrll 1nformat10r} regarding every 46 11 14 12 001 45 17
aircraft’s cleared altitude. -
R123 I was able to obta}n mfo,rrnatlon regarding every 47 11 14 12 001 45 17
aircraft’s speed. -
R124 I'was able to 9bta1n/1nformat1on regarding every 416 11 14 12 001 45 17
aircraft’s cleared speed. -
R125 I was able to obt‘::un 1nf,0rmat19n regarding every 46 11 14 12 001 45 17
aircraft’s heading. -
R12.6 I was able t0.0btaII;I information @gardmg every 46 11 14 12 001 45 17
aircraft’s cleared heading. -
R12.7 I was ablg to ob’tam information regar.dmg every 46 11 13 1 001 43 21
aircraft’s next selected waypoint. -
R12.8 I'was able to f)btzjun information renglrdmg every 38 15 14 9 021 28 29
aircraft’s distance to another aircraft.
I was able to obtain information regarding every
R1.2.9 aircraft’s sequence number suggested by the AMAN. 43 13 1 § 01l 50 0.0
I was able to obtain information regarding every
R1.2.10 aircraft’s miscellaneous information (Cleared ILS, 4.2 14 13 8 029 4.0 1.8
Handover to Tower).
Aircraft heading into my sector: Identification
R2.11 I was able to obtain .the %nformatlon that aircraft were 40 11 1 7 027 50 0.0
heading into my sector.
R21.2 I'was e}ble to obtain the 'mfo.rmatlon how many 38 12 12 6 06l 43 12
aircraft were heading into my sector.
R213 I was able to 0bta¥n t}}e call sign of every aircraft 48 08 13 12 000 53 05
heading into my sector. -
Aircraft heading into my sector: Coordination
R221 I was able to obtain every aircraft’s estimated time of 25 05 6 0 099 ) .
arrival (ETA).
R2.22 I was able to obtain every aircraft’s point of entry. 24 10 7 1 0.99 - -
Orientation Aids
R3.1 I was able to obtain the runway location. 53 06 13 13 000 53 0.6
R3.2 I was able to obtain the runway orientation. 54 05 13 13 0.00 53 0.6
R3.3 I was able to obtain the extended runway centerline. 54 0.5 14 14 000 53 0.5
I was able to obtain the standard arrival
R3.4 routes (STAR). 52 06 11 11  0.00 53 0.6
R3.5  Iwasable to obtain the borders of my airspace sector. 51 0.8 11 10 001 53 0.6
R3.6 I was able to obtain GPS waypoints. 53 05 14 14 000 53 0.5
The Centerline Separation Range
R41 I was able to obtgm the location of aircraft in 48 10 13 11 00l 53 05
final descend. -
R4 I was able to obtain the separation between aircraft 48 10 13 11 00l 53 05

and neighboring elements (runway, different aircraft).
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N=4
N=14
(Active APP
(AIIATCOs) ATCOs)

I was able to obtain the weight class of aircraft in

R4.3 final descond. 43 16 13 9 013 35 24
Information Design: Clarity

R5.1.1 I was able to obtain all information quickly. 41 13 14 11 003 43 1.7

R5.1.2 All information is as specific as I need it to be. 40 11 14 10 009 43 1.0

Information Design: Discriminability

R5.2.1 I was able to discriminate befcween different radar 47 0.9 14 12 001 50 0.8
screen elements in general. -

Information Design: Discriminability—Aircraft

I was able to easily discriminate between different

R5.2.1.1 - o 48 11 14 13 000 55 0.6
aircraft within my sector. -

R5.2.1.2 I'was able to easily dls.crln.unate between different 46 11 14 12 00l 53 1.0
aircraft heading into my sector. -

R5.2.13 I was able to easily discriminate between different 45 12 14 11 003 53 1.0

information within the label.

I was able to easily discriminate between different
R5.2.14  command states within the aircraft label (Inactive, 4.1 1.5 14 9 021 5.0 0.8
active, received, confirmed).

I'was able to easily discriminate between different

R5.2.1.5 indicated weight classes. 41 12 13 9 013 38 1.7
R5.2.1.6 I'was able ’_co easily discriminate betwgen different 38 15 10 7 017 50 14
Arrival Manager order suggestions.
R52.17 I'was able to easily d}scrlmma"ce between different 39 14 14 10 009 43 17
heading directions.
Information Design: Discriminability—Orientation Aids and Centerline Separation Range (CSR)
R522.1 I'was able to_ easily @scrm}matg be.tween different 47 08 1 10 001 40 14
categories of orientation aids in general. E—
R5.2.22 I'was able to easily dlscrlmm.ate between different 50 08 1 11 000 53 0.8
GPS waypoints. -
R5.223 I was able to .eas11y discriminate between 50 06 10 10 000 53 08
different runways. -
R5.2.2.4 I was able to eas1.1y discriminate between different 53 07 8 8 000 55 07
aircraft on the CSR. -
I was able to easily discriminate between different
R5.2.25 distances between aircraft on the CSR. 5009 8 7004 53 06
Information Design: Consistency
R5.3.1 The format of the information given was consistent 44 10 14 13000 48 1.0

with what I expected it to be.

Information Design: Compactness

R5.4.1 I obtained all the mformatlon.I needed to monitor the 40 15 14 10 009 50 0.8
area effectively.

The radar screen didn’t present any unnecessary

R5.4.2 . . 4.5 0.9 14 12 001 43 1.0
information. -
Information Design: Detectability
R5.5.1 I'was able to direct my attention towards the currently 39 14 14 10 009 48 05
necessary information.
R5.5.2 The radar screen didn’t divert my attention towards 44 12 14 11 003 53 1.0

currently unnecessary information.
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N=4
N=14
(Active APP
(AIIATCOs) ATCOs)

Information Design: Readability

I was able to easily read alphanumeric information

R5.6.1 . . 49 10 14 13 000 55 0.6
concerning the aircraft. -
R5.6.2 I'was able to easﬂy read alphhanupnerlc. information 51 07 14 13 000 55 0.6
concerning the orientation aids. -
I'was able to easily read alphanumeric information
R5.6.3 within the CSR. 52 06 11 11 000 55 0.7
Information Design: Comprehensibility of coded meaning
R5.7.1 I'was able to easily un.derstand the coded information 45 11 13 1 00l 53 0.6
in general. -
R5.72 I perceived the used chmg of information as 39 14 12 8 019 40 17
unambiguous.
R5.7.3 I was able to easily interpret all used codes. 41 13 13 9 013 53 0.6
R5.74 I found it easy to .dedu.ce the ched meaning of the 42 13 12 9 007 53 06
given information.
Satisfaction and acceptability of the radar screen
R6.1 The information design used in ’.che .radar screen is 41 08 14 12 001 40 0.8
useful for sector monitoring. -
R6.2 The radar screen depicts m.formahon more effectively 28 12 13 3099 30 14
than conventional models.
R6.3 The radar screen is easy to use for monitoring. 41 09 14 11 003 43 1.0
R6.4 The radar screen design is user friendly. 42 1.0 13 11 001 45 1.0
R6.5 It was easy to learn to use the radar screen. 44 10 14 13 0.00 45 1.7
R6.6 Overall, I am satlsflec'l with t.he radar screen 39 12 14 10 009 38 21
information design.
R6.7 I'would want to use it for my daily work if I had 30 13 13 6 071 30 14
the option.
R6.8 I would prefer it over conventional radar 27 12 13 4 095 28 1.0

screen designs.

! Rating per single item from 1 “worst rating” to 6 “best rating”, other/missing ratings are ignored. M represents the
mean, SD is the standard deviation, n is the number of given valid ratings, k is the number of “successful” ratings
above the scale mean (>=4), and p is the p-value of the binomial test (1-tailed) that is underlined if equal or below
0.05 to state significance.
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