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Figure 1: Through an iterative user-centered design process, we explore the design of in-cockpit icon-based visual aids to
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enhance pilots’ traditional audio-only communication with air traffic control (ATC). Our study highlights the potential of icon-
based communication to improve situational awareness, reduce the cognitive burden on pilots, and minimize communication

errors in high-pressure scenarios.

Abstract

Effective communication between pilots and air traffic control (ATC)
is essential for aviation safety, but verbal exchanges over radios
are prone to miscommunication, especially under high workload
conditions. While cockpit-embedded visual aids offer the poten-
tial to enhance ATC communication, little is known about how to
design and integrate such aids. We present an exploratory, user-
centered investigation into the design and integration of icon-based
visual aids, named ATCion, to support in-cockpit ATC communica-
tion, through four phases involving 22 pilots and 1 ATC controller.
This study contributes a validated set of design principles and vi-
sual icon components for ATC messages. In a comparative study

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

UIST ’25, Busan, Republic of Korea

© 2025 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 979-8-4007-2037-6/2025/09

https://doi.org/10.1145/3746059.3747792

of ATCion, text-based visual aids, and no visual aids, we found
that our design improved readback accuracy and reduced memory
workload, without negatively impacting flight operations; most par-
ticipants preferred ATCion over text-based aids, citing their clarity,
low cognitive cost, and fast interpretability. Further, we point to
implications and opportunities for integrating icon-based aids into
future multimodal ATC communication systems to improve both
safety and efficiency.
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1 Introduction

Since World War 11, pilots have primarily relied on audio communi-
cation with air tra ¢ control (ATC) to navigate the skies and ensure
the safe and e cient ow of aircraft in and out of airports [71].
ATC communication is vital, as pilots must continuously monitor
the radio frequencies to receive crucial instructions, clearances, and
real-time updates that guide their move. The importance of this
practice cannot be overstated; even the slightest miscommunication
can lead to catastrophic outcomes. A stark reminder of this is the
tragic Tenerife airport disasterl0] on March 27, 1977 the dead-
liest accident in aviation history. In the dense fog of Los Rodeos
Airport, a KLM Boeing 747 initiated takeo without proper clear-
ance, colliding with a Pan Am 747 that was still on the runway. The
miscommunication led to the loss of 583 lives, underscoring the
critical role of clear and precise ATC communication in avoiding
such disasters. Communication issues contribute to 70% of aviation
accidents and incidents [15], with 73% of runway incidents linked
to misinterpreted ATC instructions and coordination failures [52].
Reducing miscommunication in ATC is essential, especially given
the reliance on traditional audio communication. ATC miscommu-
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o er advantages in recognition speed.d, 46, cognitive processing

e ciency [ 46 83, reducing perceived interruptions, 33, and min-
imizing errors [69. In aviation, while not particularly designed for
ATC communication, icons have been used to assist remote pilots
in quickly perceiving safety-critical aircraft system state34 36

and navigation system]2. Despite many bene ts, there are few
HCI studies investigating the design of icon-based aids in ATC
communication and their e ectiveness, which has motivated our
research.

In this study, we aim to address the gap in supporting in-cockpit
ATC communication by exploring the potential of visualizations.
Speci cally, our approach is designed with GA pilots in mind, where
single-pilot operations are common, voice-based ATC communica-
tion remains dominant, and cockpit support tools are often limited.
We conducted an iterative, user-centered design exploration fo-
cused on icon-based ATC visual aids (Figure 1), engaging a total
# = 23unique domain experts (i.e., pilots and ATC personnel)
acrossfour main phaseéFigure 2). First, to understand pilot needs,
we conducted a formative user study with = 7 experts to identify
key user needs and recurring challenges in ATC communication,
and examine our initial idea of leveraging icon-based visual aids
to enhance communication. Next, we initiated a co-design pro-
cess with# = 7 experts to explore how ATC phraseology could

nication can occur when messages are missed (e.g., not heard) be represented through intuitive icons, that provide pilots with

misheard (e.g., confused with messages intended for other pilots),

or misinterpreted (e.g., misunderstood clearanc&s¥[]. Further-
more, the complexity and length of instructions make it challenging
to memorize and execute swiftly, especially under pressure, signif-
icantly increasing pilots' cognitive load and elevating the risk of
miscommunication.

Given the critical nature of the reliance on audio communication,
applying the redundancy gaing(j can mitigate these issues for
pilots. Visual aidge.qg., icons and text) has been proven e ective in
assisting communication in generab§, 77, 90, 93, which has the
potential to o er a valuable secondary source of ATC information.
Speci cally, leveraging multimodal perceptiord] by providing the
information in both audio and visual representing ATC messages
can reduce miscommunicatior3g. The visual aids are designed
to complement audio, especially under high workload, by reducing
pilots' reliance on memory and supporting them to verify details
and reduce miscommunication or back-and-forth con rmations to
controllers that can congest the shared radio frequency.

Commercial systems such as Controller Pilot Data Link Commu-
nications (CPDLC){] provide visual support by delivering ATC
messages in plain text on the cockpit's embedded computer. How-
ever, CPDLC can only o er text-based communication for non-
urgent en-route instructions. This is not su cient for critical ight
phases and in general aviation (GA), where a single pilot often
manages all tasks and must rely on memory or handwritten notes
to capture crucial information, both of which are prone to error.

In addition to text, icons can o er an e ective means of vi-
sual communication in high-stakes settings, where reducing cog-
nitive load and ensuring rapid information processing are criti-
cal [13 31, 91]. It may also serve as quick and e ective reminders,
providing a promising approach to enhance real-time ATC com-
munication. Compared to text alone, icons have been shown to

clear, unambiguous depictions of ATC messages. Together, we de-
rived the design principles for e ective iconic representation and
developed ATCion, a set of visual designs that features 30 icons
focusing on the most critical ATC terms augmented with essential
information displays. Third, we validated the clarity and usability
of ATCion through a follow-up study with# = 5 experts, who
rated each icon across ve dimensions (e.g., concreteness, com-
plexity, meaningfulness)d4, helping us re ne the representations
based on expert feedback. Finally, to evaluate the e ectiveness of
ATCion in realistic ight contexts, we developed a functional pro-
totype of ATCion integrated into a ight simulator. We conducted
a within-subjects study with# = 12experts, comparing three com-
munication conditions: audio-only, audio with text-based visual
aids, and audio with ATCion in virtual reality (VR) ight simula-
tions, targeting the most critical ight phases: approaching and
landing. Results from both quantitative and qualitative data showed
that ATCion signi cantly improved pilots' readback accuracy and
reduced memory workload, particularly for longer messages. While
ight performance remained stable across conditions, participants
reported lower cognitive workload with ATCion. They also found
the icons intuitive, e ective to interpret, and helpful under pressure,
especially during high-demand phases like approach and landing.
These ndings highlight the potential of icon-based aids to support
situational awareness and reduce miscommunication in real-time
ATC communication.

In summary, our contributions in this paper are as follows:

We conduct the rst design study on icon-based aids for in-

cockpit ATC communication through an iterative, user-centered

process that yields practical guidelines and a range of e ective

artifacts, ATCion.
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Figure 2: Our four-phase research process: a formative study identifying ATC communication needs and design goals, a
co-design process developing icon-based visual aids through iterative design, a validation for design e ectiveness and a user
study assessing di erent communication conditions (audio-only, text-based, and icon-based) in VR ight simulation.

We provide rich qualitative insights into pilot communication
challenges that inform future multimodal interface design to
support safer and more e ective ATC interactions.

We o er preliminary empirical evidence from a VR simulation
study, with real pilots comparing the e ectiveness of audio-only,
text- and icon-based ATC, which lays the groundwork for future
research on integrating icon-based aids into in-cockpit commu-
nication systems.

Through this research, we aim to o er a practical design approach to
improve ATC communication, contributing to a better understand-
ing of how visual aids can support real-time communication and
enhance safety and operational e ciency in high-stakes aviation
contexts.

2 Background

In this section, we review prior research from three perspectives: 1)
ATC miscommunication factors and current technological solutions;
2) aviation-speci c visual aids; and 3) text/icon use for improving
communication across domains.

2.1 ATC Communication Challenges

ATC communication has evolved signi cantly, from ground signals
to radio systems established in the 1938897, further advanced
during World War Il. Post-war developments included radar inte-
gration in the 1950s17 and automated communication protocols
in the 1980s44]. Despite these advancements, miscommunication
between pilots and controllers remains a critical issue, leading to
operational errors and safety risk§]. Research shows that miscom-
munication occurs on average once per hour per radio frequency in
high-tra c areas [81]], caused by factors such as message complex-
ity [ 67), frequency congestiond7], language barriers14, and devi-
ations from standard protocols3]. The introduction of Controller-
Pilot Data Link Communications (CPDLC) in the 2008sgought
to reduce miscommunication by managing non-urgent communica-
tions via text, alleviating voice channel congestiobdd. However,
challenges remain, particularly in high-pressure, time-critical sce-
narios where real-time voice communication is indispensable.

As air tra ¢ volume continues to grow [9€], the increasing speed
and density of ATC messages impose signi cant cognitive demands

on pilots, including the need to process, retain, and act on instruc-
tions under time constraints and in high-pressure scenari6g [

To alleviate these cognitive challenges, external aids such as note-
taking [70 and message groupingf have proven e ective in
supporting pilots. Recent advancements in automated speech recog-
nition (ASR) systems1j0g further enhance communication by con-
verting voice messages into text-based visual aids, facilitating the
extraction of critical information and improving reliability $5.
Building on these insights, this research investigates the poten-
tial of icon-based visual aids to further enhance real-time ATC
communication. By designing ATCion, we aim to reduce pilots'
cognitive workload, improve communication clarity, and minimize
miscommunication risks in high-stakes environments.

2.2 Visual Aids in Aviation for Safety and
E ciency

Visual aids play a critical role in improving safety and e ciency
in aviation, particularly in high-stress environments3[l]. Aids
such as ight path indicators and navigational displays enable pi-
lots to process critical information quickly, enhancing situational
awareness and ight safety]0Q. Advanced systems like Synthetic
Vision Systems (SVS{] provide real-time visual representations
of terrain and runways in low-visibility conditions to reduce cog-
nitive load [95. Visual alerting systems, such as the Tra c Col-
lision Avoidance System (TCAS® 103, deliver intuitive cues

to detect threats and prevent collisions, minimizing human error
in high-pressure scenariod]. Similarly, the CPDLC systemg]
supplements radio communication by providing text-based visual
con rmations, reducing ambiguity and reinforcing comprehension.
Despite their demonstrated bene ts in aviation contexts, visual
aids remain underutilized in real-time ATC communication. This
presents an opportunity to explore how visual aids, particularly in
dynamic ight phases like approach and landing, can enhance ATC
communication e ciency and safety.

Furthermore, technologies such as Head-Up Displays (HUEs)[
99 and Mixed Reality display$]1, 85 enable pilots to access criti-
cal information directly within their line of sight, minimizing the
need to divert attention from the external environment. These sys-
tems have shown signi cant potential in enhancing situational
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awareness and operational e ciency during both routine and emer-
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challenges and needs for ATC communication as well as the design

gency operations. Building on these advancements, we envision goals for our proposed approach.

a future cockpit that integrates visual displays. To explore this
vision, we utilize VR ight simulation to study how ATCion can
enhance communication e ciency by reducing miscommunication
through direct visual representation. Rather than focusing on de-
veloping new display technologies, this work aims to |l the gap
by examining visual support that complements traditional verbal
ATC communication.

2.3 Enhancing Communication E ciency with
Icons and/or Text

3.1 Challenges and Needs in ATC
Communication for Pilots

Designing e ective visual aids for ATC communication requires a
deep understanding of pilots' natural work ows and the need to
preserve their communication pro ciency during routine opera-
tions. This is particularly important in single-pilot general aviation,
where managing cognitive resources e ciently across multiple
ight tasks is critical. From the formative study, we identi ed the
challenges in ATC communication and consolidated the following

Icons have been extensively studied as an e ective means of con- needs as well as their opinions on ATC visual aids.

veying information quickly and e ciently [18 42 49, 82 9§. Re-

N1: Pilots need aids to reduce their cognitive workload.

search shows that users can recognize pictorial representations In ATC communication, pilots often rely on handwriting or mem-

faster and more accurately than texd®, 10§, and icon-based sys-
tems have been found to be robust, intuitive, and expressive in
human-computer communication3fg. Additionally, combining
text labels with icons often yields optimal performancgd, such

as least incorrect selections in user interfacé$][ The proven

orizing critical information, which increases cognitive strain and
can lead to potential errors. F6 explained thgbu have this habit

of taking notes when ATC gives instructions, so you don't transmit
something wronga point that was also echoed by F5. Writing down
information helps pilots capture key details, as F2 mentioned that

e ectiveness of icons extends across domains such as healthcare,when it's written down or in front of you, there's a higher chance

military operations, and industrial control systems, where they en-
hance communicationg5, reduce errors 104, and support faster
decision-making 87] in time-critical contexts. Prior studies have

largely focused on cockpit displays, using icons to indicate sys-

tem statuses§4] or navigation cues 4g. For example, Friedrich
et al. [35 demonstrated that icons help remote pilots perceive
safety-critical information more quickly, highlighting their poten-
tial to improve ATC communication. By leveraging the bene ts

of combining text and icons, we developed an icon-augmented ap-

proach that abstracts ATC instructions into iconic displays while
retaining essential ATC terms in text format, providing a mixed-
format solution for enhancing real-time communication.

3 Formative Study

Given the specialized nature of the domain and gaps in understand-

ing within the literature, we conducted a formative study to gain
in-depth insights into the ATC communication challenges pilots
face during various ight phases, their working environment in the
cockpit, and early feedback on how visual aids might best support
pilots in context.

This study involved a 20.5-hour semi-structured interview, sup-
plemented by a follow-up questionnaire, with = 7 pilots (F1 F7;
Avg. Pilot in Command (PI&)= 72 hours), focusing on their com-
munication experiences with ATC and interactions with existing
cockpit systems. Additionally, two of the seven participants, who
were instructor pilots, contributed valuable perspectives from their
teaching experience, highlighting common trainee mistakes in ATC
communication. A thematic analysis was conducted by two re-
searchers in the team. They independently identi ed emergent
themes from the interview transcriptions and then iteratively de-

you'll catch that. However, this habit of note-taking is not always
feasible, as F2 pointed out thaome people might not write it down,
or they might not have time to write down the whole instruction.
And then they miss a critical part, like holding short, especially after
landing when it's quite busyThe fast-paced nature of operations
can strain cognitive resources, leading to further challenges. As F7
observed,[air tra c] controllers give you clearance super quickly,
even before asking if you're ready to copg. echoed this sentiment,
noting that sometimes they [ATC] speak a lot faster than they should,
and that causes problems. Pilots don't understand what ATC is saying
because they're too quick3 added that fatigue can exacerbate
these issuesafter a long day of ying or after a long ight, you
just forget. High cognitive load can signi cantly impair a pilot's
performance, particularly during critical phases of ight such as
Approach and Landing (Figure 3).

To address these challenges, there is a clear need to reduce the
pilot's cognitive load by integrating support for ATC messages,
thereby reducing the risk of miscommunication. F4 highlighted
the value of redundancy, sayingilots really like redundancy. So
if there's a way to cross-check to make sure ... to just corByn.
providing clear aids for ATC instructions, such as long departure
clearances, these cognitive challenges can be mitigated. The aids
should reduce reliance on memorization and note-taking by en-
abling pilots to store and recall information quickly and accurately,
ensuring that they receive and understand the necessary informa-
tion even in high-pressure situations.

N2: Pilots need aids to mitigate miscommunications. The
e ectiveness of ATC communication partly depends on pilots'
expectations, which can reduce cognitive workload by helping
them anticipate upcoming instructions7. However, expectation

veloped and re ned codes through consensus discussions until an bias J0 66 92, a form of miscommunication where pilots hear

agreement was reached. These ndings helped identify the speci ¢

1A pilot may log PIC time when they are the sole occupant of the aircraft; are the sole
manipulator of the controls of an aircraft for which the pilot is rated or has privileges;
or are acting as PIC where more than one pilot is required [25].

what they expect rather than what is actually said, can complicate
communication. For instance, F3 noted that pilots might instinc-
tively follow a familiar instruction, leading to potential issues/ou
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Figure 3: Questionnaire results on experts' preferences for visualization displays in the cockpit (a) and perceived bene ts of
di erent visualization options (b-d). (b) indicates the phases experts found most challenging in ATC. (c) illustrates their agree-
ment on the bene ts of visualizing ATC information. (d) shows the frequency of speci c instances preferred for visualizations.

(e) and (f) show the rank of these instances for display in the cockpit. All questions allowed multiple selections, except for (c),

which was single-choice.

expect them to say the same thing as always, like cross it, and in-must quickly and accurately perceive important information from
stead of holding short, you cross it. Even though you read it [holdATC communications 21, 22. Participants highlighted the risks of
short] back correctly, sometimes you don't fully interpret it becausemisidentifying tra c, particularly on busy days: sometimes people

it's a natural reaction.F2, F5, and F6 also highlighted how pilots

will incorrectly identify with tra ¢ and they'll miss one or two...

often assume clearances based on previous experiences, which canit could be a problem.:F5F1 and F3 emphasized the potential

result in miscommunication if they misinterpret or overlook the
actual instructions given by ATC. This expectation bias also a ects
identi cation. As F7 explained, pilots may start responding to a
clearance intended for another aircraft, especially if they focus only
on the rst part of their call sign: they might just read back the

bene ts of displaying tra c information, which could assist pilots
in matching visual cues with real-world tra c. F6 supported this,
saying the pilot knows what's the weather in the area, what runways
are in use, this and that, but visual aids still help.

E ective systems should focus on reducing unnecessary com-

ident, and the tower assumes it's the correct response, then moves onunication and highlighting critical messages, thereby enhancing
to the next one... We've had a couple of times where clearances go otiarity and e ciency. For instance, F3 suggested that a screen show-

for one plane, but another plane calls in saying copy or a rmative.
This can cause confusion and lead to incorrect actions being taken.

To address this bias, there is a need to integrate real-time sup-
port alongside auditory messages, thereby improving clarity and
reducing the risk of miscommunication. As F6 suggested, visual
aids, such as text-based taxi instructions, can help ensure pilots
accurately follow ATC guidance. Similarly, F4 emphasized the im-
portance of having a way to visually con rm instructions, such as
through clear visual aids for departure clearances or holding pat-
terns. These insights align with the questionnaire results (Figure 3),
where pilots strongly agreed that visualizing ATC information, es-
pecially Clearances, Instructions, Wind and Tra ¢ Information,
would signi cantly aid in maintaining situational awareness and
reducing cognitive load during critical ight phases.

N3: Pilots need aids to maintain situational awareness
without distraction. The primary responsibility of pilots is to
operate ights safely, which requires them to maintain situational
awareness and minimize distraction2(. To achieve this, pilots

ing the position of other aircraft could be particularly usefuif
you have a screen that shows you where the two planes [tra c] are...
it's feasible if it [the screen] gives you the right directids F2
pointed out having a clear reference can save time and prevent
misunderstandings, especially when a message is not clearly heard:
It saves you from asking again or if you didn't catch something clearly
the rsttime. These aids should be designed to enhance, rather
than hinder, a pilot's ability to perceive and respond to their en-
vironment, helping them maintain situational awareness without
becoming overwhelmed.

N4: Pilots need aids within physical and view constraints
in the cockpit. Pilots often operate in con ned spaces with limited
physical movement, which signi cantly impacts where and how
extra aids can be placed within the cockpit. The physical layout of
the cockpit is a critical factor in placing aids that do not obstruct
the pilot's view or interfere with ight operation. F3 highlighted
the importance of strategic placement, noting thgbu need to keep
your position. | wouldn't want to move around a lot... as long as you
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can take [the aids] with an arm's reacRegarding the placement
position that would not optical their work ow, F5 commented,
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in the cockpit, visual aids should be designed for minimal gaze shift
and physical e ort. Our formative study indicates a strong pilot

wouldn't say anywhere near the windows. | think it's best to just be preference for visualization methods such as Head-Up Displays

looking outside most of the time [ ying under visual ight rules].
So probably somewhere inside, maybe along the instruniémiss.

(HUDs) that present information within the natural line of sight
(Figure 3). Thus, aids should be strategically placed near frequently

suggests that visual aids should be positioned in areas where pilots monitored areas, such as the windshield or instrument panel, and

naturally focus their attention, without requiring them to shift
their gaze or posture signi cantly. F3 added th&ide windows are
ne [for display], but I'm not really looking out the side windows as
often as | do with the front windowhis indicates that visual aids
should be oriented toward the front view, where pilots spend most
of their time looking. F2 further supported thispormally on the

designed with a compact, unobtrusive layout that aligns with pilots'
natural work ows

4 Co-design

To ful Il these design goals, we identi ed augmented reality (AR) as
a promising modality for enhancing real-time ATC communication.

ground, I'm looking far ahead, not straight down... [If the visual aids AR-based visualization has the potential to display visually con-

are] just text on the windshield, it should be n€hese insights

cise representations (D1), support through clear spatial embedding

underscore the importance of considering the physical limitations  and context-rich visuals aids(D2), and remain accessible without
of the cockpit when designing visual aids. Ensuring that these aids - requiring signi cant attention shift (D3). Meanwhile, AR imposes
are strategically placed and easily accessible is critical to enhancing constraints and opportunities including the risk of visual over-

pilots' e ciency and safety without disrupting their work ow.

3.2 Design Goals

load, limited spatial real estate, and the need for immediacy and
glanceability all in uence how visual aids should be structured, po-
sitioned, and interpreted. Crucially, there is currently no established

To address these needs (N1-N4), our proposed approach focuses orframework or guideline for systematically designing and placing

improving ATC communications by reducing cognitive load, miti-
gating communication errors, and enhancing situational awareness
through well-integrated visual displays. In line with these priorities,
we have established the following design goals to guide the creation
and development of visual aids for real-time ATC communication:

D1: Reducing cognitive workload and miscommunications
with visual abstraction (N1, N2) : Visual aids should e ectively
abstract and replicate key audio instructions in a clear, objective
format to support memory and reduce cognitive strain. This ap-
proach aligns with research by Endsle2@ which highlights the
importance of objective information presentation to prevent cog-
nitive biases that can lead to errors (N2). In addition, clarity in
visual design is essential to reduce cognitive load, allowing pilots
to process information more e ciently (N1).

Visual aids should e ectively abstract and replicate key audio in-
structions in a clear, objective format to support memory and reduce
cognitive strain. Presenting information visually helps minimize
expectation bias, a known source of communication error, as high-
lighted in Endsley's work on objective information presentation
and situation awarenes2[). Additionally, visual clarity, achieved
through concise representation and intuitive design, enables pi-
lots to process information more e ciently under time pressure,
directly addressing the challenges outlined in N1 and N2.

D2: Enhancing situational awareness with informative
visual design (N3): To avoid distraction while maintaining aware-

AR-based visualization to support in-cockpit communication.

To address this gap, we adopted an iterative, user-centered co-
design approach, wit¥ = 7 experts, of which six were experienced
pilots (E1-E6, Avg. PIC = 700 hours) and one was an air tra ¢ con-
troller (E7), who has over 10 years of experience at an international
airport. We included the controller to gain a comprehensive under-
standing of ATC messages from both ATC and pilot perspectives,
while maintaining our primary focus on pilots' heeds. Of the six
pilots, one was from the previous formative study. The goal of our
co-design was to deeply understand the ATC messages, what in-
formation is communicated, why it is important, and how it can
be conveyed e ectively. The process began with an analysis of
the content and structure of ATC messages, which allowed us to
identify which information is most critical to visualize. In addition,
we explored where pilots focus across ight phases, informing the
placement of the visual aids within the cockpit. While our primary
focus was on enhancing ATC communication, our design process
also accounted for the broader pilot work ow. Guided by experts'
input, we examined spatial layout, attention shifts, and timing and
urgency of instructions across ight phases to ensure the design
would t naturally into multitasking contexts in GA, involving
operating, navigating, and communicating. We then established
key design principles, which together with the aforementioned
design goals (D1-3) guided the development of a set of icon-based
visual aids. Throughout several design iterations, we paid atten-

ness, visual aids must strike a balance between informativeness and tion to visual aids' readability, interpretation, and usability; any

simplicity. This includes using readable fonts, intuitive symbols,
and distinguishable colors to ensure that critical ATC information
is perceptible at a glance. Following Tufte's principle of minimiz-
ing chart junk [ 94, the design should convey essential context
without unnecessary visual noise, allowing pilots to maintain fo-
cus on primary ight operations while bene ting from enhanced
situational awareness.
D3: Enabling accessibility and minimal gaze shiftin lim-
ited space (N4) Given the limited physical space and view angles

issues identi ed were addressed through further re nements. Fi-
nally, we conducted a validation study where the experts rated the
designed icons on ve factors such as concreteness, complexity
and familiarity [64]. At each iteration, semi-structured interviews
and questionnaires were conducted to gather domain-speci ¢ in-
sights, ensuring that our designs were both practical and relevant
to real-world aviation needs.
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Table 1: Seven identi ed types of ATC messages, along with their priority regarding importance and where they should be

displayed in the cockpit.

Message Type \ Description Priority  Display

Instructions Action-oriented messages requiring immediate attention. High Within cockpit / pilot's FOV

Clearances Authorize ight paths, altitudes, or other critical parameters. High Within cockpit

Requests Inquiries for speci c actions or information. High Within cockpit

Acknowledgments | Con rmation of receipt and understanding of a message. Medium  Within cockpit

General Information| Non-time-critical information reports (e.g., weather, tra c updates). Medium  Within cockpit / attached to physical elements
Advisories Alerts to potential hazards or changes in ight conditions. High Within cockpit / attached to physical elements
Emergency Critical time-sensitive messages (e.g., go-around). First Within pilot's FOV

4.1 What to Visualize: Understanding Air
Tra c Control Messages

4.1.1 Identifying Message Type and Priority for Visualization.
create intuitive and informative visual abstractions of ATC mes-
sages (D1, D2), we rst sought to understand their speci ¢ language.
We reviewed standard ATC phraseology guidd$)[11, 45, and
identi ed the types of ATC messages that pilots encounter across
di erent ight phases via interview and questionnaire feedback
from the experts. Together with the experts, we categorized ATC

messages into seven main types: instructions, clearances, requests4
acknowledgments, general information, advisories, and emergency

communications (Table 1); detailed de nitions are in Appendix A.
Through a systematic analysis of the questionnaire ratings and in-

is taxi, while Alpha speci es the associated variable (i.e., the
taxiway). Similarly, in wind 230 at 4 gusting 7, the key concept is
wind , with 230 at 4 gusting 7 representing the wind direction
and speed as essential details. This systematic breakdown resulted
in a list of key ATC terms (Table 4), most of which were endorsed
by over half of the experts as essential for visualization. Terms such
as taxi, holding short, cleared, heading, takeo , land,

and go-around, were unanimously identi ed as critical and were
prioritized in our design exploration.

.2 Where to Visualize: Identifying Pilots'
Visual Focus Across Flight Phases
Aligning visual aids with the pilot's natural gaze patterns during

terviews, we gained in-depth understanding of these messages, by ightis crucial to avoid introducing unnecessary distractions or cog-
accessing their timeliness (e.g., how quickly the message becomesnitive overload (D3). Proper placement supports smooth transitions
outdated), action timing (e.g., when the message should be acted between ight phases, ensuring pilots receive critical information

upon), relevance to ight phases (e.g., during which phase the mes-
sage is most likely received), and their impact on pilot workload

at the right time. To determine optimal placement, we gathered
questionnaire data from experts on their primary visual focus dur-

(e.g., how busy the pilot is when receiving the message), as shown ing key ight phases, including pre- ight, taxiing, takeo , climb,

in Table 3 in Appendix A. These ndings provide valuable insights
into how each message type should be prioritized and displayed to
best support pilots in various ight phases.

Working with the experts, we further grouped the seven types of
messages into three priority levels (Table Ejist-priority messages
(i.e., emergencies) require prominent, immediate visibility in the
eld of view (FOV) to ensure that pilots can respond quickly and
e ectively. High-priority messages (i.e., instructions, clearances,
requests, advisories) can be displayed in xed locations within the
cockpit, allowing pilots to refer to them as needed without over-
whelming their immediate workspacdJedium-prioritymessages
(i.e., general information, acknowledgments) can be presented in
less intrusive areas of the cockpit or as brief noti cations, minimiz-
ing disruption.

4.1.2 ldentifying Critical Information for Visualizatiofo ensure

the conciseness and clarity of visual aid designs (D1, D2), only
the most critical aspects of ATC communication were selected for
visualization to avoid overwhelming pilots operating under high
cognitive workload. Working with experts, we decomposed four

types of ATC messages into their key actions or concepts and asso-

cruise, descent, approach, landing, and post-landing. Figure 4 illus-
trates key cockpit visual areas: the front windshield, divided into
the upper (Figure 4-A), middle (Figure 4-B), and bottom (Figure 4-
C) regions, the dashboard instruments (Figure 4-D), and the side
windows (Figure 4-E). The upper windshield is used for long-range
visibility during cruise, the middle windshield is critical during
cruise, approach, and landing to monitor external conditions and
the runway, and the bottom windshield supports taxiing, descent,
and landing by maintaining focus on the immediate forward path.
Dashboard instruments are referenced during pre- ight, descent,
and approach for navigation and performance data, while side win-
dows are essential during climbs for lateral awareness of obstacles
or tra ¢ when forward visibility is limited. Most pilot focus cen-
ters on the middle and bottom regions of the windshield, making
these areas a priority for positioning visual aids. This breakdown
provides clear guidelines for optimizing usability and minimizing
distractions when integrating visual aids into the cockpit.

4.3 How to Visualize: Icon-based Visual Aids
Design and Validation

ciated variables. We started by compiling messages from the VFR Drawing from the aforementioned analyses of ATC messages and pi-

(visual ight rules) and IFR (instrument ight rules) phraseology
guides [LQ 11], and systematically deconstructing them. Experts

re ned, added, or removed terms to enhance relevance and accu-

racy. For example, in the message taxi via Alpha, the key action

lots' behaviors, we carried out several design iterations with our ex-
perts to develop e ective icon-based visual aids. To probe our icon-
based approach in reasonable design exploration, we selected ATC
messages from the high-priority types (Section 4.l)structions
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Figure 4: Pilot visual focus zones across the cockpit, divided
into seven areas based on observed gaze patterns. Regions
include: (A) upper windshield, (B) middle windshield, (C)
lower windshield, (D) dashboard, (E) side window of pilot
side (F) side window on co-pilot side, and (G) control Yoke.
Areas B and C serve as the primary focus zones during most
ight phases.

ClearanceRRequestandAdvisoriesandGeneral Informatioto
design rst due to their importance in real-world operations and

maintain situational awareness (Figure 3). We also chose the nose

Lyu, etal.

Additionally, we used visual elements that are widely accepted in
real ight scenarios, such as the style of runway numbeéks

Shape - Semantic Composition : As Figure 5 shown, we used
sub-icons combined into compound icons to convey complex and
abstract concepts and key actions. For instance, icon (a) rep-
resents runway , while icons (b) and (c) represent go
straight and turn left. When (a) and (b) are combined,
the new icon indicates Exit (from right of the runway) ;
when (a) and (c) are combined, the new icon
represents Left Downwind . The repetitions of sub-icons also in-
crease familiarity, which is an important cognitive variable that
in uences understanding and user performance [86].

Size - Size Matching Importance : Visual elements were as-
signed di erent sizes according to their importance. For example,
when visualizing lengthy variables, values were given larger font
sizes, while units and su xes, being secondary information, were
assigned smaller sizes. Visually isolating key terms from other text
also helps emphasize information priority and makes it more mem-
orable [74].

Color - WCAG-Compliant Schemes : Since pilots primarily

area in the cockpit for the message display position (Figure 4C), focus on the middle to bottom areas of the front windshield, which

because it is directly in the pilot's eld of view (Section 4.2). How-
ever, we found a notable lack of existing icons speci cally tailored

is a dynamic area during aviation processes, good accessibility is
crucial to adapt to these changes. We use a semi-transparent and

to representing ATC messages. To address this gap, we conducted ablurred dark background to ensure the visual aids maintains WCAG-

literature review [7, 76 86 and identi ed key insights for creating

compliant contrast against various environmentg][ The color

clear and e ective visual aids for communication. Based on these scheme ensure the readability of the visual aids and to minimize
insights and the feedback from our experts, we derived a set of external environmental interference with ATC communication.

principles speci cally for designing icons for ATC communication.

4.3.1 Design PrincipleBur design principles focus on four key

visual channels (Figure 5): layout, shape, size, and color. By opti-
mizing these elements, we aimed to ensure the icon-based visual
aids would e ectively reduce pilots' workload and minimize com-
munication errors, providing quick access to critical information

during ight operations.
Layout - Consistent Visual Layout : We segmented ATC in-

Color - Color Matching Priority : Visual elements were as-
signed colors with similar brightness but di erent hue and satura-
tion according to their information priority P]. For example, key
actions, having the highest priority, were set in cyan, a hue that
attracts more attention. Secondary variables were set in yellow,
with similar brightness and saturation but a less attention-grabbing
hue. Text, as redundant information with lower priority, was set in
white, a color with zero saturation.

structions into key actions/concepts and variables (Section 4.1.2), 4.3.2 Design and RevisioBssed on the principles, we developed

placing corresponding visualizations in xed positions within a

grid system. A consistent layout displays the key information in a

panels (Figure 6b2) representing common ATC messages and a set
of icons (Table 2) representing the key terms commonly used in

structured way, which can result in an easy learning process, re- ATC communications, and iteratively re ned our design based on

duced working memory demand, and increased e cienc][This

is particularly bene cial when delivering long and complex instruc-

experts' feedback.
For our initial versions , while the experts appreciated the overall

tions, because the visual aids can break them down into simple and design (e.g., font, size, color), they suggested reducing the margins

structured panels, which are easier for pilots to recognize.
Shape - Highly Concrete Representation : Research indicates

for a more compact layout. They also recommended grouping re-
lated panels or combining them into a single panel. They suggested

thaticons require less cognitive processing to understand when they incorporating directional cues (e.g., 12 o'clock or left/right) with
are concrete, meaning their content closely resembles real-world arrows in the visual aids. Additionally, they advised including ICAO

objects?, thereby reducing semantic distanceq 86. Concreteness

is particularly crucial under high cognitive load, where it signif-

icantly impacts user response time and accura@; [Therefore,

airport codes and abbreviations (e.g., GND (ground), TWR (tower))
to indicate the contact. Moreover, the experts provided feedback on
the clarity and appropriateness of each icon. Several key insights

we avoided overly stylized icons to keep semantic distance small. were identi ed during the process, which guided our revisions. For

2https://commons.wikimedia.org/wiki/File:McDonnell_Douglas_MD-11_KLM_-

example, incorporating familiar symbols helps reduce the cognitive

_Royal_Dutch_Airlines, AMS_Amsterdam_(Schiphol), Netherlands_PP1151411211l0ad on pilots and improves the speed and accuracy with which

irg

they interpret visual aids. Moreover, keeping complexity low while

Shttps://upload.wikimedia.org/wikipedia/commons/6/69/Ben_Gurion_
International_Airport_taxiway_signs.JPG
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Figure 5: Overview of the design principles for the four visual channels: layout, shape, size, and color.

maintaining high concreteness is crucial and also a trade-o for Similarly, the Hold Short icon was re ned by adding dash lines
ensuring that icons are be quickly understood without ambiguity. that mapped to the real-world level of abstraction pilots are ac-
The importance of designing icons needs to be conceptually aligned customed to, increasing its clarity. In addition, we adjusted the
with their real-world counterparts. For icons like Crosswind, in-  perspective of some icons (e.g., lineup, exit) to match the pilot's
troducing more speci c visual metaphors that pilots encounter in  view, allowing for quicker recognition during ight.
their ight operations will likely improve recognition and usability. These re nements led to our nal design of the icon-based visual
Therefore, over the course, we made many revisions to our vi- aids for ATC communication (Figure 6 and Table 2). Each ATC
sual aid designs. We condensed the panels by reducing margins message is broken down into its action/concept and associated
and removing the non-important information, added arrows for  variables (Figure 6al,2), displayed on the left and right sections
direction (e.g., arrow on the exit direction), grouped related info  of a uni ed-looking panel, respectively (Figure 6b1,2). Actions or
(e.g., tra c information), and included ICAO codes in frequency concepts are represented by icons for easier interpretation, and
switching instructions. For icon designs, in the case of the "Go- the associated variables are conveyed using appropriate symbols.
Around' icon, E1 and E6 recommended following the curved path Given aviation's rigorous safety standards, we placed the text of

found in Jeppesen's ight charts and airway manud{ that pilots the action/concept below the associated variables as redundant
commonly use, leveraging this familiarity to improve recognition.
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Figure 6: Process of converting an ATC message into an icon-based visual aid displayed in the cockpit.

veri cation to ensure accurate interpretation even during high-
stress operations.

4.3.3 Initial Icon Design Validatiofo validate the e ectiveness

of the icons, a key element in our designed visual aids, we asked
the experts to Il in a questionnaire on assessing the designed
icons across ve dimensions: Concreteness, Complexity, Meaning-
fulness, Familiarity, and Semantic Distance, on a 5-point Likert
Scale 4. Five out of the six pilots in our co-design process re-
sponded. The results (Table 2) show that most of the icon designs
such as Hold Short, Cleared, Cancelled, Number, Land,
Departure, South-West (directions), Trac, Climb, Descend,
and Wind consistently received high scores (mostly 5's) across
all dimensions, particularly in concreteness, and familiarity. These
icons were highly rated for their clarity, simplicity, and meaning-
fulness, with a low semantic distance between the icon and its
intended meaning, making them easily recognizable and useful in
operational settings. However, some icons like When Able scored
lower in meaningfulness due to the abstract nature of the concept it
represent. Additionally, icons like Airspeed , which were designed
based on the airspeed instrument, received lower familiarity ratings,
particularly from commercial airline pilots who are less familiar
with general aviation instrumentation. This suggests that more
common visual metaphors may be necessary to improve familiar-
ity and reduce semantic distance. Overall, the validation results
indicate that icons are concrete, simple, meaningful and familiar
to pilots, con rming their suitability for operational use with a
few icons (e.g., Base, Crosswind ) that may bene t from further
simpli cation to enhance recognition in a dynamic environment.

5 User Study

To investigate the e ectiveness of visual aids for in-cockpit ATC
communication, we developed a prototype system, ATCion, which
integrates our designed icon-based visual representations tailored to
pilots' needs. Rather than aiming to optimize existing systems, our
goal is to understand how design can meaningfully support in high-
stakes, real-time communication scenarios. To evaluate the impact
of ATCion, we conducted a within-subject study in a simulated

cockpit environment, comparing three conditions: ATCion (icon-
based visual aids), text-based visual aids, and a baseline with no
visual aids.

5.1 Participants

We recruited# = 12pilots (2 females and 10 males) with diverse
ight experience, ranging from student pilots with zero Pilot-In-
Command (PIC) hours to experienced aviators with up to 1300
hours ( =2108h,( =3595h," =875h). Among them, 2
participants had fewer than 40 PIC hoths7 had between 40 - 250
hours, and 3 had more than 250 hoghresholds that correspond
to key certi cation milestones 7, 2g. All participants had experi-
ence operating under VFR conditions with the Cessna 152 aircraft,
which aligns with the simulated scenario used in our study. Partici-
pants were recruited through a combination of targeted outreach
and open invitations. We approached ight schools, pilots training
programs, and professional networks, ensuring representation from
both general aviation and commercial aviation sectors, ensuring a
broad spectrum of experience and perspectives. Recruitment mate-
rials were distributed via email, posters, social media, and a website,
providing an overview of the study and eligibility requirements.
None of the recruited participants were from previous phases of
our study. The study has received clearance from our institutional
research ethics o ce.

5.2 Study Software and Data

The study was conducted in person in a controlled environment
equipped with a high- delity VR ight simulation, following the
practice of previous studyq5, using the X-Plane 12 ight simula-
tion software [L0F and an Oculus Quest 2 headset. We adopted this
setup to enable safe and controlled environment while mitigating
the logistical and ethical challenges of eld studies, which is a com-
mon practice in early-stage research for safety-critical domains like
“pre-private pilot or early-stage student pilots. 40-hour minimum for private pilot
licensing [27].

Slicensed private pilots or those progressing toward commercial certi cation. 250-hour

requirement for commercial pilot certi cation [28].
Bhighly experienced pilots.
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