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1 Abstract

Extended, Virtual, Mixed and Augmented reality (XR, VR, MR, AR) devices,
allow users to interact with computer-generated simulations that mimic or en-
hance the perception of the real world. AR overlays digital information onto the
actual environment, while VR immerses users entirely in a virtual environment.
MR combines elements of both to seamlessly blend the virtual and real worlds.
XR technology provides immersive experiences, creating a sense of presence in
the virtual realm. XR applications span various domains, such as training, ed-
ucation, medical, digital health, and aviation, benefiting pilots and air traffic
controllers (ATCOs). In this chapter, we share our experiences using XR tech-
nology, detailing findings and the process of efficient implementation for end
users like pilots and ATCOs. We present examples of improving the paper strip
by projecting dynamic and updated information, ensuring smoother monitor-
ing for controllers. Our remote tower project incorporates remote sensing with
sound spatialization, enhancing situation awareness during airfield management.
We also discuss developing an immersive analytic tool using XR devices for inves-
tigating recorded aircraft trajectories and its potential replication through dedi-
cated APIs. We explore prospects for studying human behavior using VR devices
under more immersive conditions, manipulating mental workload, prototyping
and evaluating complex interfaces (e.g., cockpit design), and understanding con-
flict resolution algorithms through eXplainable AI (XAI). Finally, we address
future challenges, such as improving interaction capabilities with tangibility in
VR, and the opportunities XR technology could bring to aviation activities.

2 Introduction

Air Traffic Controllers (ATCos) and pilots have to analyze large amounts of in-
formation in order to support efficient decision making in a constrained time
frame. Information can be structured (e.g., aircraft data such as position, alti-
tude, call sign) or unstructured and complex, and may include sources such as
audio streams. While the goal of ATCOs is to maintain a safe distance between
aircraft, it is nowadays almost as critical to optimize the traffic flow in terms of
flight duration and fuel consumption. Research and development in this domain
are active with the study of new systems and techniques and seek to improve
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traffic management. ATCOs use today dedicated interactive visualizations to
build a mental model with arranging 4-dimensional (space + time) trajectories.
While recent technological improvements in terms of visualization and interac-
tion techniques arise, most existing systems display 2D representations of this
4-d data. New opportunities emerge with Head Mounted Display (HMD) and
other types of immersive environments such as CAVE-style rooms to display
and interact with 4-d data. Evolving with technology, visualizations have be-
come more accurate with high-resolution displays, and now provide a sufficient
amount of pixels to display fine-grained information. Immersive technology also
provides support for more natural and immersive interactions (e.g. the use of
head-mounted displays which embed head and gestures tracking).
Extended Reality (XR) technology provides immersive and engaging experiences,
making users feel present in a virtual world. XR encompasses technologies like
Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR) de-
vices. These tools enable users to interact with computer-generated simulations
of real or hypothetical environments, enhancing and supplementing their per-
ception of the world. In AR, digital information is overlaid onto the user’s view
of the actual world, offering an augmented experience. On the other hand, VR
completely immerses users in a digital environment, isolating them from the
real world. MR combines elements of AR and VR, seamlessly blending virtual
and real-world components. XR finds applications in various domains, including
training, education, medical and digital health, and aviation, such as for pilots
and Air Traffic Controller (ATC). Moreover, XR plays a crucial role in research
and development disciplines, allowing scientists and engineers to interact with
and analyze complex data in innovative ways. For these reasons, this chapter fo-
cuses on recent investigations involving XR technology in the aviation domain,
exploring its potential and benefits in this specific field.
In this chapter, we first provide a high-level description of how ATCos work to-
day to manage the position of aircraft in the sky in real time. We identify what
is challenging with current used technology and provide an introduction to the
augmented paper strips. We then introduce another aspect of the controller do-
main where immersive analytics can potentially play an important role: the new
Remote Tower concept. We provide a detailed analysis of this activity through
design requirements and scenario of usage.
In the following section we also present the problem of large data analysis (e.g.,
large quantity of aircraft trajectories) aspect involved in Air Traffic Management.
We review the previous tools used for this application and we demonstrate a tool
that shows how immersive Analytics, thanks to the use of HMDs, can be useful
to perform collaborative air traffic data analysis. We then conclude this chapter
with a discussion and the research agenda where all these efforts are in line with
the future traffic evolution [of Growth 2013, 2013] where every model predicts
continual traffic increase.
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3 Air Traffic Control and novel technologies

ATCOs optimize traffic with the following considerations: reducing fuel con-
summation and noise, traffic management, preventing waiting loops, avoiding
crowded areas, and coordinating aircraft between air spaces. While controllers
monitor aircraft trajectory to prevent ground and air collisions, their activity
also involves the cooperation with aeronautical practitioners. From a high per-
spective, traffic management can be carried out either in real-time or in a delayed
time frame. With direct commands to aircraft, real-time traffic management is
equivalent to actual aircraft management. Data analytic is preferably used in
deferred time management to study traffic in order to enable long-term traffic
optimization.

Working procedures for controllers are continuously improved while preserv-
ing and sustaining safety considerations. Every modification must be evaluated
and validated, which slows down but secures the process. By offering new meth-
ods to capitalize on ATCOs’ operations, Visual analytic suggests valuable po-
tential. Particularly, 360-degree immersive displays surround people to address
the constraints of conventional screens. The user can select to view the required
information by turning their head. Mixed reality, as offered by the Microsoft
Hololens, is a new and developing technology that offers additional interesting
capabilities. Holograms are shown and anchored in the space as if they were a
natural part of the user’s surroundings, but the user is not entirely submerged
in a virtual reality. With the metaphor of a very big transparent display (360
degrees of field of vision), this new technology offers tangible opportunities for
ACTOs. In this sense, Willett et al. [Willett et al., 2017] discussed opportunities
to embed data representation in immersive or mixed reality environments and
also provides possible research agenda in this area.

VR is also booming in the field of piloting, enabling for example to train to
new procedures or checklists, or to learn piloting without relying on complex
and expensive flight simulators. For research purpose, it provides an easy way
to reproduce complex piloting environments and simulated scenarios [Labedan
et al., 2021,Peysakhovich et al., 2020]. Oberhauser [Oberhauser et al., 2018] con-
ducted a study to examine the functional accuracy of a VR flight simulator when
compared to a traditional flight simulator. The study aimed to assess various as-
pects of flight performance, such as heading, altitude, flight path deviations, and
delays in control operations. Their results showed that the deviations in flight
performance were significantly larger in VR than in the conventional flight sim-
ulation. As such, VR remains an environment where interactions can be more
challenging than in the reality.

4 The augmented paper strip

A paper strip is a physical strip used by air traffic controllers to record flight
information. It contains details about an aircraft’s call sign, altitude, speed,
heading, etc. Controllers use it to track and coordinate aircraft movements for
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safe and efficient air traffic flow. Several earlier works have examined Air Traf-
fic Management (ATM) and Control (ATC) from various angles [Hurter et al.,
2014b]. While Mackay et al. specifically investigated the usages of paper strips to
learn more about ATC activity [MacKay, 1999], Letondal et al. explored mental
models for ATCOs with tangibility support [Letondal et al., 2013], and Hurter et
al. looked into augmented paper strips [Hurter et al., 2010]. Numerous real-time
control interfaces, interactions, analytical tools, and techniques have been devel-
oped as a result of research in this application space. In this section, we go into
further depth on the idea of augmented paper strips to help decision-making.

Fig. 1. Strip’TIC (Stripping Tangible Interface for Controllers) is an augmented and
tangible environment for control. This prototype is composed of seven parts: a top
projector (1), a bottom projector (7), a radar screen (2), a strip-board (3), digital pens
(4), a webcam (5), and an infrared lighting system (6).

4.1 Strip’TIC system description

Once printed, the paper strip cannot be updated, nor can the information re-
ported on the strip be used as input into the system. This strong limitation
hinders the development of more responsive systems with more accurate future
aircraft locations, complex conflict detection and resolutions. Taking into ac-
count this limitation, Strip’TIC (Stripping Tangible Interface for Controllers)
has been developed [Hurter et al., 2012b].

This prototype (see figure 1) combines augmented paper and digital pens on
a multi-touch glass strip-board, using vision-based tracking and augmented rear
and front projections. The paper strips, the strip-board and the radar screen are
all covered with Anoto Digital Pen patterns (DP-patterns), i.e. small patterns
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used by the pen’s infrared digital camera to compute the location of the pen on
the dotted surface. The controllers’ actions with the digital pen are sent in real-
time to the software. They can annotate paper strips, and the resulting strokes
are both physical (pen ink) and digital (projected ink). Controllers can use the
pen to point at symbols on the radar display or names on the paper strips.
The strip-board, which helps to structure the set of strips, is semi-opaque. This
enables both a bottom projection on the strip-board and strip tracking thanks to
Augmented Reality patterns printed on the back of the strips. A second projector
located above the device displays graphics on top of the strip-board and the strips
(i.e. projected ink, aircraft labels. . . ). The user can manipulate the paper strips
as tangible objects and use gestures to fulfill air traffic management [Savery
et al., 2013].

In the following scenario, we describe how controllers handle time and orga-
nize sequences of actions with paper strips for aircraft landings. When approach-
ing an airport with dense traffic or bad weather, controllers can delay aircraft
landings and place them in standby holding stacks. The stacks are organized
vertically by flight altitude, and each aircraft entering the stack is placed at the
highest altitude, flying in a hippodrome at this level. The controller gradually
asks the aircraft to descend to the next available altitude. When a plane leaves
the stack, a fixed time elapses until it lands on the runway. For example, when
planes land east on runway 06 at Paris Orly airport, the time to reach the track
is 9 minutes from the stack located at the stack ODRAN and 17 minutes from
the stack located at the stack MOLEK. In this case, the Air Controller must
mentally calculate when each aircraft has to leave the stack, sequencing the
planes from the two stacks and maintaining a separation of 90 seconds between
each landing. Figure 1 shows the arrangement of strips on the strip board, help-
ing Controllers build a mental image of each aircraft in the stack. The strips
represent the aircraft in the ODRAN and MOLEK stacks, as well as the planes
allowed to leave the stacks in a given landing sequence.

Thanks to an immersive environment with augmented items (paper strips)
and multi-modalities (pen, touch, tangible objects), Strip’TIC demonstrate how
to support ATC operations [Hurter et al., 2012b,Letondal et al., 2013] .

5 Immersive environment for Remote Towers

ATC service providers never stop to innovate with new methods and facilities
in order to maintain or increase the safety level and efficiency. One of the most
recent inventions is called the Remote Tower (RT) concept [N., 2016]. Aeronau-
tical services can be performed using Remote Tower from a place other than
the original control tower 2. To do this, an airfield mast with numerous sen-
sors (cameras, radio antennas, etc.) is installed. Thanks to network connection
systems, the video streams and additional data are sent to a remote location.
Many nations have begun to work on establishing remote towers to support avia-
tion services in aerodromes with little traffic or challenging access and to reduce
development expenses compared to actual towers.
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Fig. 2. Typical Remote Tower room (left). The immersive environment for the Remote
Tower concept (right.

In the following, we present scenarios where they have shown to be effective
in terms of supporting decision-making and safety level [Aricò et al., 2019,Reynal
et al., 2019].

Sound location: At 2 p.m, the airspace is busy with various small (VFR)
and large (IFR) aircraft. A new aircraft enters and contacts the tower, but
the controller can’t establish visual contact due to other aircraft in the same
direction. One potential solution is a sound location system with a surround
setup in the remote tower. It accurately reproduces airport sounds at their actual
locations. For instance, if an aircraft is on the left of the controller, its sound
will come from the left, helping the controller locate it. The system also alters
the speech of pilots from further distances, indicating their distance from the
airport. This technology enables controllers to identify the aircraft’s position
and establish visual contact more efficiently. It provides additional information,
enhancing working speed. Even in good weather, spotting aircraft from the tower
can be challenging, but the surround system helps identify them faster and with
greater precision.

Haptic feedback: At 5 p.m, the airport experiences high traffic density with
numerous ground movements, particularly at taxiway crossings. Currently, two
aircraft are taxiing towards one of these crossing points. The controller receives
an alarm indicating the situation, but it takes time to pinpoint the exact loca-
tion due to the high volume of ground movements. One potential solution is to
use a Haptic seat with SpeechCon and graphic prediction. The ground controller
receives feedback via vibrating lines in the backrest, indicating the possible dan-
ger’s location. The vibration’s tempo correlates with the distance between the
involved aircraft. The controller also hears an alarm saying ”Crossing! Cross-
ing!” through the SpeechCon system. Additionally, a visual prediction of the
path is displayed on the ground radar. These indicators draw the controller’s
attention to the dangerous situation, enabling quick resolution. The SpeechCon
system allows customized messages for specific situations, aiding faster problem
identification. The haptic seat helps emphasize the situation’s significance.
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6 Immersive environment for pilots

Numerous aspects related to aircraft piloting can be addressed through XR.
The development of virtual flight simulators [Valentino et al., 2017] enables the
creation of realistic situations in which individuals can train for piloting or un-
derstand the functioning of flight instruments. The space and financial gains
are substantial, and it becomes feasible to easily design new systems and as-
sess their usability during virtual in-flight condition. Additionally, it is possible
to create immersive environments simulating piloting scenarios with the aim of
challenging pilots or operators, and evaluating, for instance, their capacity to
manage high mental workload. A study by Gozzi et al. [Gozzi et al., 2022] aimed
to develop a virtual version of the well-known MATB-II task [Comstock Jr and
Arnegard, 1992]. The purpose of this study was to assess the potential benefits
offered by an immersive version of the MATB-II. Indeed, this task is widely
used in the field of piloting to evaluate, for example, the ability to manage mul-
tiple tasks simultaneously under high workload. However, the original version
implemented on a simple 2D computer screen provides limited immersion. Fur-
thermore, it does not account for the spatial distribution of the different cockpit
tasks simulated by MATB-II. For instance, the tracking task of the MATB-II
replicates the control of the aircraft’s attitude, and this instrument is located
in front of the pilots, whereas the occurrence of visual alerts, simulated by the
system monitoring task, may occur at distant locations within the cockpit.

Fig. 3. a: the classical MATB-II task developped by NASA. b: a participant performing
the MATB-II VR task. c: the MATB-II VR task as seen by the participant. The different
task of the classical MATB-II are now located on different areas of the virtual cockpit
(e.g., tracking task, resource managements task...). Image adapted from [Gozzi et al.,
2022]
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The result obtained with 31 participants that were submitted to the ”MATB-
II VR” showed that mental and physical effort was higher in the virtual version
vs the classical 2D MATB-II. Heart rate, measured throughout the task, was
also higher in the VR version. These findings confirmed that immersive environ-
ments can be more challenging than aeronautical tasks performed on a classical
2D computer screen. However, the authors highlighted that interaction within
virtual environments must be improved before complex operational tasks, such
as piloting, can be effectively performed.

7 XR usages for aeronautical Data Analytics

Controllers and pilots deal with 4D real-time information: managing and con-
trolling aircraft positions in the sky over time. However, most aeronautical in-
terfaces rely on 2D radar screens, leading to inherent perceptual challenges with
3D+time data and constantly burdening Controllers’ mental load. Researchers
in the domain have explored solutions using immersive technology like stereo
displays, CAVEs, and HMDs. Mazzucchelli and Montelone introduced the AD4
project [Mazzucchelli and Monteleone, ], which utilizes immersive technology
(auto-stereoscopic monitors) and 3D visualizations of air traffic data. However,
they did not study users’ performance with this setup and assume that immer-
sive technology might not necessarily reduce the mental load but could offer new
decision-making opportunities for controllers. Lange et al. [Lange et al., 2003]
proposed a multi-modal immersive control system using 3D stereo screens and
voice commands. They assumed that replacing voice commands for object selec-
tion could reduce the need for gestures and hand-based interactions. However,
navigation, flight selection, and way-point manipulation still rely on a ’virtual
reality wand’ (i.e., a 6DOF tracked pointer). The visualization system integrates
3D aircraft representations, flight paths, way-points, weather, and high-fidelity
geography. The authors outlined a plan for evaluating the system, but no actual
evaluation was provided. Little work has been done to assess Virtual Reality
environments’ effectiveness in supporting controller work.

7.1 Immersive Analysis of air traffic data

Air Traffic Analysts study vast records of air traffic data. For instance, a sin-
gle day’s recorded traffic over France contains around 500,000 multidimensional
data points. Understanding how traffic is reconfigured in non-nominal situations
is crucial for ensuring fluidity and security. Air Traffic Analysis involves vari-
ous tools for extracting knowledge from real-time or recorded aircraft trajectory
data. These tools offer different metrics and interaction techniques to understand
traffic structure and evolution [Hurter et al., 2014c]. One approach is analyzing
traffic from a flow perspective, enabling users to compare trajectories and ex-
amine temporal changes [Scheepens et al., 2016]. Simplification techniques like
Edge Bundling aid in visually exploring flow patterns [Hurter et al., 2012a]. Dy-
namics of flows can be analyzed using dynamic network and schematizing tech-
niques [Hurter et al., 2014d,Hurter et al., 2010]. Visual analytic tools also help
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extract flow dynamics [Andrienko et al., 2013], sometimes revealing unexpected
information such as meteorological parameters [Hurter et al., 2014a]. Interacting
with large aircraft trajectory datasets is challenging, but Pixel Based Techniques
like [Hurter, 2015] offer solutions. Previous research in this field enhances our
understanding of air traffic data management and its unique characteristics.

Fig. 4. Exploration of aircraft trajectories with Virtual Reality headset.

FiberClay [Hurter et al., 2019] is a tool that employs a bi-manual interaction
metaphor, simulating the manipulation of clay to carve out content and create
data queries from dense 3D dataset. The tool facilitates analyst’s tasks of fil-
tering and selecting interesting 3D curve patterns by directly interacting with
the 3D content using hand controllers. For trajectory analysis (Figure 6), users
can select and filter subsets of trajectories through Boolean operations (e.g.,
selections, intersections, exclusions) similar to a selection brush tool in photo
editing software. This design aims to reduce cognitive load and task difficulty
when dealing with complex 3D scenes, which can be challenging in traditional 2D
desktop setups. Initial evaluations with domain experts show promising results,
with users finding the tool easy to use and helpful in discovering and analyzing
curve patterns.

7.2 XR usage for Collaborative Trajectories Visualisation

The previous section calls for collaborative and immersive aircraft trajectory vi-
sualization to facilitate common understanding, shared expertise, and reporting
from distant locations. Currently, this is achieved using 2D visualization tools
displaying 3D aircraft trajectories, along with video conferencing systems for
sharing insights. However, this setup is not optimal for viewers when presenters
navigate the visualization (e.g., pan and zoom operations) and describe 3D data
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using 2D visualizations. Affordable immersive display and input technology, like
the Oculus Rift head-mounted display and Leapmotion hand tracking device,
enables the creation of efficient tools for remote collaboration in trajectory anal-
ysis. We developed a platform that facilitates collaborative aircraft trajectory
visualization, allowing multiple users to analyze large datasets together using
affordable head-mounted displays and hand tracking devices.

Fig. 5. Top: Remote users in the collaborative visualization platform wearing Oculus
Rift DK2 head-mounted displays with Leapmotion for hand tracking. Bottom: Visual
representation of the remote collaborative session in the Unity client. The session be-
gins with an overview of the dataset (1), showcasing a day of air traffic data over
France. An expert sends a rendezvous position to the other viewer and explains how
the stack was formed and handled (2). Both participants share the same virtual space,
communicate orally through VOIP, and can directly describe and display specific spa-
tial arrangements of trajectories using their hands (green and blue hands) (3).

As a collaborative platform for immersive big data visualization, we have
identified the following system needs: immersive visualization, navigation, land-
mark, user gaze visualization, data filtering. Cordeil et al. [Cordeil et al., 2016]
created a networked Unity application that connects two users from remote sites
using Oculus Rift headsets for immersive visualization (Figure 5, top). Users’
hands and fingers are tracked with Leapmotion, providing high fidelity feedback
within the Oculus Rift. Navigation is achieved through head-tracking, leaning,
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and rotating the head, along with gaze direction and a game pad. Rendezvous
interaction allows users to send location cues in the virtual environment, while
basic filtering operations enable traffic replay and opacity adjustments for tra-
jectory visualization. Communication is supported with VOIP clients like Skype
or Zoom. This platform is an initial step to enhance communication between
remote experts.

7.3 Explainable AI (XAI) opportunities

In Air Transportation Management, the Decision Making Process is already in-
tegrated with AI, aiming to assist controllers in their daily tasks. However, AI
systems still face challenges regarding acceptability. Recent surveys, such as the
one by Degas [Degas et al., 2022], highlight the current use of XAI (Explain-
able AI) and its potential application in future aeronautical systems. Currently,
AI/Machine Learning automation systems lack transparency as they only pro-
vide results without additional information to support explanations. The goal is
to transform the Decision Making Process into a ”White Box,” delivering under-
standable outcomes through transparent processes. The ARTIMATION project
(https://www.artimation.eu/) focuses on achieving this by using data visual-
ization, data-driven storytelling, and immersive analytics to create a transparent
and explainable AI model [Hurter et al., 2022]. This project leverages human per-
ceptual capabilities to enhance understanding of AI algorithms through appro-
priate data visualization, facilitating Explainable AI (XAI). Immersive analytics
is also explored as a means to present information effectively.

A Virtual Reality proof of concept was developed by adapting the existing
tool FiberClay [Hurter et al., 2019]. This prototype explores trajectory optimiza-
tion possibilities, utilizing the third dimension to differentiate between candidate
solutions (Figure 6). The virtual reality environment aids in explaining traffic
optimization behavior and offers various dataset presentations and filtering op-
tions. This interface proves beneficial to developers for analyzing and certifying
behaviors, especially in post-operations.

8 Conclusion and Future work

Aeronautical activities are cautious about technical evolution due to safety con-
cerns. ATCOs and pilots working methods and technological environment can’t
change rapidly; modifications must be carefully assessed for safety. While im-
mersive environments are readily available, widespread adoption will take time.
However, as a long-term plan, they offer valuable opportunities for integration
with aeronautical practitioners. Deferred data analysis using immersive environ-
ments supports effective decision-making. Immersive Analytics has remarkable
data visualization and interaction capabilities but faces challenges with emerging
technology. Long-term effects on users’ physiology are not well understood. In-
troducing this technology may affect ATCOs and pilots’ work duration and lead
to different types of fatigue. New media or devices must undergo validation for

https://www.artimation.eu/
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Fig. 6. This displays a typical traffic situation with stacked trajectories showcasing
potential optimized traffic flow.

data presentation quality, security, and resilience. While immersive environments
have a long history, Immersive Analytics’ recent interest lacks scientific work on
its support for aeronautical activities. Investigation and potential applications
in future developments are promising.
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