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ABSTRACT

INVESTIGATING NOTIFICATION PRESENTATION AND INTERACTION IN
AUGMENTED REALITY

This thesis explores optimal notification display and interaction techniques in augmented real-
ity (AR) environments. Through six experiments, we examined notification positioning, modality,
interaction methods, real-world smartglasses usage, and task resumption strategies for interrup-
tions. Our findings provide insights into designing effective AR notification systems while bal-
ancing usability and intrusiveness. First, we investigated notification placement in 3D AR envi-
ronments using a memory task, finding that bottom-center positioning in the field-of-view (FOV)
is ideal for general tasks, while world-anchored notifications suit stationary tasks. Next, we ex-
plored notification location and modality in a simulated cooking task, revealing that multimodal
notifications placed on task-relevant objects improve user performance. We further analyzed no-
tification interaction methods, determining that a body-attached notification list is the preferred
option for users and that touch interaction outperforms gaze and voice input. In a follow-up study,
we assessed multimodal interaction, noting its potential compared to unimodal interaction, but
also highlighting reliability concerns due to modality fusion challenges. Beyond controlled en-
vironments, we conducted a five-day field study with smartglasses, demonstrating the benefits of
hands-free, real-time notifications but also highlighting barriers such as social acceptability and
attentional costs. Lastly, we designed an AR-based task resumption aid, showing that visual cues
at the point of interruption significantly reduce resumption lag, potentially mitigating the disrup-
tive effects of notifications. As AR devices become more pervasive, notification systems must
be thoughtfully designed to balance intrusiveness with utility. This research informs future AR

notification strategies, emphasizing adaptability to dynamic real-world contexts.
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GERMAN ABSTRACT

BENACHRICHTIGUNGSDARSTELLUNG UND -INTERAKTION IN AUGMENTED
REALITY

Diese Arbeit erforscht die optimale Anzeige von Benachrichtigungen und Interaktionstech-
niken in Augmented Reality (AR) Umgebungen. In sechs Experimenten untersuchten wir die Po-
sitionierung von Benachrichtigungen, die Modalitit, Interaktionsmethoden, die Verwendung von
Smartglasses im Alltag und Strategien zur Wiederaufnahme von Aufgaben nach Unterbrechungen.
Unsere Ergebnisse geben Einblicke in die Gestaltung effektiver AR-Benachrichtigungssysteme,
die ein Gleichgewicht zwischen Benutzerfreundlichkeit und Aufdringlichkeit herstellen.

Zunichst untersuchten wir die Platzierung von Benachrichtigungen in 3D-AR-Umgebungen
anhand eines Gedédchtnis-Kartenspiels und fanden heraus, dass die Positionierung unten in der
Mitte im Blickfelds des Nutzers (FOV) ideal fiir allgemeine Aufgaben ist, wihrend in der Welt
verankerte Benachrichtigungen fiir stationire Aufgaben geeignet sind. Als Néchstes untersuchten
wir die Platzierung und Modalitit von Benachrichtigungen in einer simulierten Kiiche und stellten
fest, dass multimodale Benachrichtigungen, die auf aufgabenrelevanten Objekten platziert wur-
den, die Leistung der Nutzer verbessern. Wir analysierten aulerdem die Interaktionsmethoden und
Anzeigen fiir Benachrichtigungen und stellten fest, dass eine am Korper befestigte Benachrichti-
gungsliste von den Nutzern geschitzt wird und dass die Interaktion durch Beriihrung die Blick- und
Spracheingabe iibertrifft. In einer Folgestudie untersuchten wir die multimodale Interaktion und
stellten fest, dass sie im Vergleich zur unimodalen Interaktion iiber ein groBBeres Potenzial verfiigt,
aber auch Bedenken hinsichtlich der Zuverlédssigkeit aufgrund der Probleme bei der Modalititen-
fusion aufwirft. Auflerhalb kontrollierter Umgebungen fiihrten wir eine fiinftigige Feldstudie mit
Smartglasses durch, in der wir die Vorteile freithdndiger Echtzeit-Benachrichtigungen aufzeigten,

aber auch Hindernisse wie soziale Akzeptanz und Aufmerksamkeitskosten hervorhoben. Schlieflich

il



haben wir eine AR-basierte Hilfe zur Wiederaufnahme von Aufgaben entwickelt und gezeigt, dass
visuelle Hinweise am Punkt der Unterbrechung die Verzogerung bei der Wiederaufnahme sig-
nifikant reduzieren und so die stérenden Auswirkungen von Benachrichtigungen abmildern kon-
nen.

Da AR-Gerite immer allgegenwirtiger werden, miissen Benachrichtigungssysteme sorgfiltig
entwickelt werden, um ein Gleichgewicht zwischen Aufdringlichkeit und Nutzen herzustellen.
Diese Forschung dient als Grundlage fiir zukiinftige AR-Benachrichtigungsstrategien, wobei die

Anpassungsfihigkeit an dynamische reale Kontexte im Vordergrund steht.
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Chapter 1

Introduction

AVATLADEESSSSE
3 NEW MESSAGES .8

Figure 1.1: A cluttered AR view from the dystopian film “Hyper-reality” by Keiichi Matsuda, 2016. Per-
mission for use was granted by original author.

With the rapid advancements in Augmented Reality (AR) technology, the prospect of humans
primarily using AR for computing is becoming increasingly plausible. Daily computing often in-
volves notifications for various events. These notifications can significantly impact users’ attention
and responsiveness, as they compel users to react to new information, potentially disrupting their
focus on a task. Previous studies, such as those by Czerwinski et al. [1], or the work of Bailey
et al. [2], have demonstrated the disruptive effects of notifications and interruptions on ongoing
computing tasks.

Mitigating these disruptions requires careful consideration of factors like timing, placement,

and visualization methods of notifications. Users’ decisions on how to react are influenced by their



perception of the importance and urgency of the notification. Research by McFarlane et al. [3]
highlights the need to balance these factors to minimize interruptions.

While research on the presentation and interaction with notifications has been extensive on
desktop and mobile systems, there has been considerably less focus on Virtual Reality (VR) and
AR head-mounted displays (HMDs). Extended Reality (XR) is a growing market, and a future
where a lot of daily computing is performed on a headset is plausible. However, there are many
potential problems that these devices still face [4], so extensive research has and still needs to go
into the usability and the user experience (UX) of these systems, including notifications that can
appear anytime and potentially severely distract the user. XR designer and filmmaker Keiichi Mat-
suda [5] has illustrated a potential dystopian version of such a future in his film “Hyper-Reality”

(see Figure 1.1).

1.1 Overview

This dissertation makes several key contributions to the study of notifications in AR:

* Notification Position and Modality — Investigating how the spatial placement and the
modality of notifications affects user experience, attention management, and task perfor-

mance.

* Notification Interaction and Display Methods — Analyzing the effectiveness of different
unimodal and multimodal interaction techniques as well as display methods and their impact

on user experience, task performance and perception in AR environments.

* In-the-wild AR Notifications — Exploring what the benefits and pitfalls of AR notifications

are over the span of five days with real notifications outside a lab experiment.

* Task Resumption Aid using AR — Showing how AR can be used to assist users with task

resumption after interruptions.

During this work, the term XR will be used as an umbrella term encompassing the different

display types described in Milgram’s & Kishino’s work [6], which include AR, VR, Augmented



Virtuality (AV), and Mixed Reality (MR). For this thesis, we will refer to VR as "an approach
that uses displays, tracking and other technologies to immerse the user in a virtual environment"
and AR as an "approach that uses displays, tracking, and other technologies to enhance (augment)
the user’s view of a real-world environment with synthetic objects or information", and MR as "a
set of approaches, including both VR and AR, in which real and virtual information is mixed in
different combinations" according to the definitions by Bowman et al. [7]. This definition does not
explicitly mention AV but includes it as a subset of MR.

Research is at its core a collaborative effort. While the research and writing of the text around
the published reprinted papers were completed by the author of this dissertation, parts of the text
will describe achievements and research efforts in the plural form “we”. Images used in this thesis
are used with the creator’s permission, which is found in the appendix or created by the author
using assets in Microsoft PowerPoint.

The organization of the dissertation is described next. Chapter 2 introduces the term "No-
tification" and discusses what their purpose and impact are. Chapter 3 introduces work into
Augmented Reality User Interfaces(UI). It discusses how AR Uls have been designed and how
to interact with them. Chapter 4 focuses on research efforts looking into notifications in XR. It
shows different presentations of notifications, including modality and visuals, as well as interaction
techniques. Chapter 5 shows ways how notifications can be presented in AR. Chapter 6 focuses
on the interaction techniques with notifications. Chapter 7 proposes research about long-term
AR notifications outside a laboratory setting. Chapter 8 describes techniques that can be used to
reduce task resumption lag after interruptions, using AR cues. Chapter 9 discusses the findings
of the previous chapters and possible limitations. Finally, Chapter 10 concludes this thesis with a

summary of the contents.



Chapter 2

Notifications

A notification has been defined as a visual cue, auditory signal, or haptic alert generated by an
application or service that relays information to a user outside the current focus of attention [8].
Notifications are also very closely related to cues. While there is considerable overlap, they are
not the same thing. Cues (especially visual) are typically used to guide attention within a certain
context, designed to integrate into a certain application unobtrusively, but rarely guide attention to
something outside the current user’s goals. Cues also usually spatially relate to whatever they are
supposed to guide. Notifications, however, are a more explicit way of information delivery, as they
are frequently interruptive and draw the user’s focus away from their current task. Notifications
also usually contain the information in itself and do not guide towards the information like cues.
Therefore, while cues and notifications may use the same channels (e.g., haptic, visual, audio),
their intent differs; therefore, the design philosophy around them might differ. We will explain this
distinction, which we use for this thesis, with an example: Imagine wearing an AR HMD at home.
You are wearing the headset and are watching a movie on it, not hearing the doorbell ring. Limiting
this example to visual channels, a cue could be an arrow pointing towards the door to guide your
attention, whereas a notification could be a text pop-up that tells you that someone just rang the
doorbell. The cue unobtrusively guides your attention to the door, whereas the notification tells you
the information directly. One place where notifications are deployed heavily is personal computing.
Smartphones have quickly become the primary device that people use to access the internet and
perform computing tasks, and are potentially one of if not the quickest spreading technology of
all time [9]. Part of this smartphone use is notifications, ranging from phone calls and alarms to
social media applications and ads. While it is difficult to know an exact number, some studies
have found that their participants receive around 80 notifications per day, with some receiving up
to 200 [10], [11]. Looking at only college students, Lee et al. [12] found some receiving over 400

daily notifications, mostly relating to messaging. They also found that receiving the notifications



led to prolonged use of the apps, causing the corresponding notifications, showing that notifications
may lead to excessive smartphone use. Measuring with an even younger population, 12 to 17-year-
olds, Radesky et al. [13] found a median of 237 daily notifications, with maximums of over 4500

per day.

2.1 Categorizing notifications

To gain a more in-depth understanding of notifications, we first need to understand the key char-
acteristics of notifications better, as when going by the definition, notifications are simply any kind
of alert. According to current user experience design guidelines [14], [15] notifications may be
categorized in one of two categories: actionable notifications, where the notification is followed
by a user action, or informational notifications, whose aim is to pass information to the user.
Actionable notifications may include but are not limited to phone calls, timers, or text-messaging
notifications containing information that requires a response. Informational notifications may in-
clude but are not limited to system status updates or notifications about world news or stock prices.
According to Jakob Nielsen’s usability heuristics [16], "Visibility of System Status" is a highly
important aspect of a system’s usability, as users should be kept up to date about what the system
is doing. Notifications can be an essential tool in informing the user of such changes. When de-
signing notifications, the goal of the notifications heavily influences its presentation. McCrickard
et al. [17] introduce the IRC Characterization Framework, a design model of user end goals for

notifications based on three critical parameters:

* Interruption: This parameter is defined as the event prompting a user to switch their atten-
tion from their current task to the notification. It considers the timing, frequency, and context
in which notifications are delivered. The goal is to minimize unnecessary interruptions that
can negatively impact task performance and user experience, and to select the suitability of

the interruption depending on context.

* Reaction: This parameter describes how promptly and accurately users can respond to noti-

fications. This involves evaluating the user’s ability to notice and act upon the notification.



* Comprehension: Comprehension measures the user’s understanding of the notification con-
tent. High comprehension is crucial for users to make informed decisions based on the noti-

fication.

In this model, they assign values of high (1) or low (0) to each of the three parameters, to then select
the appropriate notification type. They propose the model as a unified view of notification systems,
that allows an improved usability evaluation process to emerge and that can help researchers and
designers when designing such systems.

However, notifications are often considered secondary to an ongoing task and are therefore
interruptive. Because of this they are frequently deferred to a later time [18], requiring a certain
kind of triage and prioritization. According to Mehrotra et al. [19] based on the work by Clark et

al. [20], there are four ways a user can choose to attend to a notification or interruption:

1. Handle it immediately.

2. Acknowledge it and agree to handle it later.

3. Decline to handle it (explicitly refusing to handle it).

4. Withdraw it (implicitly refusing to handle it).

Based on these ways of handling notifications, it is essential to understand which kind of noti-
fications should be handled in specific ways. Pielot et al. [18] conducted an extensive study of
real-world notifications by collecting smartphone notification data from 278 people over 10 days,
resulting in a dataset of 794,525 notifications. These notifications were then analyzed and catego-
rized into five groups: Messaging, Group Messages, Email, Social, and Non-social. To study
how users attend to these notifications, they define five stages for notifications: Shown, Seen,
Checked, Consumed, and Removed. In their analysis [18], they found that all notification types
are seen in the same time frame. Still, notifications in the messaging or group-message category
are consistently attended the most and also seen faster than other categories. Within those cat-

egories, they found that direct messages were being attended even faster than group messages.



They also had the highest conversion rate, meaning the highest rate of the corresponding app be-
ing opened after sending a notification. While these two categories were seen faster and had the
largest portion of attendances, the time until it was attended, did not differ between the categories,
except for emails, which were attended slower than the others. Lastly, non-social notifications
were also attended to rather quickly; however, they were mostly removed without opening the app
or clicking on the notification, highlighting their primarily informational purpose. When looking
at the frequency of notifications, they found that social notifications are by far the most frequent
notifications received on average in a day. This study leads to some interesting conclusions: First,
messaging notifications seem to be the most important for users, as they were checked the most
and comprised the most significant part of notifications received. Second, as the time to attend did
not differ between categories, we can conclude that the notification category was not the deciding

factor when deciding to participate in a notification, but rather external factors.

2.2 The impact of notifications

In a survey conducted in 2015 in the US, half of the surveyed adults reported that they were
annoyed by their phone in the last week before the survey [21]. Given the number of notifications
received daily, notifications might play a part in this annoyance, as it has been shown that users
react negatively to notifications in many scenarios [22], [23]. Of those notifications, it is a reason-
able assumption that not all notifications arrive at an appropriate time for the user, when they have
time to react to them or want to react to them. However, even if a person receiving a notification
does not engage with it at all, receiving a notification can significantly decrease the performance of
an attention-demanding task, as has been shown by Stothart et al. [24].In their experiment, they re-
cruited 212 undergraduates who were then asked to perform a sustained attention task [25]. During
the second block of the task, half of the participants received either phone calls or text messages
to the phone number they provided at the beginning. Participants who had received notifications
were likelier to make an error in the second part of the experiment, even if they did not interact

with their phones at all.



To get a more profound understanding of not just the short-term effects of notifications, but also
of their long-term impact, and to understand notifications in a non-laboratory study better, Kushlev
et al. [26] recruited 221 participants and assigned them to one of two groups: One group that had
to maximize interruptions and notifications on their phone for a week and then minimize them
the following week. The other group did the same but in an inverse order. Minimizing was done
by turning off any notification indicators like haptics, sound, and visual notifications, as well as
keeping their phone out of sight for most of the day. On the other hand, maximizing was achieved
by enabling those indicators as well as keeping their phones within reach at all times. They found
that people who reported more interruptions exhibited significantly higher levels of inattention
and hyperactivity, traits usually found in Attention-Deficit-Hyperactivity-Disorder (ADHD), which
are often associated with poor work/school performance and issues with social skills. They also
reported lower productivity and psychological well-being. Warnock et al. [27] specifically looked
at the modalities of notifications, to understand the different aspects of notification disruptiveness.
In their experiment, they had participants play the game "Concentration" (also known as Memory)
on a computer, during which they would receive notifications on the screen. These notifications
either prompted the participants to press a button on the desk (target notifications) or to ignore
the notification (distractor notifications). The modalities for the notifications used were: Text,
Icons, Abstract visuals, Voice, Earcon, Auditory Icon, Tactile, and Smell. They found that the
task performance suffered, no matter if the notifications were target or distractor notifications.
However, if they did not receive any target notifications but only distractor notifications, the error
rate suffered even more. This highlights that even notifications that are not relevant and can be
ignored cause a significant increase in error rate while performing a task. As for the modality,
they found that tactile and smell notifications caused a significantly longer pause than the other
modalities when receiving a notification in that modality.

All the work presented showed a negative impact of notifications on task performance. The
simple solution seems to be to simply turn off notifications or at least their indicators, such as

sound or haptics, to help concentration. People simply wouldn’t know if they had received a notifi-



cation, and would just see it the next time they use their phone anyway. It would be easy to assume
that this is the case since if something isn’t doing anything it can’t be distracting you, right? Unfor-
tunately, not receiving notifications at all could also lower concentration and performance. Pielot
et al. [28] asked 30 participants to turn off all notifications on all devices they used in their day-
to-day lives, like smartphones or computers, for 24 hours. Participants reacted very differently
to the experiment, with some reporting that they felt more productive at work or more relaxed at
home. Other participants reported that they felt anxious that they were potentially missing impor-
tant things but not receiving notifications for them, leading to more phone use as they constantly
kept checking their apps. They also reported feeling disconnected from their social group, which
is supported by the fact that most notifications on their phones are messaging-related [18]. None
of the participants reported considering keeping notifications turned off, but 22 reported that they
wished to manage notifications more consciously after the experiment, by either disabling some
sources of notifications or using the do-not-disturb mode more often. Contacting the participants
2 years after the study, 13 of 22 reported that they were still managing their notifications after
the experiment. Similar results were seen in an experiment by Igbal et al. [29], where they asked
participants to turn off email notifications at work for one week, after monitoring their usage for a
week before. They found that 17 out of 18 participants wanted to turn notifications back on, even
though they felt they were more productive without them. However, participants stated that they
instead spent more time checking for emails or needing to catch up on numerous missed emails.
Based on these findings, we can see that notifications have value for people, since almost all par-
ticipants in these studies chose to rather receive notifications and be distracted sometimes, than not

have them at all.

2.3 Managing notification delivery
To mitigate the attentional cost and other issues that notifications bring with them, without af-
fecting their usefulness, researchers have studied several ways notifications can be delivered more

optimally. One of these approaches is called bounded deferral [30], where notifications are delayed



until an opportune moment or are delivered at specific times throughout the day. Fischer et al. [31]
found in their work that notifications are attended to and dealt with significantly faster if they
received them after finishing an episode of mobile interaction compared to random times. Sup-
porting this finding, Pielot et al. [32] developed a machine-learning model to display notifications
at such opportune moments and found that predicting engagement in users led to a significantly
higher conversion rate from notifications to app content. Another approach that has been pro-
posed is batching notifications together and delivering those batches of notifications several times
throughout the day. Fitz et al. [33] conducted an experiment, in which participants would receive
their notifications either as usual (control), in three batches throughout the day, or not at all. They
found that participants with the batched notifications felt more attentive, productive, and in a better
mood compared to the control group. As was established in other studies, participants who did not
receive notifications at all felt feelings of missing out, did not report higher levels of concentration,
and even reported higher levels of anxiety than control.

Based on bounded deferral, there has also been work done in developing context-aware notifi-
cation delivery systems, like the work by Park et al. [34]. They developed a social context-aware
notification system, that delivered notifications at breakpoints in social settings. Testing this sys-
tem with ten friend groups of three people, they found that delivering notifications at breakpoints in
the conversation reduced interruptions in an almost unnoticeable manner. This can be an important
use case for notification deferral, as phones have been an issue in social settings for some time.
The phenomenon of phubbing has been described as snubbing someone in a social setting by con-
centrating on one’s mobile phone. Chotpitayasunondh & Douglas [35] investigated the perception
of phubbing in social settings by showing different videos of dialogues to participants, where one
conversation partner either phubbed never, sometimes, or most of the time. Asking the participants
to put themselves in the role of the other person, they found that phubbing negatively impacted
perceived communication quality and relationship satisfaction.

This leads us to the use of AR head-mounted displays for notification delivery as a means of

improving notifications. In a future where these headsets might become pervasive, notifications
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will play a key role in the overall user experience and these headsets might improve interruptions
of notifications. Orlosky et al. [36] found that the use of an HMD led to a higher contextual aware-
ness compared to using a smartphone, which could be beneficial in many situations, for example
pedestrian use, where it has been found that using a smartphone can lead to higher accident risk
when crossing the street [37]. However, as notifications move beyond handheld devices into AR,
new challenges may emerge. Unlike smartphones, which require explicit interaction and are often
used in discrete sessions, AR may integrate notifications directly into the user’s field of view, en-
abling more seamless but potentially more intrusive forms of delivery. The shift from screen-based
to immersive, always-available notifications raises questions about how attention management,
cognitive load, and user experience translate across these mediums. Effects found in desktop and
smartphone research about interruption through notifications may be even stronger in AR, as they
become harder to ignore. On the other hand, AR also provides new opportunities to deliver notifi-
cations, such as placing them in optimal positions to be informative but not intrusive. Since a large
amount of AR headsets feature cameras and possess some understanding of the environment, they
may be useful in predicting opportune moments for notification delivery. One way to potentially

reduce the impact of notification delivery in AR will also be presented in chapter 8.
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Chapter 3

Augmented Reality User Interfaces

While the emergence and popularity of AR devices are fairly recent, the technology behind
it isn’t, predating even the mobile phone, which was first released in 1973 by Motorola [38].
The first AR-HMD however was built in 1968, before the term AR was even coined. To build
a prototype of his “Ultimate Display” [39], a system that could show a computer-generated en-
vironment that could be indistinguishable from reality, Sutherland et al. built the “head-mounted
three-dimensional display”, more colloquially called the “Sword of Damocles” [40]. The name
comes from the fact that because this device was too heavy to wear comfortably, it was suspended
from the ceiling, constantly hanging over the user’s head, akin to the sword from Greek legend. It
used a mechanical tracking system to adjust visuals based on the user’s movements and incorpo-
rated a see-through optical display, which could display simple wire-frame 3D graphics. Despite
its limitations, it laid the foundation for modern VR and AR technologies. Caudell et al. [41] were
the first ones to use the term AR in their proposal about equipping Boeing factory workers with

see-through HMDs that they could then use to aid the workers in the airplane assembly.

Mixed Reality (MR)

Real Augmented Augmented Virtual
Environment Reality (AR) Virtuality (AV) Environment

Reality-Virtuality (RV) Continuum

Figure 3.1: Reality—virtuality continuum.

The term AR was then firmly established by Milgram & Kishino [6] in their attempt to create

a taxonomy for all systems that merge real and virtual environments. They proposed the “Reality-
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Virtuality (RV) Continuum” (see Figure 3.1), which conceptualizes the spectrum between fully
real and fully virtual environments (VE), providing a framework for understanding XR experi-
ences. The VE represents the conceptual extreme of full virtuality, where VR is just a technology
for experiencing this virtual environment. Between these extremes lie intermediate states such as
AR—where digital elements overlay the real world—and AV—where real-world elements are in-
corporated into a predominantly virtual space. AR has then been further described by Azuma et

al. [42], defining AR as a system that fulfills three key characteristics:

* Combines real and virtual elements: AR integrates computer-generated objects or infor-

mation with the real-world environment, seamlessly blending the two.

* Interactive in real time: The system responds immediately to user input or changes in the

environment, allowing for dynamic interaction.

* Registered in 3D: Virtual objects are accurately aligned with the real-world environment in

three-dimensional space, maintaining spatial coherence.

However, some systems may be considered AR that do not technically fulfill the requirements of
this definition, nor the classifications of the RV-continuum. Devices like Google Glass [43] can
display information relating to the real world as a heads-up display, which is not interactive in
real-time, or registered in 3D. The definitions also do not include technologies like spatial audio,
as they focus on visual display technologies. Therefore, we have chosen to use the looser definition
of AR set forth by Bowman et al. [7], which assumes that AR is an “approach that uses displays,
tracking, and other technologies to enhance (augment) the user’s view of a real-world environment
with synthetic objects or information”.

Looking at ways how this augmentation can be implemented, Billinghurst et al.[44] present
three ways visual information can be displayed in AR environments, more specifically on AR

headsets (see Figure 3.2):
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* Head-stabilized: Information is fixed to the user’s viewpoint.
* Body-stabilized: Information is fixed to the user’s body.

¢ World-stabilized: Information is fixed to real-world locations.

Information

Head-stabilized Body-stabilized World-stabilized

Figure 3.2: AR content placement options.

Feiner et al. [45] have also proposed a similar taxonomy in their work, where they rendered
desktop windows on an AR HMD in each one of these placement methods. For accessing brief
and glanceable information on an AR headset, Lu et al. [46] devised a system enabling users to
summon information like weather updates or sports scores through short glances at the periphery.

They propose three different interfaces to achieve this:

* An eye-glance interface, where content is placed display-stabilized in the four cardinal di-

rections of the periphery and can be accessed by simply looking at it.

* A head-glance interface, where content is placed body-stabilized outside the four cardinal
directions of the periphery and can be accessed by moving the head in one of the four direc-

tions.

* A gaze-summon interface, where content is placed display-stabilized outside the four cardi-
nal directions of the periphery and can be accessed by gazing at the peripheral direction for

0.5s.

They evaluated this system in an experiment, where participants were asked to walk along a path

during which they would need to answer questions related to the information in the glanceable
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interface. They were either asked direct questions, or instructed to notify the experimenter imme-
diately if some information changed. They found that walking task performance was not affected
by the interfaces, that question response time was slower with the gaze-summon interface, and
that eye-gaze performed best when monitoring information since it was always in view. Based on
this, they recommend the eye-gaze interface when information needs to be monitored or frequently
accessed in a short time.

As described previously, interaction with a smartphone has been shown to decrease the quality
of social interactions. To potentially address this issue, Davari et al. [47] built a socially context-
aware AR interface, based on the previously mentioned Glanceable AR system [46]. This system
adapts between two common contexts: a static scenario where the user is alone, and a dynamic
social context. In the solo context, the system recognizes the current object of focus in the real
world and places virtual content at the eye level above the object of focus with high transparency,
therefore not occluding it. To highlight virtual content, it can simply be changed to opaque. As this
would not be appropriate in a social setting, the system adapts to the topic of the conversation and
the number of conversation partners, by highlighting relevant apps based on speech recognition
and by not placing content over the partner’s faces engaged in conversation with the user. This
system was evaluated against an identical but context-unaware system and a mobile phone in solo
and group settings. Their experiment shows the significant advantages of the context-aware system
over a context-unaware system but especially the mobile phone in UX and preference, information
access speed, and intrusiveness in both solo and group scenarios. Adapting content by changing
the opacity has been shown by this experiment to be beneficial for guiding attention, but special
care has to be taken. Unlike traditional displays, the background of digital content on optical-
see-through (OST) AR headsets cannot be completely freely chosen, as it largely depends on the
background of the surroundings. Especially text legibility decreases or increases greatly depending
on the contrast ratio [48] and with OST AR headsets, the contrast ratio cannot always be kept
constant. Because of this changing background problem, Debernadis et al. [49] evaluated the

presentation of text on different AR headsets. They found that presenting text on a dark blue
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billboard with white font seems to be a good combination for indoor AR applications, regardless
of device or background. Their findings also include that OST headsets generally produce higher
text legibility compared to video-see-through headsets, where the text may be blurred because of
the digitized background. This work is consistent with the findings from Gabbard et al. [50], who
found a billboard style with a semi-transparent background to be the most well-suited text display
style across several outdoor background textures. Their findings show that task performance in
AR is significantly affected by background texture and text style, highlighting the importance of
careful text design. Looking into reading on AR HMDs, Rzayev et al. [51] found that the position
of text in AR also matters. In their experiment, presenting text in the top-right position (display-
stabilized) led to significantly lower text comprehension and higher workload than bottom-center
and center. Reading while walking also led to a slower reading speed than when sitting.

In addition to poor contrast, the increased display of virtual content in AR can negatively impact
task performance due to clutter [52]; therefore, it should be ensured not to overload the user with UI
elements, especially notifications. This is also supported by Miller’s law, which strongly suggests

that only seven pieces of information (+2) can be held in working memory at the same time [53].

3.1 Interaction

Looking closer at interaction techniques, the use of hands, eyes, and voice are all extensively
studied techniques for XR devices [54]. The Microsoft Hololens line of devices is the most used
OST AR headset in the experiments using such a class of device described in this research exam.
The main way of interacting with these systems is through the use of hand gestures. While these
gestures largely only use one hand, Chaconas et al. [55] evaluated the use of two-handed gestures
for the Hololens. A significant limitation of the device in question is the limited hand-tracking
area. In their experiment, they compared a one-handed scaling and rotation gesture, provided
by the device’s system, to four two-handed manipulation gestures. They found no differences
in performance, however, their novel bi-manual technique was preferred by users, showing the

feasibility and benefit of two-handed interfaces on these devices.
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In their study on general interactions in AR, Wang et al. [56] explored the fusion of various
input modalities. They discovered that a combination of Gaze, Gesture, and Speech yielded the
most efficient results, although users preferred the combination of Gesture and Speech. Conversely,
unimodal interactions using solely Gaze or Gestures generally underperformed compared to the
multimodal options. Lee et al. [57] similarly investigated multimodal versus unimodal inputs,
noting that while participants favored multimodal input over sole Speech or Gaze, they did not
demonstrate objective performance improvements with it. Parisay et al. [5S8] proposed a system that
integrates gaze for target selection with a mouth click to confirm manipulation. Their evaluation
revealed that their system achieved faster task completion times, quicker movement times, and
lower workload compared to sole voice recognition, but that it was surpassed by a gaze and dwell
approach.

Pfeuffer et al. have also investigated interaction using gaze, but using a pinch gesture instead
of a dwell time. Targets are indicated [7] using Eye-Gaze and are confirmed using a Pinch gesture.
In an informal evaluation, they saw that while participants liked the concept, reliability issues with
the eye tracker and the gesture recognition were prevalent. They suggest using a very explicit
gesture operation, like the one used by the Hololens. In follow-up work, they suggest various
considerations when using this technique [59], such as using eyes only for indication and the pinch
gesture only for confirmation. They also note that this interaction technique requires users to
“unlearn” previous behavioral patterns, as they might be used to moving their hand for interaction

but can look away from potential interaction targets.
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Chapter 4

Notifications in XR

After having presented several XR Ul considerations and systems, focusing mostly on AR, it is
now time to get into the core topic: How can neotifications work in XR? Ghosh et al. [60] explored
interruptions and notifications in VR, employing various modalities such as visuals, haptics, and
audio. In their work, they first conducted a co-design experiment with XR developers and designers
to come up with different notification ideas in VR.

For audio, they propose Spatial Sound (positioning sound in 3D space corresponding to the
notification’s location), Skeuomorphism (using metaphorical designs, like a door opening sound
to signify someone entering a space), and Gradual Intensification (increasing sound gradually
to indicate rising urgency). For the haptic channel, they propose Skeuomorphism (employing
metaphorical vibrations, such as feet vibrating to symbolize footsteps), Directionality (directing
vibrations toward the notification’s direction), and Gradual Intensification (gradually increasing
vibration to signify increasing urgency). Regarding the visual channel, their suggestions include
3D Representation (displaying notifications in 3D space instead of attaching them to the display),
Skeuomorphism (using metaphorical representations, like a clock face for alarms), 3D Pop-ups
(placing notification blocks in 3D space, on walls or surfaces), and Flash and Pause (temporarily
halting immersion in critical situations to let users reorient in real-world space).

Collecting themes from this experiment, they designed five notification types (see Figure 4.1)
that they then evaluated in a VR experiment. Each notification type had a visual, auditory, and hap-
tic channel. Participants in their experiment had to continuously locate a ball in the environment,
navigate to it, and bring it to a specified location while receiving notifications. As a secondary task,
participants were asked to acknowledge notifications by pressing a button on the controller. Partici-
pants went through each notification type and each combination of modality components, resulting
in 30 conditions. Besides objective measures like reaction time, they also asked participants four

7-point Likert scale questions about notifications (see Table 4.1).
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Person talking Incoming call Slack pop up Person in room Audio: Time spent Audio:

Audio: Human voice Audio: Phone Ring. Audio: Slack Footsteps on carpet Clock strike.
Haptic: Closest Haptic: Left vibrations notification. Haptic: Alternative left- Haptic: Left
controller "knock mimicking the audio Haptic: Closest right controllers vibrations
knock" pattern controller mimicking mimicking the audio
the audio

Figure 4.1: Five notification types with three channels each. Permission for use was granted by the original
author.

Attribute Explanation

Noticeability How easy or difficult is it to notice the notification?

Understandability Once you notice the notification, how easy or difficult is it to un-
derstand what it stands for?

Perceived Urgency What level of urgency does the notification convey?

Perceived Intrusiveness How much of a hindrance was the notification to the overall VR
experience?

Table 4.1: Definitions of Notification Attributes

These questions have since been used by other researchers studying XR notifications to quan-
tify perceptual questions about notifications. Based on their findings, several design recommenda-
tions have been made for notifications:

1) Visual notifications should be supplemented with audio directing attention to the notifica-
tion, and stand out from the environment to increase noticeability. 2) Controllers are often moved
outside of view, so visual notifications on controllers should be enhanced by haptics to guide atten-
tion. 3) Visual search should be reduced by binaural audio or a dedicated place for notifications.
4) Sudden appearances should be reduced. 5) Familiar metaphors should be used. 6) Notifications
should be interactable and able to be switched to being the primary task.

To enhance this first design recommendation [60], making notifications stand out from the
environment, Zenner et al. [61] built a framework for notifications in VR. They integrate noti-

fications into the environment to not break immersion and presence, two concepts in immersive
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virtual environments that describe the feeling of actually being in the virtual world [62]. In their
work, they proposed sending notifications from outside of VR to the immersed user in VR by
using a smartphone app to send messages with a specified priority. The VR environment could re-
spond differently depending on the priority by drawing more attention to the notification depending
on priority, integrating into the environment instead of appearing as an abstract pop-up (see Fig-
ure 4.2). While this work is demonstrated in VR, it is thinkable to use this for notifications in AR,
placing notifications in locations where they make sense for the current task and environment to

make them seem more natural and real.

Hello John!
Someone is waiting for
you in your office!

Hello John! Hello John!
Someone is waiting for Someone is waiting for
you in your office! you in your office!

Low priority: Notification is put on Medium priority: ~ Lights are High priority: User is blocked from
unobtrusive display in a virtual su- dimmed and notification is high- the environment to stop and notice
permarket lighted the notification

Figure 4.2: Three immersive notifications based on priority, Zenner et al. [61]. Permission for use was
granted by the original author.

4.1 Position

Speaking of placing notifications in locations where they make sense: where do they make
sense? One of the most important questions about how to design XR notifications is where to
even put them. Whereas smartphone or desktop notifications are traditionally displayed on a 2D
display, moving into a 3D environment brings with it ample ways of displaying UI elements,
including notifications. So moving into notification position in XR, Rzayev et al. [63] studied the

positioning of notifications in VR. In their experiment, they looked at three tasks in three different
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VR environments and displayed notifications in one of four positions: 1) Attached to the headset
(Heads-up-display); 2) Attached to the controller (On-Body); 3) Floating in front of the user and
4) Attached to a wall in the environment (/n-situ). They found that Heads-up-display notifications
resulted in the lowest missed notification count and the shortest response time. However, while
having the highest noticeability, participants preferred this location the least, while also rating it the
highest on intrusiveness. Placing them in-sifu on the other hand, led to the highest count of missed
notifications, the highest reaction time, and the lowest noticeability and urgency. Users preferred
floating and on-body over the others, and thought they were the most understandable. From this,
they recommend using a heads-up-display for urgent notifications only, in-situ for unimportant
notifications only, and floating or on-body for general notifications. Since there was not one clear
best option, they show that it is important to give the user control over the priority of notifications
and change the presentation style accordingly.

Since it has been shown that phone notifications can disrupt conversational settings [35], Rza-
yev et al. continued their research into notification placement by shifting to a dialogue setting and
using AR instead of VR [64]. They invited participants and paired them up in teams, that would
then engage in 7-minute long discussions, which the researchers provided topics for. In each team,
one participant (receiver) would be given a Hololens 2 AR OST HMD [65], which would start
displaying notifications after two minutes of the conversation. The notifications were displayed
in four different positions (see Figure 4.3): a) Center position on the observer (dialogue partner);
b) Top-right position on the observer; c) Center position locked to display and; d) Top-right posi-
tion locked to display.

Their findings suggest that general notifications should be placed on the observer, as that place-
ment was found to be the least intrusive while also having the lowest task load for reading the
notification while still participating in the conversation, especially when placed in the top-right.
For more important notifications, placement in the center and attached to the receiver showed to

be the most urgent, but also the most intrusive, however, participants stated that they would accept
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Hi, do you want to get
coffee after lunch?
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Hi, do you want to get
coffee after lunch?
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b) Observer-locked Alignment with top-right Position

Jennifer

Hi, do you want to get
coffee after lunch?

a

Jennifer

Hi, do you want to get
coffee after lunch?

c) Receiver-locked Alignment with center Position d) Receiver-locked Alignment with top-right Position

Figure 4.3: Four positions used in the experiment [64]
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Figure 4.4: Attachment methods a) Head-stabilized b) body-stabilized; c¢) Notification positions used [66].
Permission for use was granted by the original author.

the negative impact to ensure receiving important notifications. The majority of both observers
and receivers expressed that they would prefer notifications on an AR headset, rather than a phone.

Lee et al. [66] studied the position of AR notifications during a walking task. For their exper-
iment, they chose body-stabilized and head-stabilized methods, with three different positions in
each method (top, right, bottom, see Figure 4.4). The notifications they used contained instruc-
tions to perform specific hand gestures when read, as this would reflect not only if a notification
was seen, but also if the content was understood. Furthermore, notifications were split into high
priority (which had to be immediately attended) and low priority (which could be handled later).
Participants were tasked with following a specified path in the room while receiving notifications
on a Hololens 2. They found that a bottom position in the display-fixed method resulted in a sig-
nificantly higher noticeability and comprehension for notifications compared to the right and top
positions, while also showing lower task load. Comparing the two attachment methods, they found
that display-stabilized notifications are perceived as having higher urgency and are reacted to faster,
and therefore recommend using this for high-priority notifications. In contrast, body-stabilization
was perceived as less urgent, but also affected the walking speed significantly less when receiving a
notification, causing the authors to recommend using body-stabilized notifications for unimportant
notifications. It is worth noting that all the positions used in the described studies about position

fell within the classification by Billinghurst et al. [44], highlighting the strength of their taxonomy.
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Figure 4.5: A “caught” butterfly showing a notification [67]

4.2 Presentation & Modality

The work shown so far has largely focused on the location of visual notifications based on text,
so we will now report on more ways how notifications can be presented in XR. Taking the research
out of a lab and “into the wild” [68], Lucero et al. [67] studied AR notifications and a dedicated
attendance device in an urban navigation task, using the Epson Moverio BT-100 HMD [69]. They
employed a minimal user interface and a discrete thumb touchpad device for controlling notifica-
tions, where display-stabilized butterflies would fly across the display indicating a new notification
(see Figure 4.5). These could then be opened by swiping in the direction of the flight path on the
thumb touchpad, upon which the notification text would be displayed. The notification would stay
open as long as the touchpad is held after swiping (catching the butterfly) and would close as soon
as the finger is removed from the device (releasing the butterfly), causing the butterfly to continue
on its path (meaning it could be reopened). Their findings indicated that participants faced min-
imal difficulties in managing notifications while being exposed to potential hazards in an urban

environment.
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Looking further into output modalities of notifications, Lazaro et al. [70] conducted an experi-
ment where they designed notification indicators that were either visual-only (in the form of a bell
icon in the periphery), auditory-only (where an alert sound was played), or multimodal (combining
auditory with visual). Participants were given a Hololens 2 HMD and asked to perform a visual
search and matching task, during which they received notifications. The content of the notification
was placed outside the field of view to the left of their main task in all conditions, but participants
were instructed to read the notification and then confirm they had read it by either verbalizing it
or pushing a virtual button. They found that visual notifications were missed more than 50% of
the time, whereas auditory notifications were missed 5%, and multimodal notifications were not
missed at all. This difference was also reflected in the preference ranking, where auditory and
multimodal were ranked significantly higher. However, task completion time was not affected, re-
vealing that even though auditory and multimodal notifications were attended to more, this did not
affect main task performance. When looking at the frequency of the confirmation action, they saw
that participants used verbal confirmation more often than gesture action, suggesting that voice
input was more intuitive than hand gestures.

Investigating a hand-summonable menu in AR, Pfeuffer et al. [71] created a menu that can be
summoned by the users by looking at their palm. This interface also features a notification delivery
system, where notifications are displayed in a vertical list in the menu. They opted not to include
buttons on the notifications to display more information and used a two-step selection process for
notification attendance. Context actions of notifications appear when the notifications are selected
using Gaze + Pinch, but this results in more steps to attend a notification.

Taking the context of the notification into consideration, Faulhaber et al. [72] proposed three
different notification visualizations to reflect the priority of the notification. Participants would
receive notifications from a public transport app with low priority (informing the user but needing
no reaction), medium priority (informing and maybe needing reaction, but not (time) critical), and
high priority (informing and needing immediate action). All notifications were presented in the

form of icons in the peripheral vision and differed in animation, choice of icon, and color. Low-
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priority notifications were represented with a green icon that would slowly fade in to not attract too
much attention, medium-priority notifications with a yellow icon that moved up and down slowly to
attract some attention, and high-priority with a red icon that flashed in and out while changing color
to attract immediate attention. Using the Nreal Light [73] HMD, participants were instructed to
perform the n-back task [74], which is a visual attention and concentration task, during which they
would receive notifications with different priority. They found that the low-priority visualization
resulted in significantly higher task reaction time, while also ranked as lower noticeability. They
were consequently also ranked as least distracting. The performance of the main task was not
affected by the priorities.

Lastly, looking at iconography in AR notifications, Janaka et al. [75] conducted a series of ex-
periments to understand the use of icons in notifications. In their first two experiments, they found
that users preferred having icons instead of text; however, no objective measurements were signifi-
cantly different. In their third experiment, they found that if the users were allowed to choose icons
themselves, therefore increasing familiarity, and the density of information represented by the icon
was high, icons significantly outperformed text. While the first three experiments were conducted
in research labs, the last experiment was conducted on university grounds, where participants had
to walk 1.2 km while wearing an HMD, to more accurately reflect real-world conditions. In this
experiment, they found that the lab results could be applied to a realistic setting, however because
of outdoor background and lighting changes affecting legibility, the longer text notification became
more noticeable than the icons.

To mitigate the attentional costs that come with receiving a notification, Janaka et al. [76]
researched different animation techniques for the delivery of notifications in AR. They found that
fading-in notifications for two seconds had the least impact on primary task performance, as users
could prepare for the notification better than when they suddenly appeared or scrolled in from the
side. However, the fade duration has to be considered cautiously, as a too-short duration can attract
attention too quickly, and a too-long duration would distract and cause lower noticeability of the

notification.
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Figure 4.6: GlassMessaging: Messaging in AR [78].Permission for use was granted by the original author.

4.2.1 Attendance and Interaction

As we saw in the research about smartphone notifications, there are several ways that users can
attend to notifications. We will now take a closer look at how this attendance can be designed in
XR. The importance of this can be seen in some of the previously explained literature [60], [63],
where even though the notifications in the experiments did not relate to the participants personally,
they still expressed the wish to reply to the notifications or manually dismiss then when they feel
they are distracting.

Kosch et al. [77] evaluated three AR notification selection techniques while riding a bicycle:
gaze with a dwell time, gestures, and gaze for selection with a physical button press for confirma-
tion. They found that gaze with dwell time resulted in the lowest error rates, but required more
attention and focus, whereas the gaze with button approach was preferred by users and had the
lowest task completion time. Since the predominant subject of notifications in smartphones is
messages, Janaka et al. [78] have researched a messaging system for AR (see Figure 4.6). They
first conducted an online survey to identify the most common two scenarios for messaging: On
transportation and eating alone. Participants were then observed in these scenarios to identify mes-
saging and multitasking behavior. Interactions with notifications in these scenarios were mostly
viewing and replying to messages, and participants did mostly not open the messaging app, but
rather looked at their notification interface to select which messages to respond to. They also

identified common difficulties participants faced: 1) their hands were too busy with a different
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task to comfortably and reliably use their phones, and 2) there were frequent attention switches
between their phone and their environment, which limited attention on both the primary task and
their phone. Based on their observations, they iteratively designed and implemented a messag-
ing application for Hololens 2, which they then evaluated against phone messaging in simulated
day-to-day activities. They found that messaging using an AR-HMD showed better multitasking
capabilities and faster response times than using a smartphone, and suggest the usage of HMDs as
supplemental devices to the phone. They mostly attribute this to the hands-free operation modes,
the wearable always accessible nature that showed notifications in any situation, and the multi-
modal input methods that could be adapted depending on the situation the user was currently in.
However, participants encountered issues with the accuracy of the messages, since text entry was
mostly done using voice input, which sometimes had issues understanding the correct dictation.
Participants also mentioned that correcting misinputs was harder, as they would rather not use the
midair keyboard. Participants also reported higher cognitive load, stating that it was challenging

to get used to midair gestures and voice commands.

4.3 Contributions

The study of notifications in XR has explored various factors such as presentation, content,
positioning, and interaction techniques. Prior research has established the importance of optimiz-
ing notifications to balance awareness and interruption, ensuring they remain informative without
being overly disruptive. However, gaps remain in understanding notification positioning and in-
teraction, particularly in generalized, foundational settings rather than highly specialized applica-
tions. AR encompasses a wide range of contexts, making it crucial to understand what works best
for different scenarios. To investigate notification position and interaction in AR, we conducted
our studies in a standing cooking environment and a sitting desk environment. While the tasks in
these environments are specific, they serve as representative use cases for general AR applications
where users must manage tasks while interacting with their surroundings. The settings involve

multitasking, hand-occupied interactions, and dynamic environmental changes—challenges that
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are also present in industrial, medical, and everyday productivity applications. As such, our find-
ings offer insights that extend beyond the tasks and apply to broader AR scenarios. Our work
aims to understand how notifications should adapt to different scenarios rather than searching for
a single universal solution.

One gap in the literature is the lack of a comprehensive investigation into the various positions
of notifications with all ways of AR UI placement as outlined by Billinghurst et al. [44]. While
some studies have examined specific positioning strategies, these have often been tailored to par-
ticular use cases, limiting their generalizability or not including all three ways of display. Our
research addresses this gap by systematically evaluating notification positioning at a base level,
providing a foundational understanding that can inform future studies and applications.

Similarly, interaction techniques in XR—such as touch, voice commands, gaze, or gestures—have
been explored in prior work, but often in constrained or application-specific contexts or not using
notifications. There remains a need to understand how different interaction modalities affect user
experience in more varied settings. In our work, we investigate several commonly used uni-and
multi-modal interaction techniques for use with notifications and present shortcomings and bene-
fits of the techniques. These findings show what techniques could be used depending on the current
context of the user and help in understanding when specific techniques should be deployed.

Lastly, to the best of our knowledge, there is no research on real notifications in XR, since
notifications in the works presented are all artificially sent during the experiments. However, most
notifications are messages directly to the user [18], which is not possible to truly replicate in a

controlled experiment.
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Chapter 5

Presentation of Notifications in AR

5.1 Position of Notifications

To address the problem of position for notifications, in our first experiment! we researched the
impact of notification position on task performance and perception in an AR scenario [79] using
the Hololens 2. We used a card game task that was either fully digital or with real playing cards
and sent participants notifications throughout the game, which prompted users to press a specific
button on a game controller. We assigned participants either the physical or digital cards and
then had participants play the game four times for eight minutes each, once for each of the four

notification placements we investigated. Those placements were:

Top-right in the FOV (head-stabilized)

Bottom-center in the FOV (head-stabilized)

On the wrist (body-stabilized)

On the table (world-stabilized)

IThis work was published as Lucas Plabst, Sebastian Oberdorfer, Francisco R. Ortega, and Florian Niebling.
“Push the Red Button: Comparing Notification Placement with Augmented and Non-Augmented Tasks in AR.”
In Proceedings of the 2022 ACM Symposium on Spatial User Interaction, 1-11. Online CA USA: ACM, 2022.
HTTPS://DOI.ORG/10.1145/3565970.3567701. © Plabst | ACM 2022. This is the author’s version of the work. It
is posted here for your personal use. Not for redistribution. The definitive Version of Record was published in ACM
Symposium on Spatial User Interaction, http://dx.doi.org/10.1145/3565970.3567701..
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Fig. 1. Different notification placements (location is illustrated by the red color, a) and b) are presented in screen space) : Subtitle,
Heads-up. World and Wrist

Visual notifications are omnipresent in applications ranging from smart phones to Virtual Reality (VR) and Augmented Reality (AR)
systems. They are especially useful in applications where users performing a primary task have to be interrupted to react to external
events. However, these notifications can cause disruptive effects on the performance of users concerning their currently executed
primary task. Also, different notification placements have been shown to have an influence on response times, as well as e.g. on user
perceived intrusiveness and disruptiveness.

We investigated the effects and impacts of four visual notification types in AR environments when the main task was performed
(1) in AR and (2) the real world. We used subtitle, heads-up, world space, and user wrist as notification types. In a user study, we
interrupted the execution of the main task with one of the AR notification types. When noticing a notification, users responded to it

by completing a secondary task. We used a Memory card game as the main task and the pressing of a correctly colored button as
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the secondary task. Our findings suggest that notifications at a user’s wrist are most suitable when other AR elements are present.
Notifications displayed in the World are quick to notice and understand if the view direction of a user is known. Heads-up notifications
in the corner of the field-of-view, as they are primarily used in smart glasses, performed significantly worse, especially compared to

Subtitle placement. Hence, we recommend to use different notification types depending on the overall structure of an AR system.
CCS Concepts: « Human-centered computing — User studies; Mixed / augmented reality.
Additional Key Words and Phrases: augmented reality, notifications, attention

ACM Reference Format:
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Placement with Augmented and Non-Augmented Tasks in AR. In Symposium on Spatial User Interaction (SUI *22), December 1-2, 2022,
Online, CA, USA. ACM, New York, NY, USA, 18 pages. https://doi.org/10.1145/3565970.3567701

1 INTRODUCTION

Visual notifications in AR can be employed to draw a user’s attention away from their current main task, towards
specific, potentially important events. This is especially significant in safety-critical environments such as control
rooms, medical care, disaster response, or construction, where missed incidents can sometimes have fatal consequences.
Nevertheless, interruptions have disruptive effects on the user’s task performance and lead to a higher memory load of
users at the time of interruption [3]. Also, different forms of presentations in mobile device applications have an influence
on response time and the disruption perceived from a notification [27, 35]. Rzayev et al. show that placement has an
impact on the perceived urgency and intrusiveness of visual notifications in AR [32]. In Virtual Reality, presentation and
placement of notifications have also been shown to influence response time, noticeability, distraction, intrusiveness [33],
as well as perceived disruptiveness [17]. Thus far, the effects of notifications and notification placement on a main
task are well established for desktop, mobile applications and VR. In contrast, research mostly focused on the effects
of AR-based notifications on the performance of real world tasks. This, however, leaves out situations in which AR
also displays the main task in addition to the notifications. Here, the perception of notifications can be vastly different
depending on the amount of virtual content displayed. An AR-based notification during a real world task can stand out
more than during the purely virtual task, e.g., due to the vergence-accommodation conflict, latency, differing color
appearance and depth perception, especially when using Optical See-Through devices.

In this work, we focus on the perception and notability of four different AR-based notifications displayed either
during a real world only or an AR-based task: subtitle, heads-up, world space, and user wrist. In particular, we
investigate which notification type is more suited when (1) the only virtual information are notifications and (2) the
virtual information is used to display the task and the notifications. The main task consists of a card game known as
Concentration or Memory [37], where users have to find matching pairs of cards that are initially laid out face down on
a surface. In the real world condition, no virtual content besides the visual notifications is presented to the user. In the
AR condition, the card game itself is performed in AR. In both conditions, users have to interrupt their main task to
perform an additional activity, i.e., pressing the button mentioned in the notification. We report on task performance
between the conditions concerning e.g. reaction time, missed notifications, and error rate in the interrupting activity.

Our main contributions are foundations for AR notification display location, including (1) understanding the
ideal position for AR notifications, which includes the effect the position of a notification in AR has on the main task
performance and the effect the position has on the perception of the notification; (2) how these effects change depending
on whether the main task is of a physical or fully virtual nature.

2
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2 RELATED WORK
2.1 Notifications

A notification has been defined as a visual cue, auditory signal, or haptic alert generated by an application or service
that relays information to a user outside of the current focus of attention [19]. Notifications have become an essential
part of our interaction with technology on a day-to-day basis, especially with the unprecedented rise of the smartphone
[7]. While difficult to accurately pin down, some studies have found their participants to receive around 80 notifications
per day, with some receiving up to 200 [1]. Given the amount, it is reasonable to assume that not all notifications
always arrive at an appropriate time for the user, which is problematic as Stothart et al. [36] has shown, that receiving
a notification can significantly decrease the performance of an attention-demanding task. Several researchers have
tried to manage the attentional cost of notifications by approaches such as grouping many notifications together in
small batches delivered multiple times throughout the day [9] or by developing context aware delivery systems [30].
However, not receiving notifications can lead to increased frustration and actually lower productivity [22]. Also, not
every notification can even be delayed until a later time, for example phone call notifications or time-critical alerts
like in safety-critical-systems need to be delivered regardless of opportune timing or context. Orlosky et al. [29] have
shown that the use of a head-mounted display for notification delivery can lead to increased spatial awareness with

minimal performance impact over the use of a smartphone.

2.2 Information Acquisition in 3D

When it comes to placing content in AR environments, there are three possibilities according to the classification of
Billinghurst et al.[4]:

e Head-stabilized: Information is fixed to the user’s viewpoint.
e Body-stabilized: Information is fixed to the user’s body.

e World-stabilized: Information is fixed to real-world locations.

Rzayev et. al. [33] experimented with different notification positions in VR. They concluded that there was not a preferred
notification placement for all contexts, as each position was perceived differently from the others, but rather, that
position should depend on the context of the notification and the current task the user is performing. Also researching
notifications in VR, Ghosh et al. [12] explored interruptions and notifications in VR with several modalities like haptic
and audio and derived design guidelines based on their findings. To evaluate the perception of notifications they created
several questions, which will also be used during the course of this work. Lu et al. [25] developed an interface for quickly
accessing short information at the periphery of vision using different glancing methods, which could be employed
for notifications as well. Chua et al. [5] investigated the display-position of a monocular head-mounted-display and
how it affected the performance and usability in a dual-task scenario. They found that middle-right, top-center, and
top-right are most suited when the center of vision is needed for the main task and when the secondary stimulus is
not urgent. Middle-center and bottom-center positions were preferred when the secondary stimulus required high
noticeability. Rzayev et al. [32] also looked at notification position in AR during social interactions and found that
displaying notifications in the user’s field-of-view (FOV) was seen as favorable in social interactions. Participants could
not agree on whether they preferred a center or top right position. Also based on a more casual day-to-day activity like
talking to another person, Lucero et al. [26] developed and researched notifications on an AR-headset while walking and
performing a pedestrian navigation task in a busy city center. They used a minimal UI and a discrete thumb touch-pad

device to control notifications and found that participants had little issue with dealing with the notifications while being
3
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exposed to potential hazards in an urban environment. This might change with the increase in AR-content displayed,

as it was shown that more virtual objects in an AR scene decreased task performance due to clutter [10].

2.3 Textin AR

Unlike traditional displays, the background of digital content on AR headsets can not be completely freely chosen, as it
largely depends on the background of the surrounding. Especially text legibility decreases or increases greatly depending
on the contrast ratio [24] and with AR headsets, the contrast ratio cannot always be kept constant. Debernadis et. al. [6]
evaluated the presentation of text on different AR-headsets. They found that presenting text on a dark blue billboard
with white text seems to be a good combination for indoor AR-applications, regardless of device or background. If the
notification should also convey information through color, using the color as a background with white text is preferable.
This was also corroborated by Gabbard et al. [11], who found a billboard-style with a semi-transparent background to
be the most well-suited text display style across several outdoor background textures. Rzayev et al. [34] presented a
study to evaluate reading text on an AR headset, looking especially at the positioning of text and presentation method
(Rapid Serial Visual Presentation (RSVP) and line-by-line scrolling). The positions researched were center, upper right,
and bottom-center. When text was displayed in the lower-center or center position, comprehension increased while
perceived workload decreased, with participants preferring bottom-center for reading. Text in the top right was least
favorable but might be suited for quick alarms or notifications, as longer reading caused eyestrain and reduced text

comprehension.

3 EXPERIMENT

We conducted an experiment to determine if the position of a notification could affect primary and secondary task
performance and to also examine if the perception of the notification changes depending on its location. In this study,
participants were instructed to play a card game (primary task), during which they received notifications on an optical
see-through AR headset, the Microsoft Hololens 2, to which they had to respond to (secondary task). The headset
features a resolution of 1440x936 pixels per eye with a FOV of 43 degree horizontal, 29 vertical and 52 diagonal.

3.1 Design

In the experiment, we deployed four different notification PLACEMENTS (see Figure 1) in an AR-environment with
two different Task scenarios. This resulted in a mixed group design with two independent variables. The notification
PLACEMENTS consisted of a notification in the (1) top right (heads-up-display), (2) bottom middle (subtitle) portion of
the AR headset display, (3) projected on the wrist, and (4) situated above the Task in the world. The participants were
exposed to all notification types during the experiment, i.e., type of notification was a within-subjects condition.

Cards were either all physical (REAL CARD TASK) or exclusively virtual AR playing cards (AR CARD TAsK), depending on
the Task scenario. This between-subject variable allowed for a comparison of whether more virtual content influences
notification perception. Also, this approach enabled an investigation on the influence of the FOV of the AR device. The
real card condition was not limited to the boundaries of the AR device’s FOV and resembled a typical task that could be
enhanced with AR information like assisting in safety-critical medical procedures [31]. In contrast, the digital card
condition explored the effectiveness of notifications in a more AR-focused situation.

The Task for the experiment was a memory card-playing game, as a sustained attention task was needed for the
experiment. Because this game requires a lot of recall ability, intrusive interruptions should have a large impact on the

4

34



Push the Red Button: Notification Placement in AR SUI *22, December 1-2, 2022, Online, CA, USA

Participant

(a) Card setup for the real-card condition. (b) Setup of the experiment room (approx. 3m wide x
3m long).

(c) Real Cards with notification. (Image has lower con-
trast due to capturing technique used by Hololens.

Fig. 2. Experiment setup

performance, which makes this task suited for investigating the effects of the notifications. The game rules are also
very simple so preexisting knowledge about the game should not be an issue.

Participants were given three playing-card decks (cut down to 15 pairs from 28) spread out face-down in a five by six
grid each (see Figure 2a). The decks were kept small to allow displaying all cards within the FOV of the AR headset
used. Both card types measured 64mm X 89mm. Two cards had to be flipped and discarded if their color (red or black)
and value matched. If they did not match, they had to be returned face-down. This process was repeated until all cards
of a deck had been discarded, and then the participant had to move on to the next deck. Users playing with the digital
cards could use their right index finger to tap on a card, which would flip it. If the cards matched, the cards would
automatically disappear, or in the case of a mismatch, be flipped face-down again.

While playing the memory game, notifications with different PLACEMENTS were shown to the participants in the
AR-headset. Each experiment run lasted eight minutes and the notifications appeared every 50 seconds resulting in a
total of nine notifications per run. Timings were kept constant in an attempt to reduce potential confounds. Timing

5
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could influence the perception and we want to research this in the future. Ending each experiment run after eight
minutes ensured every participant got shown exactly the same amount of notifications. The amount of total cards was
chosen to make sure no participant could finish within the given time, which would cause them to sit idle, most likely
influencing the results.

Every notification contained an instruction, which the participant needed to perform. Each instruction was the
pushing of a specific button on an Xbox game-controller located on the far end of the room. The controller was placed
away from the participant as it would cause a more severe distraction from the main task because it required the
participants to completely stop the main task in order to attend to the instruction, resembling for example the dismissal
of a patient monitoring system alarm in emergency health care. The four face-buttons on the controller are colored
(yellow, red, blue, green), so each instruction told the participant to press a specific colored button, which was chosen
at random. Notifications were not able to be dismissed by the user but disappeared after five seconds on their own,
no matter if a correct button was pressed. The Xbox controller was paired with the Hololens 2 using a Bluetooth
connection and plugged into a USB charger to avoid power loss during the experiment. Because of the power cable, and
also to discourage participants from taking the controller to their seat, the controller was taped down. The study had a

duration of approximately 65 minutes per participant.

3.2 Notification Design

All notifications had a rectangular form, mimicking the alerts most commonly seen on mobile and desktop operating
systems. They featured a bold title, which read "Notice" for all notifications and a text-body, containing the instruction
to be carried out. To ensure high legibility of the text, a dark gray background was chosen, along with white text color,
keeping in line with design recommendations by Microsoft [28] and Jankowski et al. [20]. The font size was set to 20pt,
putting it within range of Microsoft’s guidelines for text legibility in AR applications. All notifications automatically
aligned to face the user, with the exception of the z-axis(roll), therefore ignoring head tilting. It was found that as focal
switching distance increased in AR, eye fatigue increased while performance decreased [2], so the notifications are

displayed at about the same distance as the cards.

3.2.1 Heads-up. The notification types Heads-up and Subtitle are fixed to a specific position in the display of the headset
and are therefore head-stabilized according to the categorization by Billinghurst and Kato [4]. As such they are visible
regardless of position and orientation of the user and resemble traditional 3D user interfaces found in for example video
games. Aside from the location in the display, both notifications are identical. The heads-up notification (see Figure 3a)
is placed at the top-right border of the FOV, closely mimicking headsets such as Google Glass. Participants in Rzayev et
al’s [32] study disliked this position for longer reading but expressed that it would be well suited for short texts.

3.2.2  Subtitle. The subtitle notification (see Figure 3b) is placed at the bottom center border of the FOV, as suggested
by Chua et al. [5] for dual-task scenarios that require high noticeability on the secondary stimuli. The bottom-center
was chosen rather than middle-center, because we wanted to have the least visibility-impact on the main task, while
also having good noticeability of the notification. Work by Rzayev et al. [34] also showed that participants preferred
the bottom-center over the middle-center notification position when it came to reading text in AR. System notifications
that are displayed by the Windows OS running on the Hololens 2 are displayed using the subtitle notification placement.
With content placed close to the user, special attention needs to be paid to the vergence-accommodation-conflict [16].
The Hololens 2 display is fixed at an optical distance of approximately two meters away from the user, so Microsoft

recommends placing content close to this point for extended interactions, with the optimal zone being one to five meters.
6
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Both Subtitle and Heads-up notifications are displayed at a distance of one meter away from the user, in accordance
with the comfort guidelines by Microsoft. The notifications do not move in depth and the Hololens 2 automatically
calibrates the interpupillary distance (starting with OS Version 20H2 released Nov. 2020) , which both lessens the

potential discomfort caused by the vergence-accommodation-conflict.

3.2.3  Wrist. The body-stabilized notifications (see Figure 3c) were positioned at the user’s right wrist, inspired by
notifications that a user wearing a smartwatch might receive. Unlike a smartwatch, rotating the wrist did not change

the position of the notification as it always remained centered above the wrist, independent of rotation.

3.24 World. The world-stabilized notifications (see Figure 3d) were placed on the center top edge of the card deck,
which the user is currently closest to, hovering slightly over the table to not cause any alignment issues with the real

world or block sight of the cards. It was found that world-stabilized interfaces centrally and closely located to the task

improved task completion time [18].

i

HEER

(a) Heads-up: Notification in top-right. (b) Subtitle: Notification in bottom-center.

2

AEERAR

(c) Wrist: Notification on the users right wrist. (d) World: Notification over the current task.

Fig. 3. Different notification placements used in the experiment, here with the AR-Task.

3.3 Implementation

To run the experiment, a prototype was developed which could periodically send different notifications and allowed the
user to play a memory-card-game. The application was implemented using Unity Engine 2020.3.16f1 with the help of
Microsoft’s Mixed Reality Toolkit (MRTK) v2.4.0. Aligning the digital playing cards with the table, as well as anchoring
the world-notifications above the playing cards, was realized using Vuforia Image target recognition. Three tracking
markers were generated using the ARMaker Tool [23] and printed on white paper with a size of 21cm x 21cm. Each
deck had its own marker for tracking, as this reduced any shift that might have occurred by small registration errors.
Every event (notification sent, button press, card flips and card matches) was logged by the application running on
the Hololens 2 and saved to a text-file for analysis. Digital cards could be turned over by touching them with a small

orange orb attached to the tip of the index finger on the right hand for additional visual feedback.
7
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3.4 Measurements

We used the following measures to evaluate the notifications.

Performance. When a notification was sent and the participant subsequently reacted with pressing the corresponding
button on the controller, it was measured as a correct button press. If a notification was sent and no button was pressed,
the notification was counted as missed after 20 seconds of popping up. Missed notification count was measured as a
dependent variable. In the event the button pressed did not match the instruction, it was counted as a wrong button
press. Other measurements done during the experiment were the time after a notification was sent until a button was
pressed (reaction time) and the number of correct card matches. As each experiment run is capped at eight minutes, the

correct card matches are used as a measure of main task performance, instead of time to completion.

Usability and Task Load. After each round of the TASK, participants had to complete a set of questionnaires. To
assess the overall usability of the notifications, the System Usability Scale (SUS) [13] was used, along with a NASA
Task-Load-Index questionnaire (NASA-TLX) [15] to assess task load. Subscales of the NASA-TLX questionnaire were
not weighted (Raw-TLX) as doing so does not seem to impact the results [14].

Perception. To gain a further understanding of the perception of notifications we used the questions from the work
of Ghosh et al. [12] about noticeability, understandability, urgency and intrusiveness of notifications. In addition to
the questionnaires, the participants were asked to rank each notification type by personal preference and give a short

explanation of their ranking.

3.5 Procedure

Task and order of notification PLACEMENTs were assigned to each participant at random, so everyone would play with
either real or digital cards with every notification type. Also, lighting conditions were kept the same across all conditions
and participants. After welcoming the participants, we asked them to read and sign experimental consent forms and fill
out demographic information questionnaires. Following that, we explained the study procedure and explained how to
correctly put on the Hololens 2. Participants had the rules of the game explained to them and were instructed to read
the notifications and act upon the instructions contained in them. They were then given the headset and when the
participant correctly put it on, we played a demo scene to show what kind of notification types the participant could
expect and to ensure that each notification type was legible to the participant. The Hololens 2 automatically calibrates
the display to the wearer’s interpupillary distance after wearing it for about 30 seconds, so no separate calibration was
done, as the process would automatically complete during the demo, ensuring optimal clarity for every participant. As
soon as the demo finished, a blue text box was displayed, telling the participants that the experiment would start as soon
as the text box disappeared. Also, over each tracking marker a purple cube was displayed to indicate if the marker was
being correctly tracked. To set the different experiment conditions before each experiment run, the buttons on the Xbox
Controller were used. When the participant confirmed that all markers were being tracked, the experiment was started
by experiment leader by also pressing a button on the controller. The participant would then start playing the card
game for eight minutes, with a pop-up text box notifying the participant of the end of the experiment when that time
had passed. After each game had finished, the participant was instructed to take off the headset and complete a set of
questionnaires. This procedure was then repeated (with the omission of the demo), so each participant would perform
the TAsK a total of four times, once for every notification type. Participants had to sit down during the experiment and

only got up from their chair to press the button on the controller.
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The institutional review board of Human-Computer-Media Wiirzburg approved our ethics proposal for this study.

3.6 Participants

Participants were recruited from a pool of university students studying Human-Computer-Systems or Media-Communication.
They are required to gather a certain amount of experiment participation hours for their coursework and were rewarded
with 1.25 hours participation time for the experiment. In total, 40 participants were recruited (12 Male and 28 female).
Age ranged from 19 to 30 years (M = 22.15, SD = 2.3). All either had normal or corrected-to-normal vision. Of those
participants, all 40 stated that they used smartphones and the internet daily and 30 had either never used AR before or
only in experiments (16 in experiments, 14 never). Additionally, 11 participants stated that they played video games
somewhat regularly and 36 were right-handed. The data of one participant could not be evaluated at all. Two participants
were missing the log files from the playing card game, but their questionnaires were still evaluated. This brings the total
to 39 participants for the questionnaires and 37 for the task. All participants were fully vaccinated against COVID-19
and were required to show a negative test that was taken at most 24 hours before their participation. During the

experiment participants wore medical gloves which were disposed of after the experiment.

4 RESULTS

We analyzed our data with RStudio in version 1.4.1106. To compare the means of the conditions for the measured factors,
because our data did not meet the assumptions for ANOVA, we transformed it using the Aligned Rank Transform[38],
before computing a non-parametric ANOVA on the transformed data. Pairwise tests were done using the ART-C
Procedure [8].

Most notable, we found that Wrist notifications performed substantially different depending on Task, that Heads-up-
performed worse overall than Subtitle- notifications and that World notifications performed the best overall in most
measurements. World notifications were ranked as the most preferable, while Heads-up notifications were ranked
the lowest. In the following we will go through the results of the experiment in detail, starting with the quantitative
performance measurements like reaction time, then moving on to results gathered from the questionnaires and qualitative

results. Table 1 provides a summary of the descriptive statistics.

4.1 Performance

Correctly Pressed Buttons. We found a significant two-way interaction between PLACEMENT and TAsK explaining the
number of correctly pressed buttons, F(3,105) = 5.57, p = 0.001. We found a significant main effect for the PLACEMENT
F(3,105) = 3.88, p = 0.011. However we found no significant effect for the Task overall F(1,35) = 1.7849,p = 0.190.
Contrast tests showed a significant difference between Subtitle and World t(105) = 3.12, p = 0.012, and Subtitle and Wrist
£(105) = 2.62, p = 0.049, regardless of Task. Given the AR card condition, we found significant differences between World
(6.47) and Wrist (8.37), t(105) = 3.71, p = 0.008 with respect to the number of correctly pressed buttons, (see Figure 4a).
We also found a significant difference for Wrist depending on Task $(129.8) = 3.44,p = 0.017. When conducting
difference of difference testing, we found that the difference between Subtitle and World t(105) = 3.12, p = 0.012, as
well as Subtitle and Wrist t(105) = 2.61, p = 0.049, changed significantly depending on the Task.

Wrongly Pressed Buttons. We found no significant effect between PLACEMENT and TAsk explaining the number of
wrongly pressed buttons, F(3,105) = 0.311, p = 0.817. There was also no main effect regarding PLACEMENT or TASK.
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Table 1. Descriptive statistics; N = 37, real cards n = 18, AR cards n = 19. Values are M(SD).

Scale Overall Heads-up Subtitle World Wrist
Correctly Pressed Buttons (0-9)

Real Cards 6.82 (2.8) 6.89(2.54)  7.89(2.27)  7.11(2.03)  5.39 (3.70)
AR Cards 7.34(2.36)  6.68(2.79)  7.84(2.01)  6.47 (2.44)  8.37 (1.67)
Wrongly Pressed Buttons (0-9)

Real Cards 0.111 (0.358) 0.167 (0.383) 0.167 (0.514) 0.111 (0.323) 0.0 (0.0)
AR Cards 0.132 (0.411)  0.263 (0.562) 0.158 (0.501) 0.053 (0.229)  0.053 (0.229)
Missed Notifications (0-9)

Real Cards 2.07 (2.84)  1.94(2.58)  0.944 (2.29) 1.78(2.02)  3.61(3.70)
AR Cards 1.53(2.28)  2.05(2.72)  1.0(1.92) 2.47(2.29)  0.579 (1.68)
Reaction Time (in seconds)

Real Cards 6.83(1.58)  6.54(0.92)  6.13(0.84)  5.95(0.56)  8.69 (1.88)
AR Cards 7 (1.68) 7.3 (1.72) 6.89 (1.65)  6.01(1.08)  7.8(1.75)
Correct Card Matches (0-45)

Real Cards 23.4(6.97)  23.4(8.07)  247(7.24)  24.3(5.89)  21.3(6.52)
AR Cards 24.6 (6.78)  21.4(6.51)  24.7(7.88)  28.5(4.95)  23.8(5.93)
SUS (0 - 100)

Real Cards 71.1(14.4)  67.2(16.0)  75.1(13.0)  71.7(14.2)  70.3(14.3)
AR Cards 67.9(20.4)  62.5(23.9)  70.6(18.2)  70.1(18.4)  68.4(21.2)
NASA TLX (0-100)

Real Cards 35.4(15.1)  34.7(15.5)  34.3(14.4)  33.6(14.7)  38.9 (16.4)
AR Cards 421(17.7)  46.9(19.7)  40.0(18.7)  38.1(16.8)  43.2(15.2)
Noticeability (1-7)

Real Cards 4.87(1.84)  432(1.89)  5.68(1.42)  5.26(1.79)  4.21(1.9)
AR Cards 475(1.90)  4.45(2.21)  5.45(1.73)  4.35(1.93)  4.75(1.62)
Understandability (1-7)

Real Cards 5.71(1.84)  5.21(2.07)  6.42(0.97)  6.26 (1.05)  4.95 (2.46)
AR Cards 574 (1.69) 4.9 (2.1) 5.8 (1.8) 6.2 (0.95) 6.05 (1.5)
Urgency (1-7)

Real Cards 463(1.30)  4.84(1.12)  474(1.37)  474(1.2) 4.21 (1.51)
AR Cards 4.2 (1.72) 4.15(1.93)  4.3(1.62) 4.05(1.76) 4.3 (1.69)
Intrusiveness (1-7)

Real Cards 446 (1.12)  4.32(0.95)  4.79(0.92)  4.53(0.96)  4.21(1.55)
AR Cards 4.28(1.37)  4.15(1.5) 4.65(0.99)  3.7(1.49) 4.6 (1.31)

Missed Notifications. We found a significant two-way interaction between PLACEMENT and Task explaining the
number of completely missed notifications, F(3, 105) = 5.09, p = 0.002. We also found a significant main effect for the
PLACEMENT , F(3,105) = 4.82, p = 0.003.

Contrast tests showed a significant difference between Subtitle(0.97) and World(2.13), t(105) = 3.57, p = 0.003, and
Subtitle(0.97) and Wrist(2.05) (105) = 2.91, p = 0.022, regardless of Task. Of note, though not statistically significant,
the remaining Subtitle comparison to Heads-up had p = 0.0751. These results show that there may be a significant

difference between subtitle and other type of tested notification regardless of Task. In the real card condition, we found
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significant differences between Subtitle(0.94) and Wrist(3.61) t(105) = 3.42, p = 0.019, with respect to the number of
missed notifications regardless of cards. In the AR card condition, we found significant differences between World(2.47)
and Wrist(0.579) t(105) = 3.91, p = 0.004 and between Subtitle(1) and World(2.47) t(105) = 3.11, p = 0.04, with respect
to the number of missed notifications. When conducting difference of difference testing, we found that the difference
between HUD and Wrist t(84) = 2.29, p = 0.024, changed significantly depending on the Task.

Reaction Time. Two participants didn’t respond to any notifications so these participants are excluded from this
calculation for reaction time. We only used notifications that produced a response to calculate reactions. We found
a significant main effect for PLACEMENT, F(3,84) = 27.66, p < 0.001. However we found no significant effect for the
Task F(1,28) = 0.16,p = 0.069 or for an interaction between the PLACEMENT and TAsk explaining the reaction time
F(3,84) = 2.27, p = 0.08. Contrast tests revealed significant differences between every PLACEMENT p < 0.001 except
Heads-up and Subtitle p = 0.17, disregarding the Task. Given the real card condition, we found significant differences
between Heads-up(6.54) and Wrist(8.69) p < 0.001, between Subtitle(6.13) and Wrist(8.69), p < 0.001, and between
World(5.95) and Wrist(8.69) p < 0.001 with respect to the reaction time (see Figure 4c). Given the AR card condition, we
found significant differences between Heads-up(7.3) and World(6.01) p < 0.001 and between Wrist(7.8) and World(6.01)
p < 0.001 with respect to the reaction time (see Figure 4c). When conducting difference of difference testing, we found
a significant difference between Heads-up and Wrist t(105) = 2.29, p = 0.024,Subtitle and Wrist t(105) = 3.03,p = 0.03
and World and Wrist t(105) = 3.47, p < 0.001 depending on the TAsK.

Correct Card Matches. We found a significant two-way interaction between PLACEMENT and TAsK explaining the
number of correctly matched cards, F(3,108) = 2.75, p = 0.046. We found a significant main effect for PLACEMENT,
F(3,108) = 5.87, p < 0.001. However, the Task caused no significant main effect, F(1,36) = 0.71, p = 0.40. Pairwise
contrast tests revealed significant differences between Heads-up(22.4) and World(26.4) , t(108) = 3.36, p = 0.006 and
between Wrist(22.55) and World(26.4) , t(108) = 3.64, p = 0.002, with respect to the correct card matches regardless
of Task. In the AR condition we found a significant difference between Heads-up and World t(108) = 4.18, p = 0.001.
When conducting difference of difference testing, we found that the difference between Subtitle and World t(108) =
2.72,p = 0.007, changed significantly depending on the TAsk.

4.2 Questionnaires

Usability. We found a significant main effect for PLACEMENT in explaining the Usability score, F(3,111) = 3.43,
p = 0.019. However, the TAsk caused no significant main effect, F(1,37) = 0.09, p = 0.76. Pairwise contrast tests
revealed significant differences between Heads-up(64.85) and Subtitle(72.85) with respect to the SUS score regardless of
Task, p = 0.013.

Task Load. We found a significant main effect for PLACEMENT in explaining the task load, F(3,111) = 4.29, p = 0.006.
However, the Task caused no main effect, F(1,37) = 0.93, p = 0.33. Pairwise contrast tests revealed significant
differences between Heads-up(40.8) and World(35.85) , t(111) = 2.63,p = 0.047, and Wrist(41.05) and World(35.85) ,
t(111) = 3.04, p = 0.015, with respect to the task load regardless of Task.

4.2.1  Perception.

Noticeability. We found a significant main effect for the PLACEMENT in assessing the noticeability, F(3,111) = 3.58,
p = 0.016. However, the Task caused no main effect, F(1,37) = 0.27, p = 0.604. Pairwise contrast tests revealed significant
11
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Fig. 4. Pairwise tests with Notification condition regarding correct button presses, reaction time and missed notifications.

differences between Heads-up(4.38) and Subtitle(5.56) , t(111) = 2.79,p = 0.03, and Wrist(4.48) and Subtitle(5.56),
t(111) = 2.88.p = 0.024, with respect to the perceived noticeability regardless of TAsK.

Understandability. We found a significant main effect for PLACEMENT in assessing the understandability, F(3,111) =
3.67, p = 0.014. However, the Task caused no main effect, F(1,37) = 0.46, p = 0.49. Pairwise contrast tests revealed
significant differences between Heads-up(5.05) and Subtitle(6.11) t(111) = 2.74,p = 0.035, and Heads-up(5.05) and
World(6.23) , t(111) = 2.88, p = 0.025, with respect to the perceived understandability regardless of TAsk.

Urgency. We did not find any significant effects for the Task F(1,37) = 0.147, p = 0.70, PLACEMENT F(3,111) = 0.317,
p = 0.812 or the interaction between the two F(3,111) = 0.591, p = 0.621 regarding the perceived urgency.

Intrusiveness. We found a significant main effect for the PLACEMENT in assessing the intrusiveness, F(3,111) = 2.77,
p = 0.044. We did not find any significant effects for the Task F(1,37) = 0.99, p = 0.32 or the interaction between
the two F(3,111) = 2.33, p = 0.078 regarding the perceived intrusiveness. Pairwise contrast tests revealed significant
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Fig. 5. Preference rankings for each notification type depending on the Task.

differences between World(4.12) and Subtitle(4.72) t(111) = 2.74, p = 0.035 with respect to the perceived intrusiveness
regardless of TAsK.

4.2.2 Subjective measures. At the end of the experiment, participants were asked to rank the PLACEMENT by preference.
Ranks were weighted, so a Rank 1 preference would be worth 1 point and Rank 4 is 4 points. This number was then
divided by the number of responses to reach an average ranking, with 1 being the most favorable ranking and 4 the least,
which can be seen in Table 2 and Figure 5. Across both Task conditions, World notifications were ranked statistically
significantly higher than the others (p < 0.05).

Table 2. Descriptive statistics; N = 39, real cards n = 19, AR cards n = 20. Values are average rank from 1to 4 (1 being most favorable).

Scale Real Cards AR Cards Total
Heads-up 2.95 3.32 3.05
Subtitle 2.47 2.63 2.49
World 1.63 2.16 1.85
Wirist 2.95 2.42 2.62

5 DISCUSSION

This study revealed significant effects of PLACEMENT and interaction effects between PLACEMENT and TAsk.

Wrist produced the best and also the worst score regarding the correctly pressed buttons, depending on Task. With
the AR cards, Wrist produced more correct button presses than Heads-up or World and less missed notifications than
World. The picture changes quite a bit when looking at the real card Task. Correct button matches, missed notifications
and noticeability were all worse than Subtitle and reaction time was worse than all other PLACEMENTS. When looking at
the ranking responses, it can also be seen that the preference of Wrist notifications depends largely on the card condition,
going from tied to last with real cards to second place with AR cards. This can be explained by the fact that with the
real cards it was possible to perform the Task without looking through the FOV of the AR headset. Participants often
glanced under the center of the display, which caused them to miss notifications on the Wrist, with two participants

completely missing all Wrist notifications. When playing with AR cards, the user was forced to look through the display
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to see the cards, which ensured that they would also have their Wrist in the FOV when tapping on the cards. The other
notification placements were largely unaffected by this behavior as they were rendered anyway. This is also supported
by research done by Kruijff et al. [21], where they found lower FOV to negatively impact discovery rates of target
objects, as they enter the FOV less often. Some participants with real cards explained their ranking with statements like
"I did not pay attention to my wrist at all" which explains why they missed some of the notifications. Wrist notifications
were also rated as the hardest to notice in the questionnaire.

World was better in reaction time in the AR Task than any other and better in the real cards as Wrist. They were also
better in correct card matches and TLX score than Heads-up or Wrist across and showed better understandability than
Heads-up across both Tasks. World was the most preferred position for notification PLACEMENT, independent of card.
This was explained with statements like "over the playing field the notifications were the clearest and quickest to read".
The decreased reaction time can be explained because having the notification positioned at their current focus point
might lead to a quicker registration than when the user first needs to look somewhere else. Because the participants
were quicker to respond, they also had more time to play the card game, leading to a higher match count. Beside the
quicker reaction time in AR, World always performed the same as Subtitle with no significant differences between the
two in any other measurement except rank, where World placed first overall, and Subtitle second.

Subtitle notifications had higher correct button presses and reaction time than Wrist with real cards and scored
higher in the SUS than Heads-up. They were also evaluated as having a higher understandability as Heads-up and better
noticeability than Heads-up and Wrist, regardless of Task. The results suggest that Subtitle notifications were relatively
robust, providing consistent results in all measurements. They didn’t require a large shift of attention away from the
focus and had good legibility. Being attached to the user’s FOV, it was impossible to move them out of vision.

Heads-up placement had a better reaction time and missed notification count than Wrist in the real card Task.
Comparing Heads-up and Subtitle notifications, it can be seen that Heads-up did not perform better than Subtitle in any
of the measurements, while also performing worse in several categories and placing last in the preference ranking. Both
feature the advantage of always being in view, but participants stated that they found shifting attention to the top-right
caused a higher distraction from the game. However, the Subtitle notifications enabled them to keep concentrating
on the game, while simultaneously reading the notification. One participant stated "bottom-center was the easiest to
view, because you’re not completely distracted from the game, but you still notice that there is a notification." Heads-up
notifications were also more prone to an incorrect fit of the headset. Because they were in the peripheral vision not

only vertically but also horizontally, wearing the headset incorrectly caused them to be cut off much more easily.

5.1 Design Recommendations

Use Wrist notifications in scenarios with high amount of interaction with AR content. These notifications can provide
great results when the user is interacting with other AR content using their hands, but can be easily missed when
the hands are outside of the FOV. If the user is not interacting with any other AR content in the environment, other
notifications are better suited. Example: Notifications while the user is modifying a 3D model.

Use World notifications if you know where the user is going to look or for stationary tasks. World notifications
perform well when placed in close proximity to the current task the user is focusing on, without blocking view of the
task. If a user is stationary and focusing on a single area for a longer period of time, world notifications seem to be the
preferred type of notification. However, if the user is shifting their attention or moving a lot, they might miss stationary
notifications placed in the World. For these cases Subtitle notifications should be used. Example: Notifications while the

user is sitting at a desk working on a computer monitor.
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When in doubt, use Subtitle notifications for general notifications. Subtitle notifications can be displayed to the user
regardless of context, do not require any outside world tracking, and are hardest to miss, while still being comfortable

and easy to read. Example: Notifications while the user is moving around.

5.2 Limitations

Rating the number of matches might not be a good indicator of task performance, as playing speed and tactic varied
between participants. Some prefer to play very systematically and avoid incorrect matches in favor of taking longer to
memorize the card order, while others opted for a more direct approach and simply tried to flip cards as fast as possible.
Using the real playing cards caused some participants to glance under the headset’s display to flip cards as they weren’t
forced to look through the display, which caused them to completely miss Wrist notifications. This is a limitation of the
headset’s FOV and not necessarily with the placement. However, it is not clear that a larger FOV would have changed
the result. Even though the task we chose was a very near-view environment, we still noticed the impact of the small
FOV. Testing this in a bigger environment might increase the impact of the smaller FOV even more. But this means that
hardware has to be considered when deciding on a certain notification type. Participants were also instructed to use
only their right hand in both Task scenarios, as flipping the cards was only possible using the right index finger in the
digital card condition. Wrist-notifications also only spawned on the right wrist. Even though participants were told this,
some used their left hand or both hands during the real card condition. Another possible limitation was the context of
the notifications. Participants were instructed to look at and carry out each instruction, which means that there were
no unimportant notifications and participants knew to pay attention. This is reflected in the non-significant differences
in urgency. The experiment was also set in a quiet and well-lit environment, largely free of any distractions, which
might not necessarily reflect real-world conditions. The notifications also arrived at a fixed rate of every 50 seconds,
which might have caused the participants to expect their arrival, although data does not seem to support this. Future

work should research notification timing and frequency.

5.3 Future Work

Assisting notification delivery in AR through audio cues or haptic feedback should be researched. We saw that wrist
notifications were missed more because it was possible that the wrist was outside of the headset’s FOV. Using audio
could help in noticing if a notification is currently present and draw attention to it. It is also worth researching
whether notification indicators in the FOV, telling the user that a notification is pending, could improve the notification
experience, as a user could then choose when to look at the notification. Notification placement should also be researched
with a non-stationary task, especially as a walking task might feature different focal distances which could affect
fatigue and performance. Issues with small FOV might also be increased in a non-near-view or non-stationary task.
Another topic of interest is to repeat this study with a video-see-through headset and compare differences in notification
perception between virtual- and augmented reality, and also optical-and video-see-through augmented reality. In our
study the Heads-up notifications did not score significantly worse in Intrusiveness, while it did in a similar study done
in VR [33], which might indicate that there are noteable differences between AR and VR notfications. Comparing the

two could lead to a general notification design guideline in immersive 3D environments.

6 CONCLUSION

In this experiment we compared four different notification placements (heads-up, subtitle, world, wrist) in AR while

performing one of two card gaming tasks containing physical playing cards real cards), or virtual playing cards (AR-cards)
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and constructed design recommendations for notifications in AR. We found that using notifications located on the Wrist
should take into account how much interactivity or other content is present in the AR environment. Also when using
head-stabilized notification in the user’s periphery, bottom-center position should be used over top-right placement.
The highest number of correct reactions to a notification, was present with Wrist notifications but only with a high
amount of other virtual content in the environment. The quickest response to notifications was found with World

notifications.
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5.2 Modality and Location of Notifications

In the first experiment, we did not include audio when a notification was delivered to focus on
the location and the impact of clutter. Notifications were also disconnected from the main task, and
therefore distracting for it. The following paper? investigates the impact of notification modality
and further details notification location [80]. We used a virtual cooking task [81] running on the
Hololens 2 that participants had to perform, during which they would receive notifications relating
to the task. Notifications were either delivered visual only, audio only, or using a combination of
both. Directly related to the task, notifications informed the user about events in the environment
and were placed in a world-stabilized way, either over the object causing the notification, or on a

fixed list in the environment.

2© 2024 IEEE. Reprinted, with permission, from Aditya Raikwar, Lucas Plabst, Anil Ufuk Batmaz, Florian Niebling,
and Francisco R. Ortega, “Ping! Your Food Is Ready: Comparing Different Notification Techniques in 3D AR
Cooking Environment,” 10-2024, 2024 IEEE International Symposium on Mixed and Augmented Reality (ISMAR).
https://doi.org/10.1109/ISMAR62088.2024.00132.
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Abstract

Implementing visual and audio notifications on augmented reality devices is a crucial element of intuitive and easy-to-use interfaces. In this paper, we explored
creating intuitive interfaces through visual and audio notifications. The study evaluated user performance and preference across three conditions: visual notifications
in fixed positions, visual notifications above objects, and no visual notifications with monaural sounds. The users were tasked with cooking and serving customers
in an open-source Augmented-Reality sandbox environment called ARtisan Bistro. The results indicated that visual notifications above objects combined with
localized audio feedback were the most effective and preferred method by participants. The findings highlight the importance of strategic placement of visual and
audio notifications in AR, providing insights for engineers and developers to design intuitive 3D user interfaces.

Index Terms: Augmented Reality, Human-computer interaction (HCI), Visualization design and evaluation methods, Notification

1 INTRODUCTION

Interruptions are a significant research topic in Human-Computer Interaction (HCI), as humans have an innate ability to multitask [17],
leading to frequent switching between tasks by choice or due to external interruptions. This multitasking behavior is common in day-to-day
life, such as checking emails during meetings. Gould et al. discuss that interruptions can have both positive and negative effects on user
attention and task performance [7]. While interruptive notifications can disrupt attention and hinder performance, well-designed notifications
can aid in task management and reduce user anxiety by providing timely reminders and updates, particularly in dynamic and time-sensitive
situations [13].

Notification windows are commonly used to interrupt users in Head Mounted Displays (HMDs) applications [31]. When designing these
notifications, it is essential to avoid obstructing the user’s field of view (FoV), particularly during locomotion. In Augmented Reality (AR)
HMD systems, designers must consider factors such as the placement of information, acceptable levels of occlusion, timing of the display of
information appropriately, and selecting the most effective interaction method for users [12]. Since notifications in AR-HMDs often involve
displaying information directly within the user’s visual field, conventional frameworks used for smart and desktop devices may not be directly
applicable to the presentation of information in AR-HMD systems.

As display systems continue to advance, they are becoming increasingly integrated into users’ daily lives. Screens have evolved from
desktops to laptops, then to handheld devices, and now AR HMDs are placing screens optimized for clear and sharp images directly in front
of our eyes. Moreover, the integration of virtual elements into the user’s real-world environment through AR HMDs offers a seamless and
immersive experience. All these advancements suggest that AR “glasses” are likely to become ubiquitous in the near future. Therefore,
understanding the potential integration of these AR devices into daily life is crucial.
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Understanding the user’s context is crucial for delivering relevant information and controlling the pervasive devices [9]. Exploring the
placement of notifications in an AR-HMD during demanding tasks, such as cooking and serving food to customers, is, to our knowledge,
novel, particularly when considering the incorporation of both visual and audio modalities for notifications. The objective of this paper is to
investigate how users can smoothly transition between tasks, guided by the Multiple Resource Theory (MRT) [40], using visual and audio
modalities. The MRT offers insight into how users manage concurrent tasks and interruptions through different channels.

In this study, we looked at how notifications can help with the primary task as opposed to interrupting them. Previous studies have
looked at the negative effects of interruptions on the primary task due to notifications. Studies like [36, 27, 16, 19] state that task-independent
notifications will decrease the performance. In this paper, we designed two types of world-fixed visual notifications: Notifications On Dock
and Notifications On Object, as shown in Figure 1. The audio notification may or may not accompany the visual notifications in the form of
bubble popping sound (refer to the supplementary video for an example). To enhance participants’ visibility and attention, we incorporated
sound feedback. Our system was developed using the open-source ARtisan Bistro environment [30]. Various parameters in ARtisan Bistro,
such as customer frequency and cooking speed, were adjusted to induce greater task-related stress, particularly regarding the participants’
required task completion speed. Notifications were added to assist in task completion when user attention was interrupted. Our results showed
that placing notifications directly on relevant objects can improve task performance and is preferred by users. Additionally, we demonstrated
that the use of sound is an important factor in capturing the attention of users. Audio notifications enhanced the noticeability of visual
cues, leading to better performance and higher user satisfaction. These findings highlight the importance of combining visual and audio
notifications to optimize user experience in AR applications.

2 RELATED WORK

Unlike conventional smart devices, AR HMDs represent a novel computing environment, which poses unique challenges for implementing
notification mechanisms. Understanding how to effectively utilize this new approach to deliver AR notifications on HMDs in real-world
scenarios is crucial [28, 21].

2.1 Notifications

One of the ways of getting users’ attention is by means of notifications. Notifications can be delivered through visual, audio, and haptic
mediums, and they generally fall into two categories [33]. The first category is action-required notifications, where the user is required to
take some immediate action based on the information provided by the notification. E.g., Windows asking for administrative authentication.
The second category is passive notifications, where the user is presented with some information that does not require the user to act, e.g.,
calendar notification.

A typical multimodal notification, such as receiving an email on a smartphone, includes a visual pop-up, a sound cue, and a vibration
sequence to alert the user in various situations. Notifications vary based on context and user needs, and determining the optimal moment
to interrupt users without human intervention is an ongoing research area. For instance, Kern et al. identified five factors influencing user
interruptibility: location, event importance, user’s activity, social situation, and social activity [15].

2.2 Visual Cues

Visual cues provide information to users through vision, ranging from simple error Light-Emitting Diode (LED) lights to complex AR
notifications. Wallmyr et al. conducted a study on transparent interfaces using mixed reality to display key information to construction site
operators. Their findings indicated that users responded more quickly and experienced lower workloads with head-up displays compared to
head-down displays [37].

The position of the visual cues is also important. Harrison et al. [10] conducted a study to examine the reaction time performance based
on the placement of visual cues, specifically small blinking lights on different body parts. Their study aimed to determine the effectiveness
of visual cues in terms of accessibility, stability, comfort, social acceptability, and information conveyance. They found that reaction time
performance varied significantly with the position of the lights, ranking from highest to lowest as follows: wrist, arm, brooch, shoulder,
thigh, waist, and shoe. The performance was influenced by physical distance, visual accessibility, and external factors such as occlusion by
furniture.

The study by Weber et al. [39] investigated the use of notifications on smart televisions (TVs), which are often shared by multiple users.
Unlike other smart devices, the notification mechanisms for TVs cannot be personalized. Through three focus groups, the study gathered
impressions regarding the duration, amount of information, position, and number of notifications. Based on these findings, the researchers
highlighted that the notifications that are truly important should be displayed, privacy is important when multiple people use the TV, and the
notifications should be displayed when there is a break.

2.3 Audio Cues

In situations where visual cues can be distracting and harmful, audio cues are recommended. Lee et al. [23] studied a collision detection
system with audio and haptic cues to mitigate driver distraction. They found that graded warnings (gradually increasing levels) were preferred
and performed better than single-stage warnings. Graded warnings were also less irritating and more trustworthy. While user performance
was the same for haptic and audio cues, users preferred haptic cues in terms of trust, overall benefit to driving, and annoyance.

Another way audio notifications can be used is as a substitute for visual cues when the user is visually disabled. Crommentuijn et al.
conducted a study to test different ways of providing audio or haptic cues when an obstacle is in the way [4]. All auditory displays improved
object localization compared to silence. Continuous spatial sound and sequential discrete auditory cues proved the most effective. Whereas,
echolocation and auditory looming were somewhat less efficient.

2.4 Notifications in Mixed Reality

Mixed reality devices, ranging from smartphones with a rear camera to immersive HMDs like Oculus Quest Pro [34], are primarily output
visual information. The key considerations for displaying notifications or interrupting users include where to display information, the ac-
ceptable level of occlusion in different contexts, the timing of information display, the behavior of the currently running application, and the
interaction methods for the user.
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On the other hand, notifications in Virtual Reality (VR) cannot use the same framework as other smart devices without breaking immer-
sion. Zenner et al. [43] proposed a framework where notifications are integrated into the VR scenario, such as a villager delivering a letter in a
medieval setting or a drone in a futuristic one, based on the context and urgency of the notification. While this approach maintains immersion,
it requires additional work for developers and standardization of notification priorities. Rzayev et al. conducted experiments on the effects of
notification positions in VR and AR, finding that top-right placement increased workload and reduced comprehension, and motion negatively
impacted comprehension [32]. Imamov et al. conducted a study to determine the optimal placement of interfaces in 3D space [12]. They
discovered that central and central-low positions on the display were the fastest, whereas the top left position was the slowest. In terms of
depth, the closest position (1m) was the slowest, while positions at 2m and 3m were the fastest for central and central-low placements.

Cidota et al. investigated how different types of notifications impact workspace awareness and task performance in an augmented reality
(AR) setting [3]. The study compared three conditions: no notifications, audio notifications, and visual notifications, where a remote user
was instructing a local user by the use of these notifications. Key findings reveal that users prefer visual notifications over audio or no
notifications. The authors noted that visual notifications caused less cognitive overload, possibly because the game’s tasks already required
visual attention. An audio signal would have forced participants to divide their attention between two cues (audio and visual) instead of
focusing on a single modality (visual). Woodward et al. conducted an extensive systematic literature review of 140 peer-reviewed studies
to assess the effectiveness of augmented reality (AR) in enhancing situational awareness (SA) [42]. Key findings indicated a significant gap
in the use of specific SA evaluation techniques in the majority of user studies, with only 19% included such methods. While several studies
analyzed the color and style of text in AR, there was a notable lack of research on the users’ SA, emphasizing the need for future studies to
explore these areas to improve AR’s efficacy in maintaining SA.

In a study by Lee et al., the efficacy of displaying AR notifications in various positions on an HMD during dual-task performance was
investigated [21]. Results showed that notification location significantly impacted performance, with the top-left position causing the highest
task load and slowest response time and middle positions yielding the lowest task load and fastest response time. The study concludes that
middle positions are optimal for AR notifications in dual-task scenarios, as they offer visibility with minimal disruption. The importance of
display location in AR notification design, especially for multitasking users, is emphasized. According to the authors, this position provides
sufficient notification visibility while causing the least disruption to the main job. The study emphasizes how crucial it is to consider display
location when creating augmented reality notifications, especially when users must carry out several tasks at once.

Ghosh et al.’s NotifiVR extends notifications to visual, auditory, and haptic cues to alert users immersed in virtual environments to
external events [6]. They proposed five types of notifications for each cue type. For audio cues, they suggested that the sound played should
be at the position of notification in 3D space, metaphorical design like someone entering space as a door opening sound, and gradual increase
of sounds to signify increasing urgency. For haptic cues, they recommended metaphorical vibrations like feet vibrating to signify footsteps,
vibrations in the direction of notification, and a gradual increase of vibration to signify increasing urgency. For visual cues, they proposed
notifications should be displayed in 3D space and not always attached to the viewport, metaphorical representations like clock face for alarms,
blocks of notifications placed in 3D space, on the wall or surface, and in dangerous cases stopping the immersion and letting user reorient
with the real-world space.

Despite extensive research on AR in academic and industrial settings for specific use cases, there has been limited study on displaying
notifications in AR HMDs. Companies like Meta [34], Apple [18], and Xiaomi [35] are working to bring AR to the general public. The
number of notification studies, specifically in AR HMDs, is limited. For example, Lucero et al. conducted a study where participants walked
down a busy road while tracking notifications using NotifEye [25]. They used a rubbing pad for simple interactions. Participants found that
minimalistic information combined with the rub pad created a non-distracting notification system. The main concern was social acceptability,
including size, comfort, and fashion.

Plabst et al. [29] found that notifications in AR HMD are most effective when placed in the real world or at the bottom center of
the headset’s FoV, especially for sustained concentration tasks. Users also preferred these positions. Similarly, Lee et al. [22] observed
that bottom FoV placement resulted in higher noticeability and comprehension for both icon- and text-type notifications compared to top
placement during an AR walking task. Lazaro et al. [20] recommend using both visual and auditory signals for AR notifications and suggest
further research on notification placement.

The findings from Zenner et al. [43] on the positioning of notifications informed our design choices, particularly in placing notifications in
context-aware locations to enhance visibility and minimize disruption. Additionally, the study by Ghosh et al. [6] on multimodal notifications

Qo

Figure 2: (a) Complete Setup of ARtisan Bistro; (b) Perfectly Cooked Pizza Taken out of the Oven; (c) Making Burger, Picking up Bottom Bun by
Hand [30]
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and their contextual application provided a foundation for our exploration of integrating visual and audio cues effectively. Specifically,
their recommendation to play audio cues at the position of the notification in 3D space was implemented in our study, further enhancing the
relevance and impact of our notifications. By building on these foundational works, our results demonstrated that placing notifications directly
on relevant objects can improve task performance and is preferred by users while also highlighting the crucial role of sound in capturing user
attention.

3 ARTISAN BISTRO

ARtisan Bistro is an AR environment designed to simulate a fast food restaurant where users can prepare items like burgers, pizza, and coffee
based on customer requests [30]. Developed using Unity engine v2022.1.10f1 and the Mixed Reality Toolkit (MRTK), the application serves
as a tool for researchers to evaluate user interfaces[26]. The application was designed for researchers to evaluate user interfaces in general.
We deliberately chose this open-source solution since it provides a standardized testbed for comparison of future results and replicates a
familiar cooking scenario that is relatable to a wide audience. Figure 2 shows different stills from the ARtisan Bistro environment.

We also kept the entire environment in (AR) for two reasons: (1) to enable accurate and meaningful comparisons with future experiments
that will use real objects, thereby assessing the impact of real objects on participant behavior and outcomes; and (2) to enhance the study’s
external validity through random visual clutter.

3.1 Environment Settings

It is possible to change and set the environment in ARtisan Bistro. In this paper, we selected settings that simulate a high-stress environment,
necessitating notifications to assist in task completion and promote multitasking across multiple food items concurrently.

Burger Station: Participants were instructed to cook patties and assemble burgers with six layers: bottom bun, top bun, patty, and three
random ingredients. The patty must be placed directly above the bottom bun, but the order of the other ingredients is flexible. The different
cooking statuses for the patty were Uncooked, Cooked, and Burnt, with each status taking ten seconds to achieve.

Pizza Station: Participants were instructed to assemble and cook pizzas that consisted of a base and three random ingredients, with the
order of ingredients being non-essential. Unlike checking the cooking status of a patty, which is straightforward, determining the status of a
pizza requires participants to stand in front of the oven and look through a small window. The cooking status of the pizza could be Uncooked,
Cooked, or Burnt, with each stage taking ten seconds to achieve.

Coffee Station: The coffee maker was mostly set to default settings, except participants did not need to press the start button. At the
beginning of the level, the coffee pot’s level resets to zero, and the coffee maker starts filling it automatically. The time to fill a cup was set to
ten seconds of continuous pour.

Customers: Among the twelve meshes available for customers, three females and three males were selected at random. Except for the
tutorial level, all levels consisted of 6 customers who waited for their requested food for only two minutes. The time remaining was displayed
right in front of the respective customer.

4 NOTIFICATION DESIGN

The notifications were designed with two modalities: visual and audio. Depending on the level, participants received notifications that were
visual, audio, both visual and audio, or none.

4.1 Visual Notifications

AR-HMD environment offers a dynamic way to display notifications using 3D space. Zenner et al.’s method integrates notifications into the
scenario to maintain immersion, but it may be excessive as it limits notification types and relies on a person to send messages [43]. This
method also places the responsibility of setting the correct priority level on the sender, which can vary among individuals. To address these
issues, two types of visual notifications were designed to handle more general types of notifications.

4.1.1 Visual Notification Design and Properties

‘J_’/,g——l'/ (\\ -

Burger Cooked

Figure 3: Notification Button

The notification system, as illustrated in Figure 3, displayed information in a ‘Station Message’ format. The ‘Station’ indicated the
cooking station’s name, while the ‘Message’ provided relevant information for that station. The notifications were cuboid-shaped, navy blue
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with white text. The notification design is based on the buttons provided and recommended by Hololens 2 developers. They were disabled
after seven seconds. This duration, determined during the design phase of the experiment, was found suitable for users to pause their primary
task, view the notification, and understand its content. Notifications that went unnoticed for seven seconds were disregarded.

The intervals between the notifications were based on the actions of users and the environment. For example, a customer stayed for 2
minutes after requesting their food. The next customer comes 5 seconds after the previous one leaves. In this case, the notification interval
between these 2 customers will be 125 seconds, but if the participant serves the customer in 65 seconds, then the interval will be 70 seconds.

We used 4 texts to notify the participants.

New Customer: When a new customer arrives requesting food.

Cooked: When either burger patty on the grill or pizza in the oven is cooked to the level of customer satisfaction.

Burnt: When either burger patty on the grill or pizza in the oven is cooked beyond the level of customer satisfaction.

Coffee cup added: When the coffee level in the coffee maker crosses a threshold where a complete coffee cup can be filled.

4.1.2 Notification on Object
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Figure 4: Notification on Object

Inspired by Zenner et al.’s [43] implementation of immersive notifications, Notification on Object (O) was created to present notifications
in a context-aware 3D space. This approach aims to provide users with relevant information without overwhelming them, especially when
focusing on specific tasks. For instance, in a cooking scenario, notifications about the pizza’s cooking status can be displayed over the oven,
allowing users to respond quickly without breaking immersion.

In the experiment, notifications were displayed on objects in a single box format Figure 4. If a new notification from the same station
appears before the current one is destroyed, the text is updated with the new information, and the timer is reset.

Although this solution reduces clutter and increases response time to notifications, it can also lead to missed notifications if they are
outside the user’s field of view or if the user does not look at them in time. One solution is to use audio alerts for new notifications. Another
option is to list all notifications in one place, allowing users to periodically check the list for any new notifications.

4.1.3 Notification on Dock

The concept of Notification on Dock (D) is inspired by smartphone notifications, where all notifications are displayed in one accessible
place by swiping down on the screen [1, 2]. This list format simplifies access to information and reduces the mental effort required to
find notifications. Users might miss notifications if they appear randomly, but a centralized list allows users to periodically check for new
notifications. Unlike object-based notifications, a dock cannot provide additional information beyond text (like the location of the object that
prompted the notification), making it important to indicate the station that generated the notification.

Building on this idea, the dock is a drop-down list that displays notifications in reverse chronological order, as shown in Figure 5. When
a notification is destroyed, the subsequent notifications move up to fill the space. The dock can be positioned anywhere in the 3D space,
allowing users to place it where they are most comfortable or move it periodically during the experiment.

Notification on Dock, like Notification on Object, has its drawbacks. Although it helps users locate notifications more easily, users
must find an optimal position for the dock in 3D space. Inefficient placement can increase the time to find visual objects in 3D space [38].
Additionally, the design does not inherently provide location information, necessitating extra details in the message to indicate the location.
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Figure 5: Notification on Dock

4.2 Audio Notification

Incorporating audio cues serves as a potential solution to mitigate the limitation of visual cues not being feasible as the primary notification
method [4]. Different sounds can be assigned to different notifications, similar to how smartphones allow different tones for different
applications. This helps users identify and prioritize notifications without needing to look at the application names.

In this experiment, only one localized sound clip played for notifications, allowing users to determine the direction of the sound. The
Hololens 2’s speakers, despite not offering a full surround sound experience, provide adequate left-right differentiation. Notifications were
limited to the XZ plane, making the Hololens 2 speakers sufficient. Localized audio helped users identify the direction and source of
the notification, such as different cooking stations, thereby reducing response time. The sound’s origin depends on the notification’s spawn
location: on the dock for dock conditions and above the object for object conditions. In a condition with only sound and no visual notifications,
the sound plays as a standard audio clip as if it were in the user’s head, alerting participants to an event or task. There are two conditions for
audio notification, with sound (S) and without sound (N).

5 METHODOLOGY
5.1 Research Questions

Based on the previous work, we investigated the following Research Questions (RQ) in this paper:

RQ1 How does the inclusion of visual and audio cues influence the performance of users in serving customers? Prior research shows
that visual and audio cues can enhance user attention and reduce task load [21, 13]. By studying this in the context of serving customers,
the research aims to understand how these cues help in managing interruptions and multitasking, potentially leading to more efficient and
accurate task performance in AR, using MRT[40]. Building on these studies, will users perform better in Notifications on Object with
Sound OS, Notifications on Object without Sound O, Notifications on Object with Dock DS, Notifications on Object without Dock D, and no
Visual Notification with Sound S conditions compared to the no Visual Notification without Sound N conditions?

RQ2 What type of notifications are most noticeable? The notifications should warn the user in a virtual environment when they focus on
a task. With this RQ, we seek to determine which notification types are most prominent and immediately noticeable to users, ensuring that
critical information is not missed. Which of these conditions (OS, O, DS, D) drew the user’s attention the best?

RQ3 What type of visual and audio cues do users prefer? The previous work indicates that user preferences can significantly affect the
perceived effectiveness and acceptance of notifications. For example, Lee et al. found that users preferred graded audio warnings in driving
scenarios [23]. Which of the following conditions - OS, O, DS, D - was the most desired? By understanding user preferences in the context
of AR-HMD notifications, designers can create more user-friendly and accepted notification systems that align with user expectations and
needs.

These research questions are crucial for developing effective and user-friendly AR-HMD notification systems, ensuring that users can
efficiently manage tasks and interruptions in dynamic and potentially stressful environments.

5.2 Experiment Design

This study used a within-subjects design with two factors: auditory notifications (A, =with audio notification and without audio notification)
and visual notification (V3 =notification on object, notification on dock, and no Visual notification), yielding 6 different conditions: Notifica-
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tion on Object Without Sound O, Notification on Object With Sound OS, Notification on Dock Without Sound D, Notification on Dock with
Sound DS, no visual notification without sound &N, and no visual notification with sound S.

Each participant followed the following steps. The experiment began with participants arriving at the research lab, completing a consent
form, and receiving an explanation of the study. They watched a brief video to familiarize themselves with the environment and notification
types. After addressing any questions, participants were given a Hololens 2 headset and entered the AR environment. They started with an
introduction screen and then proceeded to a tutorial level where they practiced making food items for three customers without a time limit.
The ingredient list was consistent for all participants.

After serving three customers, a level was chosen from a shuffled list of conditions. The order of levels was randomized for each
participant using a chi-square model. Instructions were provided at the start of each level to inform participants about the type of notification
they would encounter. This process was repeated until all six conditions were completed, followed by post-surveys.

Each level followed the script where six customers (maximum three at a time) made requests for a food item. The customers were virtual,
asking for virtual food. The participants were tasked to make the item in a set amount of time. The appliances were also virtual, presenting
extremely low to no risk to the participants. This scenario consisted of timed tasks where the participants had to worry about not only the
customers’ patience (tolerance time limit) but also the cooking status of different food items. The cooking status notifications were provided
to aid the participants with the tasks and keep track of the cooking status. The notifications were presented using different modalities and at
different positions. The pictorial representation of the experiment flowchart is available for reference in the Supplementary section.

During the study design process, it was determined that six customers (two requesting each food type) would be used in this study. The
number of ingredients needed for a burger or pizza remained consistent across all trials and participants. The order of food items requested was
decided by sampling without replacement. Each customer experienced identical wait times for all food items, ensuring that each participant
received the exact same wait times for each food item.

In O and D conditions, the visual notification stayed active for 7 seconds. In D conditions, if a new notification from the same station
appeared, it replaced the existing one. Notifications from different stations were stacked. The notification sound was a bubble-popping sound
(refer to the supplementary video for an example), chosen for its lightness and lack of food metaphor. An additional number, randomly
selected between 0 and 15 and unique among active notifications, was added to the notification text to note observation. Participants acknowl-
edged the notification by calling out this number. The measurements recorded included if a customer departed before 120 seconds, customer
waiting time, total number of customers served, notification recognition frequency, and reaction time.

The environment was engineered to subject participants to stringent time constraints while incorporating slight physical demand elements.
This can be confirmed using the overall Raw NASA-TLX scores [11]. The participants completed the NASA-TLX survey after they completed
all the trial conditions. The average overall workload experienced by participants was 60.64 (SD = 10.84). This is above average global
workload score reported in [8]. The average raw scores are listed in Table 1.

Table 1: Raw NASA-TLX scores

Dimensions Mean STD

Mental Demand 67.31 19.52
Physical Demand 51.92 23.86
Temporal Demand 75 19.86

Performance 6538  20.8
Effort 71.56  15.86
Frustration 32.69 17.22

5.3 Participants

The experiment involved 26 participants, equally divided between males and females, aged 23 to 70 (M = 32.73, STD = 11.9). Participants
consisted of students and staff from Colorado State University, as well as people who were not affiliated with the university. 84.6% of
participants were either students or faculty. 69.23% of the participants reported that they had used at least one AR or VR device. Participants
received compensation in the form of $20. Among the participants, 47.6% reported that they have worked in a restaurant in some capacity
(this includes as a cook or a waiter). This study was approved by the university’s internal review board.

6 RESULTS

To analyze the data gathered in the experiment, we performed a two-way ANOVA. If the assumptions of the ANOVA were not met, the data
was transformed using Aligned Rank Transform [41]. If significant effects were found, we conducted a post hoc pairwise analysis using
TukeyHSD, or in the case of transformed data, the ART-C procedure [5].

6.1 Performance

Testing for the performance of the participants based on how many customers they served is shown in Figure 6. The x-axis represents the
different conditions (3 conditions of visual notification and 2 conditions of audio notification). The y-axis represents how many customers
were served on average in each condition (maximum is 6). The error bars represent standard error. Individual means, standard deviations,
and standard errors can be found in Table 2. During the ART-C procedure, the degrees of freedom are calculated using the Kenward-Roger
Method [14].

We found that there was a statistically significant interaction between the effects of visual cues and audio cues (F(2,125) =4.14, p < .05).
Simple main effects analysis showed that visual notifications (F(2,125) = 2.01, p = .14) and audio notifications (¥ (1,125) = 0.27, p = .61)
did not have a statistically significant effect on the performance.

Contrast tests showed that Notifications on Object with Sound performed significantly better than both Notifications on Dock with Sound
(1(125) = 3.52, p < .01) and Control with Sound (#(125) = 3.16, p < .05). There were no other significant differences found.
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There was no significant effect on the performance of participants in serving the customers based on whether they have worked in a
restaurant in some capacity (#(24) = 1.6, p = .12), despite participants with restaurant experience (M = 5.12, SD = 0.72) serving more
customers than those without (M = 4.57, SD = 1.01). This was also true in the case of task load. NASA-TLX results show that there was no
significant difference between the overall task load perceived by the participants who have worked in a restaurant (M = 50.15, SD = 13.33)
compared to those who haven’t (M = 49.62, SD = 11.56), #(24) = 0.11, p = .91. Just looking at the temporal demand (¢(24) = —1.07,
p = 0.29), the participants who have worked in a restaurant (M = 7.08, SD = 2.36) reported a similar level of temporal demand compared to
participants who haven’t worked in a restaurant (M = 7.92, SD = 1.61).

Mean Number of Customers Servered
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Figure 6: Performance of participants in different notification conditions based on how many customers they served.

Table 2: Mean performance of participants in different notification conditions

Notification Techniques Mean STD  SE

0 479 124 024
oS 538 096 0.19
D 4.8 1.14  0.22
DS 452 144 028
N 496 1.19 023
S 454 118 0.23

6.2 Visual Notifications Called

As stated before, in addition to serving the customers, the participants were asked to shout out the number displayed above the text in a visual
notification. Testing for how many visual notifications were noticed is shown in Figure 7. The x-axis represents the different conditions
(2 conditions of visual notifications and two conditions of audio notifications). The y-axis represents how many customers were served on
average in each condition (maximum is 6). The error bars represent standard error. Individual means, standard deviations, and standard errors
can be found in Table 3.

Testing revealed that there was no statistically significant interaction between the effects of visual notifications and audio notifications
(F(1,100) = 0.2, p = .66). Simple main effects analysis showed that visual notifications did not have a statistically significant effect on
noticeability (p = .7). Simple main effects analysis showed that audio notifications did have a statistically significant effect on the noticeability
(p < .001), with more notifications being called out with sound (M = 6.865, SD = 4.18) than without M =4.1, SD =2,71).

6.3 Visual Notifications Called Reaction Time

Testing for the reaction time of noticing visual notifications is shown in Figure 8. The x-axis represents the different conditions (2 conditions
of visual notifications and two conditions of audio notifications). The y-axis represents the number of seconds the participants take to shout
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Figure 7: Average number of notifications called in different notification conditions

Table 3: Mean number of notifications called in different notification conditions

Notification Techniques Mean STD  SE

o 4.08 266 0.52
os 7.15  3.88 0.76
D 412 265 0.52
DS 6.58 432 0.85

out the number on the notification. The error bars represent standard error. Individual means, standard deviations, and standard errors can be
found in Table 4.

Testing revealed no statistically significant interaction between the effects of visual and audio notifications (F(1,68.08) = 3.28, p = .07).
Simple main effects analysis showed that visual notifications did not have a statistically significant effect on reaction time (p = .36), and
audio notifications did not have a statistically significant effect on reaction time (p = .34).

6.4 User Preference

The system’s usability was assessed using the Post-Study System Usability Scale (PSSUQ) [24]. All participants completed the PSSUQ
after completing all the conditions in the AR environment. There were 18 items that were scored on a Likert scale from 1 (strongly agree)
to 7 (strongly disagree). Other than the 18 items, we added a preference question and asked participants which notification condition they
preferred among 6 conditions (Notification on Object Without Sound, Notification on Object With Sound, Notification on Dock Without
Sound, Notification on Dock With Sound, No Notification without sound, and No Notification with sound)

Overall, participants rated the system favorably on the PSSUQ, with a mean score of 1.23 (SD = 0.44), indicating generally positive
perceptions of usability. After examining individual items, the participants agreed strongly with most of the statements. Given the subjective
nature of the questionnaire, we have considered any mean agreement rate below 1.75 (25 %) as strongly agreeing. Out of all the items
presented in the survey, only item 4, which discussed task completion time (M = 1.85, SD = 1.38), and item 8, which talked about error
messages (M =2.38, SD = 1.88), had varying levels of agreement. For the complete survey and detailed results, refer to section 8.

The last question in the survey asked about the preferred notification type. The preferences were as follows: 50% preferred Notification on
Object With Sound, 7.7% preferred Notification on Object Without Sound, 19.2% preferred Notification on Dock With Sound, 0% preferred
Notification on Dock Without Sound, 19.2% preferred No Notification With Sound, and 1% preferred No Notification Without Sound.
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Figure 8: Average reaction time to notice the notification in different notification conditions in seconds

Table 4: Average reaction times to notice the notification in different notification conditions in seconds

Notification Techniques Mean STD  SE

o 4.48 1.1 021
oS 5.1 2.07 041
D 512 134 026
DS 44 093 0.18

7 DiscUsSION

In this paper, we looked at how two distinct visual and audio notification systems affect the user’s performance and preference. The visual no-
tifications were strategically placed in fixed positions or directly above relevant objects, while audio notifications were localized to align with
the visual notifications. Our results demonstrated that visual notifications positioned above objects and accompanying audio outperformed
alternative configurations. Placing AR notifications in the world anchored to the task context (in our case, on the object) was also found to
produce the quickest reaction time, as well as the highest preference and lowest task load in a study by Plabst et al. [29], even though they
did not feature audio. Notably, this combination of visual and audio notifications exhibited greater noticeability and was the preferred mode
of notification by the participants.

These findings emphasize the importance of carefully choosing where and how visual and audio notifications are used in AR. In our
discussion, we explored what these results mean and why they matter for designing AR interfaces.

Looking at how many customers (out of six) were served (RQ1), neither visual nor audio cues had any significant effect on their own,
but the combination of the two showed promising results. We contend that the audio notifications prove effective in capturing users’ attention
while simultaneously asserting that visual notifications above the objects accelerate users’ ability to locate and engage with their primary
tasks. The post hoc analysis illuminated a noteworthy trend: when audio notifications are present, visual cues above objects aid the users
significantly more than visual notifications on a dock and no visual notification. Intriguingly, our findings did not uncover significant distinc-
tions between different visual cue configurations when audio notifications were absent. This observation may suggest that, in the absence of
sound notifications, participants relied less on visual notifications as a primary means of task assistance.

This observation aligns with the outcomes of our noticeability assessment (RQ2), which showed that the noticeability of the notifications
significantly improves when audio notifications are present. In a 3D environment characterized by distributed information, the likelihood of
missing notifications outside the user’s immediate FoV is substantial. Audio notifications, where feasible, offer an effective means to augment
notification noticeability, corroborating a finding by [20] that audio notifications outperform visual notifications, but the combination of both
performs significantly better than either.

Investigating user preferences (RQ3), the results remained consistent with the previous results, with 50% of the participants stating that
they prefer notifications on objects with sound. Regarding the PSSUQ survey, the participants generally found the system to be usable
and satisfactory. The slightly lower scores on task completion time might stem from the time-sensitive nature of the tasks, intentionally
designed to be expedited. The reason for the low average score on the item discussing error messages could be attributed to participants only
encountering an error message when presenting food to the customer. This message consisted solely of a brief text indicating an incorrect
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food item. Providing more specific feedback earlier in the task may improve the score.

While further research is needed in the field of AR HMD notifications, our study has yielded valuable insights. We found that strategi-
cally placing visual notifications enhances user performance, with “Notifications on objects with sound” garnering the highest noticeability.
Regarding audio notifications, even in environments devoid of ambient noise, the use of sound alone was effective in improving noticeability
and was preferred by the participants.

7.1 Design Implications

The study found that while neither visual nor audio cues alone significantly affected user performance, the combination of both led to
promising results. Developers should thus consider integrating both modalities into their AR applications to enhance noticeability and user
engagement.

The study also highlighted the importance of the effective placement of visual notifications, particularly above relevant objects, to improve
user task performance. This suggests that the developers should consider the placement of visual cues to improve users’ ability to find and
interact with objects in an AR environment. The sound cues also proved effective in capturing users’ attention, and developers should explore
incorporating sound cues where feasible, especially in 3D environments with distributed information.

7.2 Limitations

While our results favored the combination of visual and audio cues, it’s important to underscore the significant role played by sound cues
in guiding users’ attention toward visual notifications. The design of a visual cue with attention-directing capabilities may yield intriguing
outcomes.

Another limitation of our study relates to the absence of ambient audio noise in the AR environment, which could potentially diminish
the effectiveness of sound cues. Despite the presence of visual clutter and noise in the AR setting, the absence of concurrent auditory noise
represents a distinct environmental constraint worth acknowledging. Lastly, users had to call out notifications verbally when they saw them,
for the experimenter to log the notice. This could introduce potential noise to the reaction times.

8 CONCLUSION AND FUTURE WORK

In this study, we focused on the implementation of visual and audio notifications in Augmented Reality (AR) Head Mounted Displays
(HMDs), recognizing their pivotal role in crafting user-friendly interfaces. We offered insights into the efficacy of different notification
modalities through an empirical evaluation encompassing user performance and preference. Within the immersive context of ARtisan Bistro,
an open-source AR sandbox environment, participants engaged in tasks involving cooking and customer service. We systematically manip-
ulated the placement of visual notifications, exploring fixed positions versus locations above objects, and coupled these with localized audio
cues.

Our findings unveiled a compelling narrative: the combination of visual notifications above objects, complemented by localized auditory
cues, emerged as the most effective condition, outshining alternative configurations in AR HMDs. This approach not only improved user
performance but also caught users’ attention the most.

This study highlights the importance of judiciously selecting and situating visual and audio notifications within the augmented reality
environment. We believe that our findings can help engineers, developers, and others who create 3D interfaces for AR applications consider
and design effective notification systems. As we explore mixed-reality tech, these findings guide user-focused innovation for smoother
everyday use.

In future research, we aim to examine more effective visual cueing techniques that not only serve as visual notifications but also guide
users’ attention toward these notifications. Additionally, we intend to transition from a fully virtual kitchen to a setting where physical objects
are tangible and physical while retaining the notifications in a virtual form. Another potential area for further investigation is the exploration
of different visual notification techniques, such as color-coding and positioning notifications in the FoV, to help users prioritize notifications.
For instance, color-coding could be used to indicate the urgency or type of notification, allowing users to quickly assess the importance of
incoming alerts. Different shapes, sizes, or animations could also be employed to differentiate notifications based on context or priority. Such
enhancements could reduce cognitive load and improve user efficiency in managing multiple notifications in an AR environment.

SUPPLEMENTAL MATERIALS

All supplemental materials are available for reference. These include (1) an Experiment flowchart, (2) the image of the play area, (3) Excel
files containing the complete PSSUQ survey and its data and analyses, and (4) a short demo video.
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Chapter 6

Notification Interaction in AR

6.1 Unimodal Notification Interaction and Display Methods

In our first experiment as well as other related work [60], participants expressed the wish to
dismiss the notifications, so next, we investigated notification interaction [82]. Moreover, in the
first experiment, there was only ever one notification at a time, so we also set out to research the
display of multiple notifications®. We used the same virtual cooking task as in the previous paper.
The notifications in that environment could be interacted with using unimodal interaction, in the
form of a button on each notification. Interacting with the button caused unimportant informational
notifications to be dismissed and important notifications relating to the task to advance the task.

The following interaction techniques were used in the experiment:

* Voice: Users say the voice command "Message" plus the unique alphanumeric label on the

corresponding button.
¢ Gaze and Dwell: Users look at the button for 800ms, after which the button activates.

* Touch: Users can push the button with their index fingers.

In our experiment, we also studied how to store multiple notifications at once, so they can be
attended at a later time. Notifications stayed in a display-stabilized bottom-center position for 8
seconds, after which they moved into a notification list that was either placed in the environment
(world-stabilized) or attached to the left wrist, appearing when the user faced their palm (body-

stabilized).

3This work was published as Lucas Plabst, Aditya Raikwar, Sebastian Oberdorfer, Francisco R. Ortega, and Flo-
rian Niebling. “Exploring Unimodal Notification Interaction and Display Methods in Augmented Reality.” In 29th
ACM Symposium on Virtual Reality Software and Technology, 1-11. Christchurch, New Zealand: ACM, 2023.
HTTPS://DOI.ORG/10.1145/3611659.3615683. © Plabst | ACM 2023. This is the author’s version of the work. It
is posted here for your personal use. Not for redistribution. The definitive Version of Record was published in 29th
ACM Symposium on Virtual Reality Software and Technology, http://dx.doi.org/10.1145/3611659.3615683.
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1 INTRODUCTION

With advancing augmented reality (AR) technology, a future where humans predominantly use these technologies
for computing is becoming more likely. Part of daily computing is made up of notifications for events. Interruptions
caused by notifications greatly influence attention and responsiveness of users, as these notifications force users to
react to newly presented information which might be in conflict with their concentration on a task. In previous studies,
Czerwinski et al. have shown disruptive effects of notifications on ongoing computing tasks [13]. Mitigating these
disruptions involves considering e.g. timing, placement, and visualization methods of notifications, as users decide how
to react based on perceived importance and urgency of the notification information [39].

Research on the presentation of and interaction with notifications has been most prominent on desktop and especially
on mobile systems, much less work has been done in Virtual Reality (VR) and AR head-mounted displays (HMDs). In VR,
Hsieh et al. found that overlapping use of modalities for delivering alerts, the display locations, and a requirement that
the display be moved for notifications to be seen affected the suitability of notifications [22]. Notification presentation
and placement also affect response time, noticeability, distraction, and intrusiveness in VR [54], effects that have also
been shown to occur in AR [51]. Multimodal presentation of notifications in AR has been explored by Lazaro et al. [31],
with the premise that notifications in AR systems must be designed so they capture attention of the user and let them
respond to them without disrupting the primary task. They note that in their study, speech input modality was used
more frequently over the gesture input modality when acknowledging or confirming [...] notification[s]. The strategy of
notification placement seems to be highly dependent on the type of main task, in particular, wrist-attached notifications
are beneficial only when hands are in the field-of-view and there is a high amount of interaction with virtual content
[51].

The research conducted presents quantitative and qualitative results of a user study comparing different methods of
notification placement and interaction modality. We compare world-registered to hand-attached notification placement,
as well as gaze-, touch-, and voice-based notification confirmation. Our main task consists of a cooking task that
requires frequent interaction with virtual content. Orders as well as tasks necessary to fulfill an order are presented as
notifications that have to be acknowledged or dismissed to advance to the next stage of the cooking process, requiring
users to interrupt their main task to perform an additional activity.

The Objective of this research was to look at correlations between methods for notification placement and
interaction methods using different modalities in highly interactive AR environments. We focused on effects of
placement and interaction modality on task performance and notification perception. Primary contributions of our
research lie in (1) gaining a comprehensive understanding of different input modalities for AR notifications and
their implications for interaction, and (2) exploring and evaluating diverse display techniques for notification storage
solutions. By delving into these aspects, we aim to create a foundation for advancements in AR notification design and

facilitate seamless integration of notifications into immersive AR environments.

2
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2 RELATED WORK
2.1 Notifications

A notification is a visual cue, auditory signal, or haptic alert generated by an application or service that relays information
to a user outside the current focus of attention [24]. Research suggests that individuals receive an average of around
80 notifications per day, with some receiving even higher volumes, reaching up to 200 [2]. Smartphones dominate
internet access, contributing to over 60% of internet traffic [38]. As smartphones have become the primary device of
computing in their day-to-day life, notifications create a strong emotional response from people. Pielot et al. [47] found
that disabling notifications for a day caused participants to feel much less distracted and more productive without
them, while simultaneously making them feel worried about missing important information or less connected with
their social network. Other studies have also indicated that notifications can disrupt attention-demanding tasks and
negatively impact performance [56], or that not receiving notifications can lead to increased frustration and potentially
reduce productivity [29].

In response, various approaches have been explored to mitigate attentional costs of notifications. Context-aware
delivery systems tailor notifications based on the user’s current situation [45]. Grouping notifications into smaller
batches and delivering them multiple times throughout the day has been proposed as a strategy to manage their
impact [14]. However, certain types of notifications, such as phone call alerts or time-critical safety alerts in critical
systems, rule this out as they necessitate immediate delivery. In such cases, HMD use for notification delivery has
been explored. It can enhance spatial awareness with minimal impact on performance compared to smartphone-based

notifications [43].

2.2 Notifications in 3D/AR

AR has been defined as the supplementation of a real-world environment with digital content [8]. To further develop
notification systems for AR-HMDs, we need to understand how information can be presented in those types of systems.
According to classifications of Billinghurst et al. [10], there are three ways to display content in Augmented Reality
environments: (1) head-stabilized: information is fixed to the user’s viewpoint; (2) body-stabilized: information is fixed
to the user’s body; and (3) world-stabilized: information is fixed to real-world locations.

The positioning of notifications in VR has been studied by Rzayev et al. [54]. Their study revealed no universally
preferred placement for notifications in all contexts. Instead, the choice of position should be contingent upon the
specific context of the notification and the ongoing task of the user. Plabst et. al. [51] researched the impact of notification
position on task performance and perception in AR scenarios and found notifications that were placed in the world, or
the bottom center of the field-of-view (FOV) performed better and were preferred by users, but that it depends on the
context. This was corroborated by Lee et al. [32] that found that a bottom position in the FOV resulted in a significantly
higher noticeability and comprehension for both icon- and text-type notifications compared with a top placement in
an AR walking task. Similarly, Ghosh et al. [16] explored interruptions and notifications in VR, employing various
modalities such as haptics and audio. They derived design guidelines based on their findings and formulated specific
questions to evaluate the perception of notifications.

Furthermore, Rzayev et al. [53] examined the effect of AR notifications during social interactions and found that both
the wearer of the headset and the conversation partner would prefer receiving notifications on the headset rather than
a smartphone. In a different scenario involving everyday activities like walking and performing pedestrian navigation
tasks in a busy city center, Lucero et al. [37] developed and studied notifications on an AR headset. They employed a

3
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minimal user interface and a discrete thumb touchpad device for controlling notifications. Their findings indicated that
participants faced minimal difficulties in managing notifications while being exposed to potential hazards in an urban
environment. However, the increased display of AR content can negatively impact task performance due to clutter [15];

therefore, it should be ensured to not overload the user with notifications.

2.3 AR Interaction

Current AR-HMDs provide a variety of input methods, including controllers, hand gestures or eye-tracking. However,
not all methods are suitable for every situation. Direct-touch screen interfaces have been used extensively in research [42]
and have shown to be quick for users to learn and engage with [52].

Surale et al. used the advantages of a multi-touch tablet to create an interactive device in VR to perform complex
tasks [57]. They exploited the tablet’s precise touch input, and metaphorical associations (using the edge as a knife) to
make a more intuitive and functional interaction device. Zhang et al. developed a system that used the human body’s
ability to transfer electrical signals to detect touch input. Combining it with computer vision using headset cameras,
they were able to simulate an interface similar to a touch screen with high reliability on the palm of the users [61].
SymbiosisSketch, created by Arora et al. is a hybrid sketching system enabling sketching in 3D space using a mid-air
pen as well as in a tablet [7]. Zhu et al. [62] also described different interaction examples using a touch interface and
mixed reality.

Satriadi et al. [55] presented a horizontal map navigation system using midair gestures. The gestures used were
primarily pinch and move kind, but the application for the gestures were designed to counter different problems, e.g. for
manipulation tasks, indirect input to mimic direct manipulation was used to decrease occlusion, and both unimanual and
bimanual input were supported. Piumsomboon et al. [50] compared pure gesture based interaction using their G-Shell
technique vs gesture-speech multimodal interaction in AR to perform tasks like selection, movement in 3D space,
scaling, pushing and flinging. They observed that both pure gesture based interaction and multimodal speech gesture
combination had their perks in different context and suggested a combination of both for the best performance. Building
on the idea of researching what may be the best interaction techniques for AR, Williams et al. [58-60] conducted
elicitation studies to understand what types of gestures and speech prompts are intuitive to most users and provided
design recommendations based on their findings.

Eye-tracking has been identified as a viable input method for AR-systems [23] and has been studied by various
researchers. Blattgerste et. al. [11] investigated head-gaze and eye-gaze approaches for dwell-time-based target selection
tasks in VR and AR and found that eye-gaze outperformed head-gaze in nearly every metric. They also recommend
using eye-gaze specifically for AR, where the user’s hands might be preoccupied. Parisay et. al. [44] showed that
a unimodal dwell-time method outperformed other multi-modal eye-tracking techniques in a target selection task.
Relating to specifically notifications, Kosch et al. [28] investigated interacting with notifications during a cycling task.
They found that participants preferred using a combination of eye-tracking and a physical button for target selection,
but made more mistakes than with an eye-tracking dwell time selection. They partly attributed this to the robust and
extended dwell time of 1.8 seconds.

Looking more at general information interfaces, Lu et al. [36] developed an interface that enables users to access
concise information in their peripheral vision using different glancing methods, including an eye-tracking based
approach.

Another interaction that has been proposed is speech input. Li et. al. [34] researched AR-interaction in a pilot’s

cockpit and found voice commands improve the perceived workload and situational awareness significantly. In a
4
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comparison study by Lee et. al. [33], they found that speech commands in AR worked well for descriptive tasks and
that a multimodal voice-gesture interaction did not improve efficiency over the speech commands.
Based on the current state of literature, speech, hand gesture, and eye-tracking interfaces are the most commonly

used interaction modalities in AR.

3 METHODS

Notifications are usually considered secondary to a user’s primary task, often requiring triage for later time [48]. Unlike
smartphone notifications, immersive AR-HMDs can interrupt both digital and physical activities. In a future where
AR-HMDs are a pervasive technology, users might not need to specifically be using their headsets when they decide to
engage with a notification. While a smartphone can simply be left in the pocket, due to the immersive nature of it, this
might not be an option for AR. While there are similarities between AR and VR, we believe that AR-HMD’s have the
potential to become a pervasive technology like smartphones are now, while VR will stay a technology for specific
uses like training or gaming, hence the decision to research AR. To better understand how we can use and interact
with notifications in augmented reality environments, we conducted an experiment and set out to answer the three
following research questions. RQ1: How does the interaction modality of notifications influence task performance
and perception of the notifications? RQ2: How does the display of the list for multiple notifications influence task
performance and perception of the notifications? RQ3: Is there any statistical connection between the interaction
modality of notifications and the display of the multiple notification list?

Participants were instructed to play a cooking game on the optical see-through AR HMD Hololens 2, during which
they received notifications. The headset features a resolution of 1440x936 pixels per eye with a field of view of 43°
horizontal, 29° vertical, and 52° diagonal. The cooking environment was developed using Unity Engine 2022.2.10f1,
using Microsoft’s Mixed Reality Toolkit (MRTK) v2.8.3. The HMDs eye-tracking is refreshed at 30Hz and is predicted to
be within 1.5° visual angle around the actual target,according to the manufacturer. These measures have been confirmed
by Kapp et al. [27] which found the eye-tracking to be more precise than previously reported. Participants also went
through the calibration process by the Hololens before starting the experiment. In the tutorial they were required to
test the eye-tracking in order to proceed, confirming the calibration. Using an optical-see through headset, allows the

users to see their hands and bodies in real time and also improves depth perception in comparison to VR-headsets [49].

3.1 Experiment Task

In this cooking environment, users were tasked with completing various customer food orders. This cooking environment
could act as a metaphor for several different real-world tasks, where the user can be under high- or low-stress, can
multitask or only take care of one thing at a time, and can be stationary or moving, depending on the configured layout
of the kitchen. For this experiment, the kitchen environment was used as a stand-in for professional and stressful tasks
such as work on construction sites or emergency health care, where multiple things simultaneously required user’s
attention, while being somewhat time-constrained. Overall, the environment’s size is ~3 meters by ~3 meters. The
cooking environment consists of four stations. Every station (except the station where the customers arrive) consisted
of three parts: 1) A “cooking device” for the food; 2) an ingredient supply station in the form of blue plates that spawn
the necessary ingredients; and 3) a preparation board on which the finished ingredients shall be assembled. Food and
ingredients can be grabbed with each hand, utilizing the full hand-tracking capabilities of the Hololens 2. A trash
can is also present where unwanted food can be discarded. A blue hand mesh was placed around the user’s real hand

to avoid occlusion through the virtual objects. Participants were instructed to grab virtual objects just like physical
5
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objects. Grabbing the objects required the index finger and thumb to make contact, so the system was very flexible, as it
accommodated several different ways the users could grab objects.

At the Customer Station, up to three customers may order food and wait for it. Every customer is represented by a
random low-fidelity human avatar with some small idle movements (like looking around or just breathing). In front of
every customer, a red tray is placed on the counter, where the prepared food must be served. A notification is sent to
the user when a new customer arrives. When the order is accepted by the user (by interacting with the notification), a
two-minute timer is displayed behind the food tray, indicating the time left to complete the order.

At the Burger Station, the user can take infinite ingredients from the blue spawning plates and put them on the
preparation board. A burger always consists of at least a bottom bun, a grilled patty, and a top bun, with up to three
other random ingredients. The burger station also features a grill where a burger patty must be cooked. The patty starts
out raw and changes color to reflect its cooked state after 10 seconds on the grill. The user also receives a notification
that the patty is ready. If it is left on the grill for another 40 seconds, it will burn and not be accepted by the customer.

At the Pizza Station, pizza ingredients are also placed on blue spawning plates. Each pizza consists of a pizza
base that already has marinara sauce and cheese on it, with three other random ingredients. When the pizza base is
assembled with the ingredients, it has to be placed in the pizza oven. After 10 seconds, the pizza changes its color and
the user is sent a notification that the pizza is finished. If it is left in the oven for another 40 seconds, it will burn and
not be accepted by the user.

The Coffee Station features a filter coffee machine with a coffee pot in it. The user has to turn on the machine by
pressing a big button on the front. Coffee will start flowing if the pot is inserted into the machine. When enough coffee
for a single cup is brewed by the machine, a notification is sent to the user. There is also a gauge beside the machine
indicating how many cups of coffee are in the pot. The user can take a cup and pour coffee from the pot to the cup.

When the cup is full, a lid appears on the cup, indicating that the coffee is ready to be served.

3.2 Notifications

The notifications were designed with a rectangular form (see Figure 3), resembling the alerts most commonly seen on
mobile and desktop operating systems. Each featured a bold title showing the source of the notification. Underneath
was a text block with the content of the notification. On the left side, a white icon was displayed, relating to the
station and content of the notification, so the user could quickly identify the reason for the notification. For example,
if the notification was sent from the coffee machine, a cup of coffee icon was displayed. A sound was played when a
notification was delivered, as it has been shown that a combination of visual and audio notifications leads to better
performance measures and was generally preferred over unimodal notifications [31].

To ensure high legibility of text, a dark gray background was chosen, along with white text color, keeping in line
with the findings of Jankowski et al. [26] and the design recommendations by Microsoft [40]. The font size was set
to a minimum of 20pt up to 40pt, putting it above the minimum comfortable range of Microsoft’s guidelines for text
legibility in AR for near interactions. All notifications automatically aligned to face the user, with the exception of the
z-axis(roll), therefore ignoring head tilting.

Plabst et. al. [51] identified that notifications in AR should be placed in the bottom center of the user’s FOV for
mixed use-cases or when the user is moving around. This was also suggested by Chua et al. [12] for dual-task scenarios
that require high noticeability on the secondary stimuli. Hololens 2 system notifications are also displayed using the
bottom-center placement. Consequently, in this experiment, notifications are displayed in the bottom-center portion of

the display.
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Fig. 2. The virtual cooking environment used in the experiment.

Title
Notification

C amtenit

Fig. 3. Notification in the experiment.

When using HMDs, special attention needs to be paid to the vergence-accommodation-conflict [21]. The Hololens
2 display is fixed at an optical distance of approximately two meters and Microsoft recommends not placing any
information closer than 40cm [41]. The notifications were spaced 75cm away, so near-interaction with the hands is still
possible comfortably. The notifications do not move in-depth, the inter-pupillary distance is measured, and the system

is calibrated accordingly, which lessens the potential discomfort caused by the vergence-accommodation-conflict.

3.3 Interaction

According to current user experience design guidelines [3, 4], notifications may be categorized in one of two categories:
actionable notifications, where the notification is followed by a user action, or informational notifications, whose
aim is to pass information to the user. In the cooking environment, the notifications from the cooking stations would
be considered informational since they did not require follow-up actions, while the order notifications are actionable
since they require interaction to advance the task.-We specifically chose a combination of actionable and inactionable
notifications, since if all notifications are critical for the task, they might pay unrealistically high attention to them, but
if none are, they might ignore them all together. We wanted to create a task where all notifications were important to

the user, but only some required attendance from the user, in order to create a more realistic scenario. In intensive health
7
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care for example, not all alarms from machines are critical, with some being important alerts and others just being
status notifications. In a more day-to-day scenario, user might receive notifications for a phone call which requires
immediate attention, but might also receive system notifications for i.e. a completed download, which does not require
immediate attention.

All notifications in the cooking environment had a button. Upon button activation, informational notifications would
be dimissed while actionable notifications would advance to the next stage. The activation was dependent on the
interaction method. For this experiment, we specifically chose unimodal interaction methods to first establish a baseline
for notification interaction and to further expand on multimodal interaction in future work. Much of the previous work
is centered around using a user interface for a certain period of time, and not around short bursts of interaction, like

with notifications. Gaze, touch, and voice interaction techniques used in this study are described next.

Gaze. Users had to gaze upon the button and dwell on it for 800ms in order to trigger it. This dwell time lessens the
often-found “Midas-touch problem”, by requiring intentionality when looking at user interface elements. This dwell
time was selected based on the ideal dwell time range of 600ms or 800ms for target selection found by Paulus and
Remijn [46]. The button color shifted during the dwell time from dark blue to white, indicating its state. Looking away
reset the color and dwell time. Along with voice interaction, this method is completely hands-free. Eye Tracking was

implemented using the eye-tracking capabilities of the Hololens 2, along with the eye-tracking features of the MRTK.

Touch. Buttons with the touch interaction can be pressed with either index finger. The button animates to show it is
being pressed by compressing and decompressing depending on the push state. Hands are the main interaction type
used in the cooking environment, as users prepare the meals with their hands, so touch interaction for notifications
could benefit from the lack of modality-switching. As touch-input is the main interaction technique used in smartphones
and tablets, taking into account the legacy bias from these devices, users might already feel comfortable with this
method [6, 30].

Voice. Every notification with a voice-activated button has a single symbol on the button. When the user says
“Message X” (with X being a placeholder for the symbol on the button), the button with the corresponding button would
trigger. Notifications outside of the list were labeled with letters, starting with A and then increasing, depending on the
amount of other notifications. If the notification is in the list, the buttons are labeled with numbers, starting with 1 and
incrementing depending on the position in the list. If a notification in the middle of the list is deleted, the numbers
would refresh to form a sequential list again. The button did not need to be in the user’s FOV to be activated, as long as
the voice command was understood by the device. Voice commands were implemented using the SpeechInputHandler
from the MRTK and the built-in voice detection from the HMD. When a voice command was detected, a small pop-up

would appear confirming the command.

3.4 Notification Lists

Every notification is first displayed in the user’s FOV. To avoid clutter in the FOV and to allow later handling of the

notification, it disappears into a notification list after 8 seconds of being displayed, acting like the standard behavior

on most mobile and desktop operating systems [5, 17]. This ensures that unless a notification is specifically attended

to by the user, no notification can disappear. The notification list is sorted chronologically, with new notifications

added to the bottom. For this list, we devised two display types based on Billinghurst et. al’s [10] classification: 1) A

body-stabilized list attached to the user’s left hand and 2) a floating world-stabilized list above the kitchen counter.
8
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Since notifications themselves were already head-stabilized, we did not want to clutter the FOV and did not also provide
a display-stabilized list option. Both list types featured a blue box with white text that read “Notifications”

The hand list (see Figure 4a) was attached to the user’s left hand. When the user held up their left hand and rotated
their palm to face them, the list would appear. If the palm was not oriented towards the user, the list was hidden, making
opening the list a deliberate action. This way of accessing notifications is very reminiscent of using a smartwatch to

check recent messages. Notifications were scaled down, while still adhering to font size best practices.

01:53

Benachrichtigungen
(Dock bewegbar)

Station 2 Z W'kagofvaé?,m' ‘
V Pizzateig, Oliven, |
r"aprlka Salami

= =

(a) The list of notifications fixed to the left hand. (b) The list of notifications located in the environment.

Fig. 4. Two notification list types: (a) Hand list fixed to the user’s left hand and (b) World list placed in the virtual environment.

The world list (see Figure 4b) was placed in the room with the other objects in the virtual environment. Alongside
the "Notifications" text on the top, it also stated that the list is movable. The list could be grabbed at the blue box and
moved to where the user wished. The world list would always face the user to improve legibility independent of the
user’s position with the exception of the z-axis(roll). Notifications did not change size when moving from the user’s
FOV to the world list.

3.5 Procedure

The experiment took place in a large room (see Figure 2) measuring ~5x5 meters. The blinds in the room were closed
and the lights turned on to control the lighting. The cooking environment was manually placed in the room, guided by
a visual marker for precise placement. Upon entering the room, participants were instructed to fill out a demographics
questionnaire. They were then introduced to the Hololens 2 headset and instructed on proper wear. Every participant
then calibrated the Hololens to their eyes, ensuring optimal clarity and precise eye-tracking. Participants proceeded
through a tutorial which involved reading explanations about the experiment and the cooking setting. They would then
be shown notifications with every interaction type and list type, ensuring they understood the interaction. Subsequently,
an interactive section started, where every cooking station was explained and participants had to prepare every type of
food. After completion, they were allowed to continue practicing for a maximum of five minutes or start the experiment
independently by pressing a button. Every experiment consisted of six runs, one for every combination of interaction
methods and lists. The order of conditions was randomized [1]. During each run, participants were required to complete
six customer orders. Customers would always order one type of meal with randomized ingredients and every run
required the participants to make two of each food, in a random order. When a new customer appeared, a notification
was displayed. To acknowledge the order, participants had to interact with the button on the notification. A two-minute
countdown would then be displayed in front of the customer, and the notification text would change to show the

ordered food. When the food was prepared, participants had to place the food on the tray in front of the customer and
9
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press the button on the notification again. If the food was correct, a “success” tone would play, and the notification
would display “correct order” After a few seconds, the notification along with the customer and tray would disappear,
making way for a new customer. If the food was wrong, the notification would display “wrong order” This had to be
acknowledged by the user by interacting with the button, after which the notification would show the ingredients
again. If the correct food was not prepared within the two-minute countdown, the customer would leave without their
order. When six customers had been completed, by giving them the correct food or by letting them expire, a notice
would be given to the participants to flip the display of the Hololens up and fill out a questionnaire on the laptop. When

all six conditions had been completed and the questionnaire had been filled out, the experiment ended.

3.6 Measurements

3.6.1 Performance. During the experiment, all events were logged on the Hololens for further analysis. Using this
log we were able to measure several variables relating to task performance of the order fulfillment. We measured the
total time per experiment run to understand overall performance. We measured the time needed per customer, to better
account for breaks participants might have taken between orders. When it comes to the process of order preparation, we
measured the amount of wrong orders prepared and the amount of customers expired. Lastly, concerning the notifications,

we measured the time until order was accepted by the participants.

3.6.2  Perception. After each experiment cycle, participants had to complete a set of questionnaires. To assess overall
usability of the notification interaction, the System Usability Scale (SUS) questionnaire [18] was deployed, along with a
NASA Task-Load-Index questionnaire (NASA-TLX) [20] used for assessing task load. Hart et. al.[19] found that not
weighing sub-scales on the TLX does not impact the results we chose to also not weigh the sub-scales (so-called Raw-
TLX). When the experiment ended, participants were asked to rank the interaction techniques and lists by preference,
sorting them from highest to lowest and then explain their ranking. They were instructed to specifically evaluate the

interaction with the notifications and the type of notification list.

3.7 Participants

Participants were recruited from a pool of university students studying human-computer-systems or media commu-
nication. They are required to gather experiment hours for their coursework and were rewarded with 1.25 hours of
participation time. In total, 29 participants were recruited (10 Male and 19 female). Age ranged from 19 to 29 years (M
=21.3, SD = 2.6). All either had a normal or corrected-to-normal vision. Of those participants, all 29 stated that they
used smartphones and internet daily, and computers daily (25) or weekly (4). 27 had either never used AR-technology
before or only in experiments (19 in experiments, 8 never) and 28 participants had experienced virtual reality before (19
in experiments). Additionally, 12 participants said they played video games regularly (at least weekly) and 26 were
right-handed.

4 RESULTS

To analyze the results, we used R 4.3.0 and Visual Studio Code 2023 running R-compatible plugins. We calculated a
two-way ANOVA to measure the main effects and interaction effects. For every significant effect we found, we used

TukeyHSD-tests for pairwise analysis. The assumptions for ANOVA were met.
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Fig. 5. Results for the SUS-Score, Preference ranking, Time until orders were accepted and Total Time.
***:p <0.001; **: p < 0.01; *: p < 0.05; ns: p > 0.05

Table 1. Descriptive statistics for significant measurements ( SUS, preference score, time until order was accepted and total time.)

Condition SUS (0-100) Preference 1 — 6  Order acceptance in s Total time in s
Mean Median Sd Mean Median Sd Mean Median Sd  Mean Median Sd
Gaze - World 63 68 17 2.8 2 1.5 38 37 18 260 253 60
Gaze - Hand 65 68 18 3 2 1.8 46 46 18 283 274 57
Touch - World 67 70 15 4.1 4 1.8 33 33 14 251 232 56
Touch - Hand 72 71 17 49 5 1.3 34 30 18 258 254 52
Voice - World 61 60 15 2.9 3 1.3 50 43 37 290 270 82
Voice - Hand 68 68 20 33 3 1.5 53 42 35 301 270 108

4.1 Subjective Measures

System Usability Scale. We found a significant main effect on the SUS-score by INTERACTION (F(2, 168) = 4.540, p =
0.012). There was no effect for LisT (F(1, 168) = 0.934, p = 0.335) or the interaction between the two (F(2, 168) = 0.540,
p = 0.584).

Pairwise comparisons revealed a significant improvement for Touch over Voice (p = 0.029). A significant improvement
was also found for Touch over Gaze (p = 0.024). No significant difference was observed between Voice and Gaze
(p = 0.753).

RAW Task Load Index. We found no significant effect of INTERACTION on the TLX-score, (F(2,168) = 1.194, p = 0.306).
The List showed no significant effect on the TLX-score, (F(1,168) = 0.023, p = 0.879). The interaction between
INTERACTION and LisT also did not yield a significant effect on the TLX-score, (F(2, 168) = 1.947, p = 0.146).

Ranking. Participants were asked to rank all conditions according to preference, going from six points (highest) to
one(lowest). There was a significant main effect of the INTERACTION on the preference (F(2, 168) = 18.347, p < 0.001).
The List showed a significant effect on preference (F(1, 168) = 5.279, p = 0.023). The interaction between INTERACTION
and LisT did not reach statistical significance (F(2, 168) = 0.533, p = 0.588).
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Pairwise comparisons revealed a significant improvement for Touch over Gaze (p < 0.001). A significant improvement
was found for Touch over Voice (p < 0.001). No significant difference was observed between Voice and Gaze (p = 0.75).

A significant improvement of the List was found for Hand over World (p = 0.023).

4.2 Performance

Time until Order was accepted. We found a significant effect of INTERACTION on the Time until order was accepted
(F(2,161) = 7.340, p < .001). The LisT variable did not show a significant effect on the Time until order was accepted
(F(1,161) = 1.121, p = 0.291). The interaction between INTERACTION and LisT also did not yield a significant effect on
the Time until order was accepted (F(2,161) = 0.284, p = 0.752).

Pairwise comparisons revealed a significant improvement for Touch over Voice (p < .001). No significant differences
between Touch and Gaze (p = 0.164) and Voice and Gaze (p = 0.113) were observed.

Total Time. We found a significant effect of INTERACTION on total time (F(2,161) = 3.866, p = 0.023). The LisT
variable did not show a significant effect on total time (F(1,161) = 1.015, p = 0.315). Interaction between INTERACTION
and LisT did not yield a significant effect on total time (F(2,161) = 0.300, p = 0.741).

Pairwise comparisons revealed a significant improvement for Touch over Voice (p = 0.0168). No significant differences
were found for Touch and Gaze (p = 0.407), and also Voice and Gaze (p = 0.293).

Time needed per Customer. We found no significant effect of INTERACTION (F(2,161)
(F(1,161) = 0.596, p = 0.441), or the interaction between INTERACTION and LisT (F(2, 161)

1.092, p = 0.338), LisT
0.951, p = 0.389) on the

time needed per customer.

Wrong orders prepared. We found no significant effect of INTERACTION (F(2, 161) = 1.444, p = 0.2390) L1sT (F (1, 161) =
2.959, p = 0.087) or the interaction between INTERACTION and LisT (F(2,161) = 2.465, p = 0.088) on the amount
of wrong orders prepared . The p-values of the LisT and the interaction are both approaching significance, possibly

suggesting an effect.

Customers expired. We found no significant effect of INTERACTION (F(2,161) = 0.122, p = 0.886),L1sT (F(1,161) =
0.638, p = 0.425) or the interaction between INTERACTION and LIsT (F(2,161) = 0.127, p = 0.881) on the amount of

customers expired .

4.3 Interview Feedback

Participants could give an explanation on their ranking preference. These answers were then structured and analyzed
using an affinity diagram [9]. The question specifically was related to how much the users liked the technique that they

used to interact with notifications.

Gaze. The main criticism participants had was the perceived reliability of eye-tracking. P3 said that “with the eye
controls I selected something by accident multiple times that I didn’t want to.”. Similarly, P29 reported that “Eye selection
was cool but it either took too long for the button to be pressed or it was selected by accident”, alluding to the next criticism:
Gaze- and dwell- taking too long. P13 said that “selecting with the gaze was comfortable, but the time seemed a bit too
long” and P17 said ‘I think that the eye button took too long or was too imprecise”. This hints at the Midas-touch [25]
still being a problem with gaze, even when utilizing an optimal dwell time. Some participants also considered this
dwell time of 800ms too long, like P21 that said: “Eye selection takes too much time and too much concentration”. Lastly,
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participants found it strenuous to use, reporting things like ‘T thought it was hard to focus the notification with my eyes, I
often jumped somewhere else and had to restart” (P5) or “With the eye controls I needed to concentrate much more and it

was much harder to complete the tasks. It also did not work as reliable” (P19).

Touch. Justifications for the Touch ranking were mostly positive, with P5 stating "The touch button was the easiest
to use, it was generally the fastest and safest - it was easy to keep an overview.” or P24: I liked touch the most because I
always knew that the thing I wanted to select was actually selected”. Positive comments focused on ease of use, reliability,
and speed of the interaction. Criticism was mentioned in regards to incorrect inputs: ‘T was afraid that I would trigger

something while grabbing ingredients.” (P1).

Voice. The biggest issue with Voice interaction seemed to be the symbols on the notifications, and the resulting voice
command. P25 said “The voice selection was very confusing because I often mixed up the numbers and letters. For example,
Message A which was sent by Station 3” with P24 saying the same. Another issue participants had, was changing of
numbers on the notifications when a notification in the list was dismissed. “With the voice I had the issue that the
numbers would refresh when I dismissed one, So I had to wait for the list to refresh before I could dismiss another one. I got

confused and then said the wrong number.” (P5).

Hand-List. Almost half of all participants (13/29) stated that they preferred the Hand-List display interface because
they did not need to turn around towards the list and had the information with them at all times. P6 stated that “On
the hand was always handier because I always had the messages with me”, and P27 wrote “The list on the hand was the
most practical because I could access it quickly and I did not have to change [the] location for it”. An issue mentioned by 4
participants was that the list was a little small and could get crowded quickly. P16 stated: “The hand list was too small

and it was straining to look at it. I also needed to tilt my head down for it.”

World-List. Much of the praise for the Hand-list was directly critiquing the World-list, as participants disliked needing
to turn to see the notifications. Still, some participants found it easier to read and said: “Generally I found the list in
the room easier because I had a specific location and it wasn’t as ‘wobbly’ ” (P5). Another participant (P25) found that
“having the list in the room was the most comfortable because you are not overwhelmed by all the displays and have all the

info in one spot.”

5 DISCUSSION

The study found multiple significant effects on the INTERACTION and a main effect on LisT. Looking closer at the main
effects of INTERACTION, we found that Touch performed better than Voice or Gaze. We were not able to measure any
significant difference, where a different INTERACTION method performed better than Touch. It performed equally or
better in task performance metrics, featured higher usability, and was chosen as the most preferred option. This answers
RQ1, by showing that just the interaction modality of notifications alone has an impact on task performance and
perception of the notification. Surprisingly, the hands-free solutions did not outperform the Touch method. Voice took
longer in total and in order acceptance time. This leads to the conclusion, that participants did not multitask as much
here as in the touch condition, as they did not accept multiple orders quickly but decided to complete them sequentially.
A reason for this could be the re-assignment of symbols on the notification for voice selection, which was mentioned in
the interview responses. When the notification was dismissed at any other position than the first or last, its number
would be reassigned to the following notification in the list. For example, if the third notification in a list with the

symbol 3 was dismissed, the notification in position 4 would move up and get the symbol 3 instead of 4. This seemingly
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caused confusion, as participants wanted to rapidly dismiss notifications, but had to think about what the new number
for each notification would now be. To differentiate between notifications in the FOV and in the list, we chose to label
them differently, with numbers in the list and letters in the FOV. Lastly, the stations were numbered from one to three,
but as the symbol for Voice interaction was determined by the list position, there might have been a mismatch between
the numbers on the notification. Identifiers for voice commands should be chosen depending on notification context
and kept static.

As for Gaze, participants seemed to have the most issues with the reliability of the eye-tracking and the dwell time.
Participants specifically mentioned issues with the Hand-List, as the buttons were already somewhat small, but were
also not static, as the list could be moved with hand-movement. This also resulted in a potential behavior, where the
quality of the eye-tracking could have been influenced by the distance the participants extended their arms, as very
close proximity to the eye-tracking button could have negatively impacted registration. This could also explain the
issues with the dwell time. If the eye-tracking did not instantly register correctly, the dwell time would have been
longer than intended.

Regarding Lists, Hand-List did not perform better, but was ranked more preferential as the World-List. Answering
RQ2, we see that the display of the list did not influence task performance, but impacted the participants’ preference
for the system. The main benefit mentioned for Hand-List, was that the user did not have to turn around to look at the
notifications, and that information was always within reach. While the World-List was moveable, because of the need
to move around in the environment for the task, it was still out of reach and sight on many occasions. While we did
not measure the number of times the list was moved, based on observation during the experiment and participant’s
feedback, it seems like most did not move the list to another location. Where the world list to be moved, it likely would
not have remained in participants line of sight due to the kitchen’s station layout and the HoloLens’ FOV. Relating to
RQ 3, we did not find any connection between the interaction modality and the display of the list.

Overall we can conclude, that participants preferred using Touch-interaction, performed better with it, and rated it
as having a higher usability in the kitchen environment. When it comes to interacting with notifications, we suggest
Touch-interaction as an easy and reliable method. As users preferred having notifications close to them, we suggest

using a body-stabilized way of displaying the list.

Limitations. None of the tasks truly required two hands to complete and it was possible to pause the current task to
interact with a notification; however users might sometimes, for example, be carrying something or using instruments
in both hands they cannot put down, like in a study conducted by Li et. al. [35], where voice interaction in AR increased
pilots’ spatial awareness and monitoring performance while also decreasing mental and physical demands. While Touch
interaction was favorable in this scenario, this might not apply to heavily two-handed tasks. Also, the touch interactions
required to complete tasks within this system may have biased participants towards favoring touch interactions with
the notifications. The task was seen as a metaphor for other manual labor tasks such as construction or health care,
which are also heavily hands-focused, so while we believe our findings would apply to tasks like that, this may not hold
true for all types of tasks and requires further investigation. For example, operating machinery where the hands are in
constant use could favor other input modalities like voice or gaze. Also, non-touch modalities could for example be
better suited for people with motor disabilities or for more mobile scenarios, such as walking and navigating a public

space.
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Another limitation was the size of the experiment environment, as it was small and although users did need to move
within it, they never had to cover a long distance. Therefore, the LisT in the World was always within reach. In larger
environments that require more movement, the world list may not be viable.

Also, participants did not have to specifically participate in this experiment, but to receive course credit they had to
gather experiment hours. This skews the participant pool to a group of college students studying a certain subject.

Additionally, the Hololens does not have a large FOV, with only 50°on its widest side, limiting visibility of content out-
side of the FOV. Specifically, placement of world-stabilized content like the World list might benefit from advancements
in AR technology, specifically increases in FOV, as it will be easier to see a wider range of content in the environment.
Another limitation was the reliability of the eye-tracking. Kapp et. al. [27] found the eye-tracking of the Hololens
2 comparable to other state-of-the-art mobile eye trackers, so the problems with registration are most likely not a
technical limitation of the device, but rather a limitation of the interaction.

Lastly, the simulation of the environment was not entirely realistic, as interaction with ingredients was not like in
the real world, where you would for example use a spatula to put patties on the grill. Application of our findings to
real-world tasks in an entirely physical environment may produce different results, which is something we want to

research in the future.

6 CONCLUSION

We evaluated three different techniques (Gaze, Touch and Voice) to interact with notifications and two display types
for multiple notifications (World and Hand). We found that while participants preferred having the notification list
attached to their Hand, the numbers did not show any improvements over the list in the World. For the interaction,
Touch was preferred, while also boasting higher usability and task completion time. Future directions may include

multimodal interaction techniques and the construction and evaluation of a physical task environment.
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6.2 Multimodal Notification Interaction

We then turned our attention to multi-modal interaction *.We repeated the previous experiment
but with different combinations of modalities. The interaction techniques we used are split into
two blocks: Indication and Confirmation. Bowman et al. [7] classify Indication and Confirmation
as two steps in a 3D manipulation task. The last step in their classification is Feedback, which is
provided in our system by visual and auditory confirmation of the selection. One modality is used
to indicate the notification the user wishes to interact with, whereas the other confirms the inter-
action, in our case the pressing of a button. The two modalities are used in complementarity [83],
meaning that they are processed individually but are merged for a single interaction, leading to

faster interaction. For this study, we chose the following techniques:

* Point and Pinch (PP): Users point at a notification button with a ray extending from their

wrist and activate it by pinching their index finger and thumb.

* Point and Speech (PS): Users point at the button with the same ray and say “Select” to
activate it. The keyword was chosen for being short, easily recognized by the system, and

easy to remember, aligning with prior multimodal interaction research.

* Gaze and Speech (GS): Users select the button by looking at it (causing it to highlight)
and say “Select” to activate it. This approach avoids the Midas touch problem by requiring

deliberate speech confirmation.

* Gaze and Pinch (GP): Users select a button by looking at it and activate it by pinching their

thumb and index finger.

* Touch: Since in our previous work, Touch interaction was found to be ideal, we have in-
cluded it for comparison to better understand the difference between uni- and multi-modal

interaction.

4© 2025 IEEE. Reprinted, with permission, from Lucas Plabst, Florian Niebling, Sebastian Oberdorfer, and Francisco
R. Ortega, “Order up! Multimodal Interaction Techniques for Notifications in Augmented Reality,” in the IEEE
Transactions on Visualization and Computer Graphics, pp. 1-10, 03-2025, pot: 10.1109/TVCG.2025.3549186.
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Speech, and Touch. The resulting interactions are Gaze and Pinch, Gaze and Speech, Point and Pinch, Point and Speech and Touch.
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Abstract—As augmented reality (AR) headsets become increasingly integrated into professional and social settings, a critical challenge
emerges: how can users effectively manage and interact with the frequent notifications they receive? With adults receiving nearly 200
notifications daily on their smartphones, which serve as primary computing devices for many, translating this interaction to AR systems
is paramount. Unlike traditional devices, AR systems augment the physical world, requiring interaction techniques that blend seamlessly
with real-world behaviors. This study explores the complexities of multimodal interaction with notifications in AR. We investigated user
preferences, usability, workload, and performance during a virtual cooking task, where participants managed customer orders while
interacting with notifications. Various interaction techniques were tested: Point and Pinch, Gaze and Pinch, Point and Voice, Gaze and
Voice, and Touch. Our findings reveal significant impacts on workload, performance, and usability based on the interaction method

used. We identify key issues in multimodal interaction and offer guidance for optimizing these techniques in AR environments.

Index Terms—augmented reality, multimodal interaction, eye gaze,

*

speech commands, notifications, gestures, 3D user interfaces

1 INTRODUCTION

Notifications are a unique aspect within user interfaces (UI), defined by
their dynamic and temporary nature [24]. Notifications possess a unique
state, capable of conveying critical information and presenting trivial
updates. Their significance stems from their real-time connection to
events, messages, or updates, rendering them inherently time-sensitive.
Yet, their temporary nature sets them apart, as they can quickly lose rele-
vance if the notification-producing event is no longer relevant. Whether
serving as ignorable reminders or vital alerts, notifications try to grab
the user’s attention. Unless they are ignored until they expire, most
notifications are interacted with [52], even if it is just a dismissal, as
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they do not provide relevant information at that time. Due to their inva-
sive nature, the sudden appearance of a notification and the subsequent
interaction with it could cause distraction or frustration. With a smart-
phone, ignoring a notification while the phone is not in use is as simple
as leaving the phone in your pocket until you want to attend it [26].
But what if the display is no longer in your pocket, but is instead worn
on your head? In a future where AR glasses could become our means
of interacting with the digital and the physical world, finding a way to
deal with these distractors is essential. AR can, for example, be a useful
tool in surgery [18]. So imagine a future surgeon operating on a patient
while wearing an AR head-mounted display (HMD). Patient alarms or
other time-sensitive alerts could be directly displayed in the headset
without the surgeon needing to turn away from the patient. However,
these alerts cannot be detrimental to the current task, and it is crucial
that the surgeon can interact with the notifications, such as acknowl-
edging a patient alarm, to ensure the information has been processed
and the situation addressed. Even simple urban navigation could be
impacted by poorly designed pop-ups, since it has been shown that noti-
fications are highly interruptive, even if ignored [65]. To systematically
explore the complexities of AR notifications and their impact on user
performance and experience, we first turned to a more general task: a
simulated cooking environment. This setting allowed us to control vari-
ables and observe the fundamental interactions between users and AR
notifications in a broadly applicable way, before extending insights to
more specialized and high-stakes scenarios. Our primary contributions
in this work are as follows:



‘We provide an analysis of various interaction modalities for AR
notifications, demonstrating how their combinations influence
user perception and performance.

Our findings show that compared to using each modality on its
own, integrating multiple interaction modalities yields superior
results.

We identify the ongoing challenges and limitations faced by mul-
timodal interactions in AR environments.

Based on our findings, we offer suggestions for designing future
AR systems that effectively leverage multimodal interactions.

2 RELATED WORK
2.1 Notifications in Mixed Reality

Notifications have been studied in desktop environments [14, 15] and
more recently in the smartphone field, given their ubiquitous use, with
an estimated 90% of American adults owning and using smartphones
daily [50]. Working adults receive an average of between 45 to 80 noti-
fications per day, with some groups like college students receiving over
400 [1, 60, 39]. Research by Pielot et al. [52] revealed that disabling
notifications for a day led to participants feeling less distracted and
more productive, though they also expressed concern about missing
important information and feeling disconnected from their social net-
works. With Mixed Reality (MR) anticipated to grow at a rate of 30%
annually until 2032 [10], and more companies releasing MR-HMDs, a
future where these headsets become our primary means of computing
is plausible. AR-HMDs have a great potential to become pervasive in
day-to-day life, as they do not isolate the user from their surroundings
and can supplement the real world with helpful information. In this
work, we refer to AR as seeing the real-world with virtual objects
superimposed onto or composited with, following Azuma et al. [6]. We
use MR as an umbrella term referring to a part of the Reality-Virtuality
Continuum [63], containing both AR and VR. Janaka et al. [26] have
demonstrated that messaging using an AR-HMD showed better multi-
tasking capabilities and faster response times than using a smartphone,
and suggest that even now the usage of an HMD as a supplemental
device to the phone can improve messaging during multitasking. Re-
search on notification modalities in VR by Ghosh et al. [19] and in AR
by Lazaro et al. [35] found that combining visual and auditory notifica-
tions improved preference and performance. Participants expressed not
only wanting to receive notifications but also to interact with them.
Another output modality that has been researched is the position of
notifications in AR. Plabst et al. [53] looked at notification placement
in AR and found a bottom-center position in the user’s field of view to
be optimal in general use cases, world placement in stationary tasks,
and body placement in tasks with a lot of digital content. Similar con-
clusions were reached in a study about VR notification placement [59],
as well as in an AR experiment about dual-task scenarios [13]. Imamov
et al. [23] also researched glanceable information in simulated AR
and found that a bottom-center position close to the primary task was
more comfortable and faster than other placements. It is however worth
noting that because of the inherent differences between AR and VR, it
is unclear how the results of VR experiments apply to AR. Rzayev et
al. [58] also showed the effect notification position in AR can have in a
social interaction setting. They found that most participants preferred
receiving notifications on an AR headset rather than a smartphone and
that the position affected the person wearing the headset and the person
not wearing the headset differently. Lee et al. [36] found that the posi-
tion of notifications in AR affected response time, as well as inversely
affecting walking speed, leading to the conclusion that the priority of
the notification content needs to be considered when deciding where
to place them. Another position for glanceable information in AR
was researched by Satkowski et al. [62] who found that the ceiling
or the floor of a physical space are well suited to display secondary
non-critical information in AR without being obtrusive. Looking more
at presentation as well as location, Lucero et al. [41] proposed a mini-
mal notification interface in AR that did not distract participants from
walking in public while still giving them updates. Notifications were

presented as butterflies moving across the field of view, that could
be opened and dismissed using swipe gestures on a finger-mounted
touchpad.

2.2 Augmented Reality Interaction

In their study on general interactions in AR, Wang et al. [66] explored
the fusion of various input modalities. They discovered that a combi-
nation of Gaze, Gesture, and Speech yielded the most efficient results,
although users preferred the combination of Gesture and Speech. Con-
versely, unimodal interactions using solely Gaze or Gestures generally
underperformed compared to the multimodal options. Lee et al. [38]
similarly investigated multimodal versus unimodal inputs in AR, noting
that while participants favored multimodal input over sole Speech or
Gaze, they did not demonstrate objective performance improvements
with it. For accessing generic information on an AR headset, Lu et
al. [40] devised a system enabling users to summon information like
weather updates or sports scores through either head movement or gaze.
They observed that users preferred and performed best with gaze-based
interactions.

Kosch et al. [31] evaluated three AR notification selection techniques
while cycling: gaze with a dwell time, gestures, and gaze for indication
with a physical button press for confirmation. They found that gaze with
dwell time resulted in the lowest error rates, but required more attention
and focus, whereas the gaze with button approach was preferred by
users and had the lowest task completion time. Also using a dedicated
input device for AR, Cai et al. [11] used a circular UI on an HMD that
was controlled with a ring mouse worn on the hand, which they called
ParaGlassMenu. In that experiment, Cai et al. compared this with more
linear displays, voice assistants, and a smartphone in a conversational
setting. They found that the ParaGlassMenu outperformed the other
interactions in performance as well as subjective measures. Plabst et
al. [54] investigated various display types for multiple notifications
in AR, along with unimodal interaction techniques. Their findings
indicated that Touch outperformed Voice or Gaze, and participants
favored having a notification list attached to their hand rather than in
the surrounding environment.

3 EXPERIMENTAL SETUP: KITCHEN ENVIRONMENT

In this work, we researched how we can interact with notifications
in AR using multimodal interaction. Especially because notifications
are usually short-lived, interaction needs to be quick, easy, and not
distracting. For this reason, we set out to answer two research questions:

RQ 1: Is the user’s perceived usability of notifications influenced by
the interaction technique?

RQ 2: Is the primary task performance influenced by the interaction
technique of notifications?

Usability has been defined by the International Organization for
Standardization (ISO) as “the extent to which a product can be used
by specified users to achieve specified goals with effectiveness, effi-
ciency, and satisfaction in a specified context of use” [25]. We built
upon the open-source research environment proposed by Raikwar et
al. [57] to conduct our experiment. While in the cooking environment,
participants engaged with various notifications using the Hololens 2,
an optical see-through (OST) AR-HMD. The OST design of the head-
set not only grants users real-time visibility of their hands and bodies
but also enhances depth perception, which distinguishes it from VR
headsets [29], while also being more accurate for indication and confir-
mation tasks [33]. In comparison with video see-through AR, OST was
found to have better text legibility [16] and better depth perception [2].
The HMD’s eye-tracking functionality demonstrated precision within
a 1.5° visual angle around the intended target, a finding by Kapp et
al. [30]. Hand-interactions, eye-tracking, and voice recognition were
implemented using the Mixed-Reality-Toolkit 2.8.3 [46]. Performance
logs show that the environment runs at a consistent 60 frames per
second, with infrequent drops to around 40.

3.1 Task

In this simulation environment, participants were tasked with fulfilling
customer food orders, representing different real-life situations. These
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Fig. 2: Virtual cooking environment displayed in a large room in Augmented Reality

scenarios can range from high-stress to low-stress environments, al-
lowing users to handle multiple tasks at once or focus on one thing at
a time, moving around or staying in one spot, depending on how the
kitchen was set up. Stress can be regulated by several factors, including
but not limited to the number of customers, the amount of ingredients
on meals, the waiting time for customers, or the time until food is burnt
and needs to be recooked. For our work the kitchen task is used as a
general use case that people could encounter in their daily life, trying
to perform multiple things at once with some time sensitivity. The
use of a virtual cooking environment in our study serves as a model
for understanding interaction techniques with AR notifications. This
environment mirrors several essential elements found in professional
settings, allowing us to draw broader conclusions while also exploring
specific nuances relevant to high-stakes scenarios. Both cooking and
professional environments involve complex task management, where
users juggle multiple tasks simultaneously, requiring attention to detail,
and prioritization. The cooking environment also demands real-time
decision-making, similar to professional settings. A cook must respond
promptly to a timer, much like a mechanic reacts to machinery changes.
This need for timely responses to notifications is common across differ-
ent contexts. The choice of a kitchen reflects the need for a versatile,
general-use scenario that is easy for participants to understand and en-
gage with, while still being representative of the cognitive and physical
challenges encountered in complex, time-sensitive work environments.

The kitchen (see Figure 2) was around 3 meters by 3 meters in size
and had four stations. Participants could use both hands to handle
food and ingredients and were instructed to grab the virtual objects just
like they would with physical ones. At the Customer Station, up to
three customers could order food. Each customer was represented by a
simple human avatar with slight movements. A red tray indicated where
the prepared food had to be served. When an order was accepted by the
user by interacting with a notification, a two-minute timer appeared,
showing how much time was left to finish. No direct interaction with
the avatars occurred. The Coffee Station had a coffee machine with a
pot. Users had to press a button to start the machine, and when enough
for a cup was made, a notification alerted the user. They could then
pour coffee into a cup, and a lid appeared when it was full, signaling
it was ready. The Pizza station and Burger station had ingredients
to assemble the meal and a cooking device. The patty or pizza dough
had to be cooked for at least 10 seconds to be done, upon which a
notification was sent. After 40 seconds, the food would burn and would
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not be accepted by the customers. Next to the Pizza station, participants
could find a trash can to discard incorrectly prepared food items. A
movable list was next to the trash can, where notifications would move
after being in the field of view for 8 seconds.

3.2 Notifications

Participants received several notifications throughout their task. Every
notification featured a title indicating its source, with the content of the
notification underneath. Next to this text was an icon corresponding
with the notification’s title for quicker information access [27]. We
limited notifications to task-related ones for privacy reasons, to control
the notification amount, and to ensure participants paid attention to
them, as they directly related to their task.

The notification text was set within the comfortable range for text
size [44], making it easy to read and allowing all notification texts to fit
inside the panel without cutting off the text or decreasing font size to fit.
Text was displayed with a white font and a dark gray background for
optimal readability in most situations [28], as the changing background
in AR environments can lead to contrast issues depending on color
choice. The moment a notification was delivered, a sound was played
to alert the user of its presence, as this leads to better recognition
and performance [35], and ensures that attention is drawn towards
the notifications, so that missing notifications is unlikely. Based on
previous findings [53, 37, 13], the notifications were positioned in
the bottom center of the device’s field of view. This position was
found to be ideal as it does not distract the user from their task too
much while still being noticeable, while also allowing the user to move
around without losing sight of the notification. Notifications were
placed at a distance of 75 - 90 cm, keeping them within the acceptable
range recommended in the development guidelines for the headset [44].
‘We chose this distance because placing the notifications closer than
75cm could increase eye-fatigue due to the vergence-accommodation
conflict [32], whereas placing them too far away would make touch
interaction impossible, and could introduce text legibility issues.

Notifications had a blue button on the right side that was used for
interaction. Interacting with the button caused an action, depending
on whether it was an order or food notification. Looking at user expe-
rience design patterns [4, 3], they describe two types of notifications:
actionable notifications, which the user has to react to, or informational
notifications, whose purpose is to relay information to the user. The
main difference between the two types is the expectation of interac-
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Fig. 4: A notification for a pizza order.

tion. Whereas informational notifications do not require a response,
actionable notifications at least expect to be attended. For example, a
notification informing a user about today’s weather does not expect a
response, whereas a notification about an incoming phone call or direct
message does expect a response. Since users deal with notifications
differently depending on their context [52], it was important to not only
have a single type of notification in this experiment. The system we
used deploys two types of notifications: order notifications and food
notifications.

Order notifications: An order notification was sent for each new
customer. This notification had to be interacted with to see what the or-
der was, therefore making it an actionable notification. Upon accepting
the order, the notification content would change to show the customer’s
order (see Figure 4). This would also start a visible two-minute count-
down, showing the time remaining to prepare the food, after which the
customer. When the meal was placed on the tray before the customer,
the notification had to be interacted with again to confirm the order. If
the ingredients matched, a “success” tone would play and the notifica-
tion would display “correct order” before disappearing. If the food was
incorrectly prepared, a “failure” tone would play and the notification
would display “incorrect order”. Activating the button again would
cause the “incorrect order” text to disappear and the notification would
display the ingredients for the food ordered again.

Food notifications: Every station produced notifications when the
desired cooking state was reached. Activating the button dismissed
the notifications, making them informational notifications since no
direct action was required by the user as a result of the notification, and
their purpose was strictly to convey information. Interaction with this
notification was not necessary for completing the task, but it could be
dismissed for better organization.

3.3

Plabst et al. [54] researched notification interaction. However, their
work is limited by the fact that they only looked at unimodal interaction
techniques. In our work, we wanted to research multimodal interaction
for notifications, as they might offer more flexibility and performance
improvements, as well as being preferred by users over unimodal in-
teraction techniques [61, 12]. In the work by Plabst et al. [54], touch
interaction was unilaterally found to be the optimal technique, so we
used it as a control condition to compare against multimodal interaction
techniques (see Figure 3). They found several problems with Gaze and
Voice, such as participants’ frustration with the artificial slow-down
in Gaze interaction due to the dwell-time, or issues with selecting the
correct notification in Voice interaction. Our multimodal approach
has the potential to address these issues by allowing users to combine
complementary input methods, eliminating the need for dwell-time or
labels for specific voice commands.

The interaction techniques we used are split into two blocks: Indi-
cation and Confirmation. Bowman et al. [9] classify Indication and
Confirmation as two steps in a 3D manipulation task. The last step in
their classification is Feedback, which is provided in our system by
visual and auditory confirmation of the selection. One modality is used
to indicate the notification the user wishes to interact with, whereas
the other confirms the interaction, in our case the pressing of a but-
ton. The two modalities are used complementarity [42], meaning that
they are processed individually but are merged for a single interaction,
leading to faster interaction. We found that the use of hands, eyes, and
voice are all extensively studied techniques for MR devices [49]. These
modalities are also commonly found and used in state-of-the-art MR

Interaction Techniques
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headsets like the Hololens 2, Meta Quest Pro, or Apple Vision Pro. For
this study, we therefore chose the following techniques:

Point and Pinch (PP): When pointing at something in the envi-
ronment, a ray appears extending from the wrist of the user’s hand.
Notifications could be interacted with by pointing at the button and then
pinching the index finger and thumb together. Correctly pointing at the
button caused it to be highlighted, confirming the target. Notifications
using the pointing interaction were placed at a distance of 90 cm instead
of 75 cm like the others, as the shorter distance would require the arm
to be held in an uncomfortable position. This technique is used as the
primary means of interaction by the Hololens 2 [45], as well as the
Meta Horizon OS (Meta Quest) [43].

Point and Speech (PS): Utilizing the same ray, participants could
point at the notification button and say the command "Select" out
loud while still pointing. Through informal piloting and based on
previous literature showing a preference for short voice commands in
multimodal interaction [48], we chose this keyword, as it was short,
easily recognizable by the Hololens voice recognition, and easy for the
participants to remember. This interaction technique, introduced by
Bolt et al [8], has since been used extensively in 3D environments.

Gaze and Speech (GS): Subjects could use the device’s eye-tracking
capabilities to select the button by looking at it, causing it to turn gray
to reflect the state of being looked at. They could then say the "Select"
keyword to activate the button. Using any confirming action with
Gaze also alleviates the Midas touch problem, where systems cannot
differentiate between basic eye functions like looking from deliberate
interaction.

Gaze and Pinch (GP): Like GS, the button could be highlighted
by looking at it and then activated by pinching the thumb and index
finger together on one hand without needing to point using the hands.
This interaction technique is also used as the primary interaction with
headsets like the recently released Apple Vision Pro [5].

Touch: Each notification button was selected and subsequently
activated by pressing it with the index finger of either hand. Pushing
the button was animated to give the user the appropriate feedback since
mid-air touches cannot provide haptic feedback.

As participants needed to grab objects in the environment using
their hands, there was a potential mismatch between modalities in
the main task and the interaction with the notifications. Our task is a
simulation of a real-world task that requires the use of hands, and in
the real world, the only interaction with digital content would be the
notifications. Also, switching modalities between the UI and the main
task is a common practice in 3D applications like video games, where
the game’s controls and the UI’s controls often differ [55, 56]. For
example, a VR video game might use the controllers as virtual hands
to interact with the environment but use a ray for UI interaction.

4 EXPERIMENT

We used a within-subjects design with one independent variable: in-
teraction technique (GS, GP, PP, PS, and Touch), yielding five total
conditions. Latin-square counterbalancing was applied to set the order
of conditions. Overall, 30 participants were recruited from a university
campus; however, due to technical issues three of them did not com-
plete the experiment. We analyzed data of the remaining 27 participants
(17 male, 9 female, 1 gender-fluid) aged between 19 and 34 (M = 24.4,
SD =3.7). They were given a $30 US-dollar equivalent gift card as
compensation in local currency. All participants self-reported normal
or corrected to normal vision and English proficiency. Only two par-
ticipants reported using a Hololens 2 (or any OST HMD) before. The
experiment was carried out under the supervision of the Institutional
Review Board (IRB) of Colorado State University.

4.1

The experiment occurred in a spacious lecture room, approximately
~10x6 meters in size. Blinds were lowered to minimize sun-blinding,
and lights were turned on to ensure consistent lighting for all partici-
pants. The cooking environment was positioned in the room, with a
marker for consistent placement among participants. To ensure consis-

Procedure
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tency for comparison, we replicated the procedure used by Plabst et
al. [54].

Upon arrival, participants filled out a demographics questionnaire
and gave their informed consent after reading the consent form. They
were then instructed on how to use and wear the Hololens 2. After
calibration for their eyes, ensuring correct display placement, and eye-
tracking setup, participants entered the virtual cooking environment.
Here, they underwent a tutorial explaining system functions, followed
by a training segment covering all possible notification interactions.
This made sure that the systems worked with the participant, and that
the participant understood the interactions. Subsequently, participants
engaged in a task where they prepared various food items and served
customers at their own pace. Once they felt ready, they informed the
experimenter to start the experiment. Participants had to fulfill six
orders per trial, each comprising a single food type with randomized
ingredients for burgers and pizzas. They had to prepare each food type
twice in a random sequence. Upon completing all orders or letting
them expire, participants were prompted to fill out questionnaires on a
tablet. This process repeated for all five conditions before participants
could remove the headset and complete the post-questionnaire.

4.2 Measures

When an experiment trial was completed, the participants were asked to
fill out questionnaires about their experience with the notifications. A
Raw NASA-Task-Load-Index (TLX) questionnaire [22, 21] was used
to understand the perceived task load. Besides this, we deployed the
System Usability Scale (SUS) questionnaire [20] to understand the sys-
tem’s overall usability. When all trials finished, participants were asked
to rank the interaction techniques according to their usage preference
and explain their ranking. For performance measurements, the device
logged and measured the following metrics during the experiment: For
general task performance, we measured the total time per trial and
the time needed per customer. To understand the accuracy of task
completion, we measured the amount of incorrect orders and expired
orders. Time until an order notification was accepted was measured
to understand the multitasking performance.

5 RESULTS

For all measures, we calculated a repeated-measures ANOVA for the
independent variable interaction technique and conducted post-hoc
analysis by running Tukey pairwise tests. Almost all measures met
assumptions for ANOVA and were tested using Levenes tests (homo-
geneity of variance) and Shapiro-Wilk tests (normal distribution). Time
until order was accepted was found to be not normally distributed, so
we used a Kruskal-Wallis Test for main effect and Wilcoxon rank sum
tests for pairwise comparisons. Overall, we found participants preferred
using Gaze and Speech (GS) less than the other techniques, significant
differences in physical workload as well as usability, significant dif-
ferences in trial time, and that Touch performed better than Point and
Speech (PP) in the time it took to start an order.

5.1 Subjective Measures

Task-Load-Index: We found no significant effect on the overall
TLX score (F(4,104) = 1.964, p = 0.122). Looking at the individ-
ual subscales, we found a significant effect on the physical demand
(F(4,104) =3.082, p = 0.019). In the post-hoc analysis, we found no
significant differences between individual groups. We found no sig-
nificant differences for mental demand (F (4,104) = 2.343, p = 0.06),
frustration (F (4,104) = 2.364, p = 0.058), effort (F(4,104) = 1.361,
p = 0.253), and performance (F (4,104) = 1.488, p = 0.211).

System Usability Scale: We found a significant effect on the SUS
score (F(4,104) = 5.643, p < 0.001). When conducting post-hoc
analysis, we found no significant differences between individual groups.
When analyzing the SUS, a value of 68 would place a score into the
50th percentile, with any value above being considered good usability.
Looking at the mean values in Figure 2 shows us that only Touch falls
into this range of good.

Preference Ranking: We assigned points for each rank using the
Borda-Count method [17]. If a technique was ranked as the most
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Table 1: TLX Scores with subscales (0-100), SUS Scores, and Preference Rankings (values are Mean, SD, Median).
Condition TLX Score Phys. Demand Frustration Ment. Demand SUS Score Pref. Rank
Mean SD Med. |Mean SD Med.|Mean SD Med.|Mean SD Med.|Mean SD Med.|Mean SD Med.
GP 43.09 23.93 45.0 4148 31.16 40 |38.52 2821 35 |42.59 28.02 40.0| 634 19.0 67.5| 3.15 1.35 3.0
GS 41.67 23.01 45.0 |37.22 27.29 30 |3296 2547 30 |41.30 27.82 40.0| 59.9 21.7 65.0| 2.00 1.36 2.0
PP 4198 21.70 45.0 | 4593 24.65 55 |32.22 29.59 25 |4444 2494 45.0| 653 21.2 70.0| 341 1.28 3.0
PS 47.13 24.76 50.0 |46.11 28.77 60 |45.19 31.55 40 |48.33 2787 50.0| 58.6 22.0 55.0| 3.11 1.34 3.0
Touch 37.65 20.25 41.6|37.04 25.13 35 |29.44 2573 20 |37.22 24.03 35.0| 72.8 204 72.5| 333 1.39 3.0

preferable, it received 5 points, whereas the least preferable ranking
was 1 point. We found a significant effect of interaction technique on
the preference ranking score (F(4,104) = 3.924, p = 0.005). When
conducting post-hoc analysis for pairwise comparisons, we found sig-
nificant differences between GS (M = 2.00, SD = 1.36) and Touch (M
=3.33,SD =1.39) p=0.003, GP (M = 3.15, SD = 1.35) p = 0.018,
PP (M =3.41,SD=1.28) p=0.002, and PS (M =3.11,SD =1.34) p
=0.024.

5.2 Performance

Trial Time: We found a significant effect on the time per trial
(F(4,104) = 3.617, p = 0.008). In the post-hoc analysis, we found no
significant differences between individual groups.

Time until order accepted: This measurement was started when
the notification was initially sent and stopped when the participant
acknowledged the order. We found a significant effect on the time until
the order was accepted (Chi square = 14.457, p = 0.006, df = 4). In the
post-hoc analysis, we found significant differences between Touch (M
=35.40, SD = 27.20) and PP (M = 63.46, SD = 41.96) p = 0.036 and
GS (M =627, 5D =36.9) p=0.011.

Time per customer: The time per customer began to be measured
when the participant accepted the order. We found no significant effect
on the time spent per customer (F (4,104) = 0.602, p = 0.662).

Incorrect Orders: We found a significant effect on the wrong order
number (F(2.28,59.18) = 5.575, p = 0.004). In the post-hoc analysis,
we found significant differences between GP (M = 3.15, SD = 3.58)
and Touch (M =0.81, SD =0.92) p=0.01, GS (M =0.85, SD = 1.13)
p=0.012,and PS (M =0.81, SD =1.52) p=0.01.

Expired Orders: We found no significant effect on the number of
expired orders (F(4,104) = 0.673, p = 0.612).

5.3 Preference Responses

Participants were asked to explain their preference ranking. These
interview responses were then collected into an Affinity-Diagram [7],
where key points were identified from the responses.

Generally, participants had problems with the reliability of some
modalities. Starting with eye-tracking, participants found it to be
sometimes unreliable and expressed that it took the system too long
to recognize that they were looking at the target. P1 said "I did not
find the eye tracking as easy to use because often the headset didn’t
recognize that I was looking at the button," with P13 expressing that
"eye-tracking is also hard as it needed time and was hard on my eyes to
wait until the system recognizes me."

Participants uttered the same issues about the voice recognition, as
they felt that the system did not understand them consistently, with
P16 saying, “Sometimes the speech recognition did not recognize my
command well, and it made the cooking experiment a bit frustrating.”
In addition to the unreliable detection, participants were sometimes
frustrated by needing to keep saying the keyword repeatedly, which
was amplified by needing to repeat a word when it was not recognized.
P1 said that they “also didn’t like the voice commands that much,
because it seemed kind of annoying to have to repeat the word ” with
P13 adding that “Voice command made me self aware.” Most of the
negative comments surrounding voice have to do directly with the
system not understanding them well enough. However, this did not
affect all users, as PS did not score lower on the preference rankings,
with P7 stating that they “felt like they had the most control” when
using PS. This highlights that detection accuracy is a key issue holding
back speech interaction.

Lastly, reliability was also a common theme in the pinching (PP and
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Table 2: Performance Results (values are Mean, SD, Median).

Condition Tr ial time Time until order Time per Expired orders | Incorrect orders
in seconds was accepted (s) customer (s)

Mean SD Med. |Mean SD Med. |[Mean SD Med. |[Mean SD Med. |Mean SD Med.
GP 3185 983 303.93| 48.0 33.8 40.46| 66.1 9.2 61.58| 1.63 178 1 315 358 2
GS 346.7 123.8 327.51| 62.7 36.9 55.20| 684 16.0 64.72| 1.25 1.51 1 085 1.13 ®
PP 3327 108.7 313.34| 63.5 42.0 52.19| 63.1 13.7 60.56| 1.15 1.26 1 1.74 401 1
PS 338.3 109.4 296.57| 62.8 414 50.80| 69.5 23.1 62.89| 1.26 1.81 © 081 1.52 ®
Touch 273.0 85.6 254.17| 354 272 30.83| 66.5 17.1 63.21| 1.1l 1.57 ® 081 092 1

GP) conditions, as participants had issues getting the headset to detect
the pinching gesture reliably. P27 attributed this to the headset’s small
detection field, saying, “The pinch felt inconsistent because I really
had to make sure my hand was in front of me,” and P5 said that it was
“always hard to register the pinch.” The registration of the gesture seems
to be a trade-off between accuracy and false positives. In their study
evaluating Gaze and Pinch interaction, Pfeuffer et al. [51] observed
many issues with the system falsely registering small hand movements
as a pinch and suggest a more explicit pinch gesture like the one the
Hololens uses. However as we saw in our experiment, if the gesture
is too explicit, the user frustration is still there, as instead of being too
easy to perform, the gesture is now too hard to perform.

We can now also identify an inherent problem of the multimodal
interaction techniques used in this experiment: the latency between
indication and confirmation. Since both recognition systems take time
to register, the interaction relies on both systems registering simultane-
ously so as not to cause a mismatch. If there are underlying delays or
reliability issues with both indication and confirmation, the resulting
interaction can cause frustration. This highlights that even if the inter-
action itself is well-liked and appropriate, a perceived lack of reliability
can dramatically decrease the user’s experience with the system.

Point and Pinch (PP): Participants felt that PP was effective overall
but that it was sometimes hard for them to get the action correct, “as
there are some chances of pointing something else while pinching”
(P9).

Point and Speech (PS): Participants mentioned that while they
found PS convenient to use, they also thought it was uncomfortable and
“annoying, with the disadvantage of having to talk and physically point”
(P10).

Gaze and Pinch (GP): Using GP, participants stated that they felt
there was a disconnect between the indication and confirmation, as “it
felt very unnatural to look at the option and select it with my hand”
(P15) and “I needed to concentrate on both while managing both, it felt
a little bit difficult” (P23).

Gaze and Speech (GS): Comments about GS mostly focused on
the difficulty of maintaining one’s gaze on the target while saying the
keyword. P9 stated: “Eye tracking and voice command [are] very
difficult for me because while talking my eye pointing changes and it
makes me concentrate more on the selection”, with P26 echoing the
complaint: “I found it difficult to look in the specific spot for the button
while telling it to select.”

Touch: Over half of the participants directly expressed liking Touch,
as they felt it was the most intuitive and easy interaction method. P14
said that “We touch things in real life, so it is the most interactive
and realistic.” However, some participants had problems pressing the
button when it popped up initially: “Touch didn’t work well for me.
Sometimes it seemed that buttons were too far” (P2), or when they
wanted to interact with the notifications and the list was not within
reach: “Touch is easiest to use but when there is a list it is difficult to
reach it” (P13).

6 DiIscussION

Comparing our findings to the results of Plabst et al. [54], we can
see that multimodal interaction techniques mostly close the gap to the
unimodal “winner,” Touch, when compared to unimodal interaction
techniques. In their study [54], touch was rated significantly higher in
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preference than the unimodal techniques, while also performing better
and being rated higher in usability. In our study, however, Touch was
not rated significantly higher than the multimodal interactions in pref-
erence, nor did it have higher ratings or performance benefits besides
outperforming PP and GS in order of acceptance times. A challenge we
and our participants encountered with touch interaction is the balance re-
quired in positioning user interface elements. If placed too close, users
may experience discomfort, partly due to the vergence-accommodation
conflict, which remains a concern in MR devices [32]. Given that the
Hololens’ focal distance is approximately two meters [44], only distant
content is unaffected by this issue. While positioning elements farther
away could enhance comfort and mitigate the conflict’s impact, it would
render direct touch interaction impossible. Mentioning input legacy
bias is also still important [34, 67]. Touch interaction is a natural part
of human behavior, spanning both physical and digital environments.
From how we communicate and connect with others through physical
touch to how we interact with touchscreen devices, it’s a fundamen-
tal aspect of our daily lives. Whether shaking hands or swiping on a
smartphone, touch plays a central role in our experiences, making this
interaction more intuitive and efficient. While the task in the exper-
iment was performed using hands, most general daily activities also
require the use of hands, making this a well-suited metaphor for daily
activities. The other techniques we investigated in this experiment are
novel and not commonly found or used in other computing tasks. This
is highlighted by P1: “My favorite options were just the standard touch
or point and pinch, probably because that is more like what I'm used
to doing in real life and in my past experiences with VR/AR systems.”
Exposing subjects to these multi-modal interaction techniques for a
longer time might enhance the user’s abilities with them.

To answer RQ1 (“Is the user’s perceived usability of notifications
influenced by the interaction technique?”), our findings show that GS
was rated as being significantly less preferable than the others. We also
found effects on SUS and physical workload overall but were not able
to find any differences between individual groups. When explaining
their rankings, participants often didn’t directly refer to the multimodal
technique but rather to the individual modalities. More often than not,
they directly mentioned issues with the overall modalities, causing
them to rank techniques containing that modality as less preferable.
Participants frequently encountered challenges in coordinating two
modalities. They reported looking or pointing away before complet-
ing actions like pinching or speaking, resulting in misalignment. This
underscores a challenge in multimodal systems, where latency or recog-
nition errors can significantly impact interaction quality, leading to
frustration and errors. Despite utilizing state-of-the-art eye tracking in
the Hololens 2 [30] in well-controlled environments, reliability issues
persisted, indicating potential challenges in real-world scenarios with
less-than-ideal conditions. Prioritizing the reliability of recognition is
essential in designing effective interactions. Implementing mechanisms
like predicting the selected target based on dwell or pointing time be-
fore executing a manipulation command, or smoothing out pointing
movements, may help alleviate these challenges, but further research is
needed into optimizing complimentary modalities.

Lastly, while both hands could be used in the experiment, the task
could be completed entirely with one hand only. Entirely hands-free
interaction like GS could be more appropriate in situations where both
hands are busy constantly and might also influence the preference



rating of this specific interaction, as participants always had a hand-
free to interact with. However, tasks requiring both hands could also
demand the user’s full attention, locking their gaze onto the task and
necessitating a break in focus to interact, making the benefits of hands-
free interaction less clear. Since the preference rating did not differ
greatly besides this significantly lower preference for GS, allowing the
user to choose their preferred interaction is something we recommend.

Answering RQ2 ("Is the primary task performance influenced by the
interaction technique of notifications?"), we can see that the number of
incorrect orders, representing the accuracy of the task completion, was
significantly higher with GP than with GS, PS, and Touch. The higher
number can either be attributed to the wrong execution of the food order
or a misinput if there was no food on the tray, where the user wanted
to choose a different notification or none at all but still confirmed the
completion of an order. This means that in more general multitasking
scenarios, the GP method is either a more unreliable interaction method,
or it distracts the user enough to cause a negative performance impact
on whatever they are doing primarily. We also found that the time
until an order was accepted was lower with Touch than with PP and to
an extent PS and GS, telling us that users using Touch were quicker
to accept orders, either because they were multitasking more than in
the other conditions, or because the general interaction was quicker.
Participants using touch interaction were also 46 seconds faster than the
2nd fastest (GP, 318.5s) and 73 seconds than the slowest (GS, 346.7s)
in overall trial time (Mean 320s), which supports this reasoning.

6.1 Design Implications

Based on our findings we want to give some design considerations for
multimodal notification interactions in AR:

 Prioritize touch interaction for tasks requiring speed and effi-
ciency, while allowing user customization of distance and size of
UI elements.

* Give the user options to choose their preferred interaction tech-
nique while giving them a quick way to switch depending on
context.

* Focus on reliability of individual modalities as well as the fusion
of multiple to minimize errors.

.

Provide safeguards to ensure successful action completion, such
as briefly maintaining the indication of a target.

6.2 Limitations & Future Work

As participants expressed issues with the reliability of some of the inter-
actions, a limitation of this experiment is, consequently, the systems we
used. Even though we and probably many other developers used imple-
mentations provided by the manufacturer that were optimized for the
device, results may still be impacted by the limitations of current AR
systems. For instance, the HoloLens 2’s limited camera angle may have
impacted hand-tracking accuracy and required exaggerated hand move-
ments. Although these device-specific constraints may have influenced
the perceived reliability of some techniques vs. others, the TLX-score
and the frustration sub-scale did not indicate differences between tech-
niques. The observed trade-offs in multimodal interaction still show
important usability considerations, which we have highlighted in our
implications. For a satisfactory experience with multimodal interaction,
latency must be minimized and perceived reliability prioritized. Future
research on devices with improved capabilities could help isolate the
impact of hardware limitations and validate the generalizability of these
results.

Another limitation of our task was that notifications had only one
action that the user could trigger. In operating systems like Windows
or Android, which run on over 70% of all electronic devices connected
to the internet [64], notifications have at minimum two interactions
depending on program and version: One to dismiss the notification and
one to open the corresponding program. However, our notifications only
had one action, the dismissal or in case of the order-notifications (which
could not be dismissed), the completion of the order. Future work
should therefore look at notification interaction with more complex

actions like quick-replies or image previews, which would increase the
number of interaction targets on each notification. Having more targets
could lead to differences in interaction technique performance.

Another possible future direction is to conduct an experiment where
uni- and multimodal notification interaction techniques can be used at
the same time, to get a better understanding of the context in which
each interaction technique is used, since users might not want to always
interact multimodally all the time [47]. Another future direction is to
look at notification problems in-the-wild.

7 CONCLUSION

We explored different interaction techniques (four multi-modal: Gaze
and Speech, Gaze and Pinch, Point and Pinch, and Point and Speech;
one uni-modal: Touch) to interact with notifications in a virtual cooking
environment. Our findings show that participants did not like using
Gaze and Speech, but had no clear preferences between the other inter-
actions. We also found differences in usability and physical demand,
as well as worse task accuracy with the Gaze and Pinch method com-
pared to the other techniques. Based on our findings, we recommend
supporting multiple multimodal interaction techniques or allowing the
user to choose their preferred interaction if the situation allows it.
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Chapter 7

""In-the-wild"' Notifications on smartglasses

7.1 Introduction

In addition to the control studies performed in the previous part of the dissertation (see Chapters
5 & 6), it was important to my work to understand what users perceived if they wore smart glasses
for a longer period of time. This is critical because most notifications users receive are messages
or notifications from social media websites [18]. This makes notifications something inherently
personal since they directly relate to the user. Pielot and Rello [28] showed that not receiving
notifications made participants anxious that they would miss important updates, showing that one
of the essential factors behind notifications is that they relate to the user personally. This relation
is very difficult to replicate in a lab environment, as their controlled nature makes it challenging
to send personal notifications to the participants that could be important to them at that exact
moment. The context of the current task also plays an essential part in notification delivery. In
our experiments, participants always pursued a specific controlled task, during which they would
receive notifications. However, in their daily lives, notifications are delivered throughout the day,
with possibly dozens of different usage scenarios. Also, in laboratory settings, the exposure to
the stimulus is limited, as most experiments last only up to an hour or two. To gain a better
understanding of notifications on smartglasses, we conducted an “in-the-wild” experiment [68],
where participants used a pair of smartglasses for five days in their daily life while receiving visual
notifications on it. To the best of our knowledge, this work is the first time real notifications on

smartglasses have been evaluated, especially over a longer period.

7.2 Related Work

In this dissertation, we have presented previous research on notifications on XR devices (see

chapter 4). However, that work largely focuses on exploring different Ul methods to create no-
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Figure 7.1: A mock-up of what the notification display of the smartglasses looks like from the point of view
of someone wearing the glasses.

tifications, and not on the subjective experience of receiving notifications on head-worn displays.
Smartglasses like the glasses used in this experiment are not yet commonplace. This means we
run into the Collingridge dilemma [84]. The dilemma states that when a technology is not yet
widespread, it is easy to control. However, its impact on society cannot be predicted. When a
technology is widespread, we know its impact, but we can no longer easily control it. So before
smartglasses become ubiquitous, it is important to research their impact, even on a small scale.
Hofmann et al. [85] identify privacy issues as a major concern people have about these devices
in their meta-analysis of applicable literature surrounding smartglasses. Most of these concerns
relate to the perceived intrusion of privacy because of cameras mounted on the glasses. With more
recent devices like the Meta Ray Ban smartglasses [86] that are almost indistinguishable from
normal glasses, these privacy concerns could be amplified since onlookers might not even be aware

that the glasses are a piece of technology that could potentially record them [87]. Rauschnabel et
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al. [88] confirm this in a survey about technology adoption, which found that while all the benefits
of smartglasses drive the decision to buy a device like this, the only downside driving the purchase
decision is the risk to the privacy of others. In a second experiment consisting of unstructured
interviews, they found that participants weren’t concerned with their own privacy as much since
they felt they had nothing worth hiding in case of unauthorized access or because a breach of their
own privacy would not be as immediate as an onlooker being uncomfortable around smartglasses.
They also found that many respondents reported that they accepted living in a world where privacy
doesn’t exist anymore.

While Rauschnabel et al. [88] findings were on a hypothetical level only, they are supported by
McNaney et al. [89] that have conducted five-day field trials, where four patients with Parkinson’s
disease were asked to wear a pair of Google Glass smartglasses [43] at home and in public to aid
with their disease. Three out of four participants reported feeling uncomfortable because of the
attention they received from wearing the glasses. Besides concerns with this attention, there were
some concerns about the reliability of the interaction with the device, but opinions about it were
otherwise largely positive. This indicates that concerns were mostly not centered around the user
but about the onlookers. Besides this work, there are hardly any studies on longer exposure to XR.
Grubert et al. [90] investigated the use of AR in an industrial task, where subjects were exposed
to smartglasses for four hours, while completing a search and pick task. The task was completed
twice, split across two days, with participants using either AR or no AR on the first or second day.
Participants using AR performed significantly better in the task, but half of the participants reported
to have experienced visual fatigue. This experiment, however, was also conducted in a laboratory
using students and professionals who were not trained in their everyday routine. Looking at VR
exposure, Steinicke et al. [91] exposed one HCI researcher to an immersive virtual environment
for 24 hours, with 10-minute breaks after 2 hours of exposure. They found significant issues with
simulator sickness and eye strain because of the lower resolution of the device. In a similar but
broader study, Biener et al. [92] gave VR headsets to their participants, with a virtual work environ-

ment that would resemble a normal desktop environment. They were asked to complete a five-day,

95



= 1438

P —
’[ Yam a long notification. 1 = 1437
orem ipsum dolor sit amet, consectetur .
‘ adipiscing elit. Etiam iaculls metus a¢ e | & Iamashort notification.

hendrerit eleifend. Sed convallis ut sem - -
at ladinia. Maecenas vestibuly 8 Lorem ipsum dolor sit amet, consect

fone el u‘d.'.:u'" 7 adipiscing et Etlam iaculsmetisas
fuctus. Orci va.aismm.:‘ | hendrerit eleifend.
magnis dis parturient montes, nascetur
ridiculus mus. Pellentesque ,
massa at eleifend consequat, mauriseli..

A long text notification on the smartglasses. A short text notification on the smartglasses.

Figure 7.2: Notifications displayed on the glasses. Please note that capturing this view with a camera is
challenging and not entirely representative. The right side of the view is slightly cut off in this capture.

eight-hour workweek in this VR environment instead of their usual desks with monitors. They then
compared results between the participants who received headsets and participants who continued
to work in a physical environment. They found that the use of VR led to severe simulator sickness
symptoms and below-average usability ratings compared to the almost identical but physical work

environment. Two of their 16 participants had to drop out because of severe nausea and migraine.

7.3 Methods

We conducted an experiment where participants received Vuzix Z100 [93] smartglasses in-
cluding a heads-up-display for a period of five days, to better understand the experience with real
notifications appearing in the FOV, for more time than what is possible in a controlled experiment.
The glasses paired with the participants’ phone and display any notifications received on the paired
phone. They have a monochromatic green display in the center of the right lens with a 640 by 480
resolution and a FOV of 30 degrees. Over the course of five days, participants were asked to wear

the glasses for at least one hour before noon and one hour before the evening. While the glasses
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are also available in a tinted version, we provided participants with the non-tinted version, which
we paired with an optional sunglasses clip, that could be mounted on the glasses for use in bright
settings. We validated this to work beforehand. Participants also installed an open-source research
app on their phones that logs their notifications [94] without any of its content. We modified the
code to indicate whether the glasses were currently being worn when the notification was sent, to
understand the frequency of notifications in general and on the glasses. Every day at noon and in
the evening, participants were asked to write a note about their usage of the device. At the end
of the five-day period, participants were asked about their experience with the glasses in a semi-
structured interview. Each interview included all the following questions, with more questions

depending on their responses:
* How would you rate the experience overall?
* Can you tell me a bit about your typical day?

* Can you describe a situation where the glasses helped you achieve a goal, and what made it

effective?

* What was your first impression when you started using the glasses, and how has that changed

over time?

* In what kind of situations did you decide to take off the glasses?

Did the glasses make you change your thoughts on your phone notifications?

The notes and interviews are then reviewed using thematic analysis [95], where the data is first
coded and then grouped into themes to extract the main points and common meanings that re-
cur throughout the data. Coding was done using affinity mapping [96]-[99] (see Appendix B).
Interview transcripts have been made using the Distil-large model [100] running locally on the au-
thor’s machine. Transcripts were then double-checked for mistakes and cleaned for easier analysis.
Cleaning involved removing duplicate words and filler words such as “umm” or “like”. In the no-

tification logs, notifications are filtered not to include hidden system notifications or notifications
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Table 7.1: Notification average per day

Day Notifications average | Notifications average with smartglasses
Monday 63 50
Tuesday 185 127
Wednesday 180 87
Thursday 177 106
Friday 191 126
Total 159 99

from media playback. The category of notifications depends on the category the app’s creator gave
it. Not all apps producing notifications have included a category; therefore, some notifications will
be categorized as “NA”. We have also cleaned the log from duplicates if multiple notifications were
logged by the same app in the same second. Since the notification logging app would only work
with Android, participants had to own and use a smartphone running Android OS 12 or newer. It
has been found that there are no significant differences in personality depending on mobile oper-
ating system choice (Android or iOS) [101] and both platforms handle notifications in generally

similar ways, so this population constraint should not restrict our results.

7.4 Results

For the experiment, we recruited eight participants aged from 22 to 29 years old (M = 26.8,
SD = 2.3), with four males, three females, and one declining to answer. No other genders were
reported. Vision was either normal (20-20) or corrected to normal with contact lenses during the
experiment (two participants). Participants were asked to turn off their smartwatch notifications
if they had one. Only two participants reported using a smartwatch, which is in line with the age

demographic of smartwatch ownership [102].

7.4.1 Notification Logs

One of the participants encountered issues with the notification logging app, so their data has
been excluded from the quantitative analysis, leaving 7 participants’ log files. Overall, after no-

tifications were filtered, 5863 notifications were logged. We found that our participants received
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Table 7.2: Categories of notifications

Category | Number total | Smartglasses Number
Message 2820 1831
Other 1566 989
Email 624 378
Social 389 195

an average of 159 notifications daily, with an average of 99 received while the glasses were con-
nected and turned on daily. Looking at the categories of notifications, we see that our results align
closely with similar work, with messages (51.1%) and emails (10%) being the two most frequent
notification categories. Several applications did not provide a category, so we cannot be sure what
category the notifications were in. As for the phone settings, we saw that 46% were received with
the phone on silent, 11% on vibrate, and 43% with sound. With the smartglasses connected, the
numbers change slightly to 48% silent, 11% vibrate, and 41% sound. Looking at this setting on a
per-user basis, we see that users largely did not change their ringer mode, and most notifications

were delivered in one setting throughout the experiment.

7.5 Interviews & Note Results

Our interviews and the journal notes the participants sent were combined in an affinity diagram
with 406 notes. These notes were clustered into more minor themes, and then those clusters were
again clustered into seven larger topics, which we will summarize in the following. Asked to
give a rating from 1 to 10, with one being the worst and ten being the best, participants rated the

smartglasses a 6.3 on average.

7.5.1 Approach for Notifications on Smartglasses
Interaction

Participants had many thoughts about how they would like to receive notifications on the smart-
glasses. First, participants mentioned they would like to reply to certain notifications on the glasses

directly, inline with several previous experiments in laboratory settings [60], [79]. PS5 reported
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“I definitely think there needs to be an interactive component a bit more where I can actually
essentially handle the messages using just the glasses”. Participants expressed a preference for
hands-free interaction, especially voice commands, to handle notifications. However, others were
skeptical, with P6 stating they “couldn’t imagine a way of how to do that in a way that’s not
terrible”. Another concern about interaction was the dismissal. The glasses had a button on the
frame that could be used to hide a notification that was currently on the screen, but participants
reported that they were often in situations where they couldn’t or didn’t want to press the button to
dismiss. PS5 was explaining a situation in which they were presenting something and would have
had to constantly press the button to dismiss notifications to not be distracted. Other participants
reported that they would have liked a hands-free way to get rid of distracting notifications, when

they couldn’t use their hands but were distracted by the smartglasses.

Presentation

A second area of response was the way the notifications are presented. Participants thought
that they would often prefer not always to see the entire text of a notification, but would prefer an
icon or just a short snippet, with the option to then access the rest of the notification when it was
convenient to them. This access to notifications also extends to older notifications, since partic-
ipants wanted to be able to read all pending notifications on the smartglasses without needing to
get their phones to do that. Lastly, some participants liked that they could read the entire notifi-
cation immediately but noted that lingering notifications introduced unnecessary visual clutter and

affected their concentration

Importance

Probably the most frequently mentioned area was the importance of notifications or their con-
tent. Participants reported that the priority or importance of notifications should dictate how they
are presented, or if they are presented at all. To begin with, it was reported that notifications for
personal messages like instant messages or emails were the most important to them. This is re-

flected in the log files, where these categories accounted for most notifications received. Five out
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of eight participants stated that they do not want the smartglasses to display any notifications that
are not relevant to them and keep those on the phone. One key factor for them to determine im-
portance was whether a notification had any time-critical information in it. Participants felt that
those notifications provided the most utility on the smartglasses since it helped them address things
immediately, like reminders about calendar events that were coming up or messages that required

quick responses.

7.5.2 Improvement Opportunities

From the participant interviews, we found several opportunities where the smartglasses could
be improved. A large part of the participants (five out of eight) expressed that they felt the smart-
glasses should look even more like a pair of real glasses. P2 said, “I probably would be more open
to wearing them a lot if they just look like normal glasses." Three participants, including one that
thought they should look more like glasses, said that while they didn’t like the looks, it didn’t stop
them from wearing them. In addition, participants expressed that they would want more features
from the smartglasses. A commonly named feature was the inclusion of especially audio input
and output (I/0O) as well as more display capabilities, like glanceable information about upcoming
calendar events or timers. Some participants also mentioned that connection with digital assistants

paired with audio I/O would be preferred.

7.5.3 Benefits from Smartglasses

Participants have expressed that they often preferred using the smartglasses over their phones,
and that using the smartglasses had helped them to use their phone less often. They reported that
using their phones would introduce even more potential for distraction, with P4 saying “I’ll go
pull out my phone to check a notification, and then I’ll be like: “Ooh what’s this meme my sibling
sent me on Instagram,” and before I know it, I've killed 20 minutes there”. Another reason for
distractions seemed to be that participants would have noticed that they received a notification
and wanted to check what kind of notification it was. With the smartglasses, they immediately

saw what a notification was and whether it required action. Six participants said that they used
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the smartglasses notifications to determine if a notification was important enough to pause their
current task to deal with it. The smartglasses also helped some participants not to worry whether
they missed something important, which was another big reason that they liked using the glasses.
Four participants said they noticed notifications and especially phone calls only because of the
smartglasses, which they would have missed otherwise because their phone is usually on silent
mode (which 48% of notifications in the log files were delivered in). P2 said that “it reminded me
of my parking expiring, which is a notification I usually miss on my phone”.

While there were some reports about the glasses being too intrusive, participants said that the
glasses did interrupt them but did not distract them from their task, as they found it easy to get
back into their tasks. Especially in tasks where the hands were preoccupied, participants (five out
of eight) saw the biggest advantage of the smartglasses. P5 said, “ [The smartglasses] feels like it’s
the most beneficial in situations where [...] I’'m doing something that requires both hands and I
can’t actively use my phone, but I would still like to know if there’s something that has come up.”

Turning to social situations, some participants liked using the glasses more than using their
phone because they felt they could check their notifications without the other person noticing or
without interrupting the conversational flow by phubbing (see section 2.3). Lastly, we saw some
general positive sentiments towards the glasses. Two participants stated that they would miss using
the smartglasses and would like to own one going forward if they liked the looks. Four participants
said that the notification feature alone was enough for them to be interested in such a product, with

three of them finding the smartglasses reasonably comfortable.

7.5.4 Notification Ecosystem

One identified theme was what we call the Notification Ecosystem. First, participants reported
that the experiment changed their relationship with their smartphone notifications. They reported
feeling surprised at how many notifications they receive daily and how many of those they do not
need or that stress them. P6 said, “I never knew how much phone notifications really played a role

in my life. [...] not in my life, in the way I go through my day [...] just how much they stress me.”
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Participants also stated that they will turn off notifications from certain apps after the experiment is
over, since they never look at them. The second point of interest was the relationship between the
smartglasses and the smartphone. Participants were divided whether they wanted to dismiss phone
notifications through the smartglasses, or whether both devices should be treated independently
when dismissing notifications. This synchronous connection between phone and smartglasses was
also highlighted, with some participants saying that they thought that some notifications were
redundant since they were using their phone anyway and disliked getting the notification on their
phone and smartglasses simultaneously. Occasionally, the smartglasses would be a little delayed in
displaying the notification, which caused frustration. Lastly, it was mentioned that the smartglasses

notifications are redundant when you need to respond and have to use your phone anyway for that.

7.5.5 Obstacles for Adoption of Smartglasses

Participants also expressed their issues with the smartglasses, which would keep them from
owning them. While some initially found them novel or convenient in certain situations, they felt
that the benefits did not outweigh the frustrations. Some noted that they do not get enough im-
portant notifications to warrant wearing the glasses. Overall, four participants said they wore the
smartglasses primarily because of the experiment but would not choose to use them in daily life.
Besides this, participants experienced general discomfort using the smartglasses. An issue that
four participants reported was that looking at monitors or televisions while using the glasses made
them experience eyestrain or headaches. They also noted that wearing them made the monitors or
televisions harder to read. Another issue was the brightness of the display. Since the device lacks
auto-brightness, participants found themselves in situations where the display was uncomfortably
bright in a dark environment or where it was not bright enough for outdoor settings, even with the
sunglasses attachment. Some participants just felt that the frame design itself was not comfortable,
however a larger obstacle for the smartglasses is the fact that all but two participants do not wear
vision-correcting glasses in their daily life. Four participants said they were uncomfortable just

wearing any type of glasses daily, not specifically the smartglasses. One of the two participants
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who regularly wear glasses stated that they would absolutely wear an smartglasses instead, if it
looked like their normal glasses. Lastly, there were some situations that participants encountered
where they had problems with the smartglasses. A common challenge that AR faces is the contrast
between the real world and the display; our participants also ran into this issue. Four participants
reported that they frequently had to face a uniformly colored wall to be able to read the text on
the smartglasses. Besides issues reading the screen, some participants stated that there are occa-
sions where they would not want to have any kind of notifications, causing them to take off the
glasses entirely. Some also reported that receiving many notifications in a short time from for
example group chats would cause them frustration. The smartglasses’s hardware was also men-
tioned as a problem. Three participants had liked to wear them while cooking but reported that the
smartglasses fogged up more than normal glasses during cooking or that the lenses smudged more
easily. Both of these problems probably occurred because the smartglasses are made of plastic,
not glass like normal lenses. There were also concerns about durability, as participants feared they
would break the borrowed device. Lastly, some participants encountered small software glitches,
like animation freezes or notifications re-appearing after they had already been dismissed, though

these were rare occurrences.

7.5.6 Societal Challenges

A significant theme found was the societal challenges that participants faced. The first area of
concern is privacy. It is worth noting that the smartglasses used in the experiment does not have
any recording capabilities since it lacks a microphone or camera. However, participants still felt
uncomfortable in some situations because other people asked about being recorded. This caused
some participants not to want to wear the smartglasses around other people. While some partici-
pants would rather not wear them in public because of their looks, most participants expressed not
feeling comfortable about wearing them around others because of the attention they were getting or

because they felt self-conscious about others thinking they were being recorded (six out of eight).
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Participants said that they felt rude using the smartglasses in conversations or that they were drawn

out of conversations when they received a notification during.

7.5.7 Attentional Costs of Smartglasses

The interviews made it clear that participants found the smartglasses notifications distracting.
Participants found that getting notifications on the smartglasses was more intrusive than receiving
them on their phones and that they were difficult to ignore perceptually as well as ignore its content.
P1 stated that “When I was ready I could pick my phone back up, but with the glasses, I felt like I
didn’t have a choice”. In some instances, participants also reported that the smartglasses impeded
their vision of the real world, primarily the display and the black frame. Some participants also
reported that this meant they were heavily distracted from complex tasks, causing them not to wear

it during those tasks.

7.6 Discussion

One of the key findings from our study was that notification management in smartglasses must
balance usefulness with potential distraction. Participants generally placed their phones aside when
they wanted to concentrate, indicating that any form of notification can be disruptive. However,
this trade-off was considered acceptable when notifications were perceived as time-sensitive or
relevant. Smartglasses were particularly useful when the phone was unreachable, either due to a
conscious decision to focus or because situational constraints prevented phone use. Participants
also reported feeling reassured that they were not missing important updates.

To address this, smartglasses notification systems should implement a more nuanced filtering
mechanism beyond binary toggles for each app. Android OS already supports notification chan-
nels [103], allowing users to control notification categories at a granular level. Extending this
functionality to smartglasses would allow users to receive only high-priority notifications, such
as filtering app notifications to include direct messages but not group messages. Based on our

findings, we propose the following priority model for smartglasses notifications:
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Urgent Priority: Full-text pop-up (e.g., critical alerts)

High Priority: Icon and text preview (e.g., direct messages)

Medium Priority: Icon and pull notification (e.g., reminders)

Low Priority: Only on phone or no smartglasses indicator (e.g., promotional content)

This should be investigated in the future in a controlled experiment.Faulhaber et al. [72] have
already looked into priority for AR notifications, and found that participants had challenges to
distinguish between medium and high-priority notifications.

Importantly, priority settings should be chosen carefully and be easily customizable based on
user preference. Additionally, an intelligent filtering and summarization mechanism that catego-
rizes notifications based on urgency and context—similar to existing implementations in Sam-
sung’s One UI 7 [104] or Apple’s iOS 18 [105]—could improve user experience by reducing
overload while maintaining awareness of essential information.

Our findings also show that smartglasses notifications influence phone usage. Participants in-
dicated that while smartglasses allowed them to check notifications discreetly, interactions beyond
passive viewing still required the phone. This suggests that smartglasses notifications should help
users decide when retrieving their phone is necessary rather than completely replacing phone in-
teractions.

Interacting with smartglasses notifications also posed a challenge, as our participants expressed
a strong preference for more discreet and hands-free interaction methods, such as voice input, to
reply to notifications. Participants reported that without the ability to reply, they would often still
have to reach for their phones, which reduced the benefit of the smartglasses. These findings align
with section 6.2, so we suggest a layered approach to interaction:

Primary Input: Touch-based interactions for reliability and when discretion is unimportant.

Secondary Input: Unobtrusive alternatives like gaze-based interaction, voice commands, or

multimodal combinations (e.g., gaze + pinch gestures).
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Another notable finding was that participants who received fewer high-priority notifications of-
ten felt that the benefits of smartglasses notifications did not justify the frustrations. This suggests
that smartglasses notifications are most valuable for users with frequent critical updates rather than
general-purpose notifications. The IRC model [17] could be applied here, ensuring that only noti-
fications with an interruption level of 1 (i.e., critical alerts) are enabled by default on smartglasses,
reducing unnecessary distractions.

Despite their functional benefits, smartglasses notifications face significant challenges in social
acceptability. A primary concern was the perception that smartglasses users might be recording
others, even when the device lacked a camera or microphone. Participants frequently encountered
skepticism from bystanders, highlighting a broader public distrust of wearable AR technology.
However, most of the insecurity came not from other people but the internal fear that there could
be a public backlash to the glasses. Participants often said they stopped wearing the glasses out
of fear that other people might think they were being recorded, confirming the survey results of
Rauschnabel et al. [88] in a real usage scenario.

To address this, designers should incorporate clear visual indicators, such as LED status lights,
signaling when the smartglasses are recording audio and/or video. Additionally, physical shutters
for cameras—similar to those found on some laptops—could help mitigate privacy concerns and
improve public acceptance. This should, however, go beyond one manufacturer. It is unreasonable
to expect every person to know precisely which smartglasses have recording capabilities, much less
how that particular pair of glasses expresses that they are currently recording. This is highlighted
in our findings, where onlookers were worried about their privacy, even though the smartglasses
doesn’t have cameras. Another self-conscious aspect of wearing the smartglasses was the looks
of the device. Participants expressed that their not liking the way they looked on their faces was
a big factor when deciding whether to wear them in public or not. This highlights the need for
manufacturers to offer several frame designs for their product and to get inspiration from common

and popular frame designs.

107



Beyond social concerns, physical comfort also emerged as a significant barrier to adoption.
Participants, especially those not regularly wearing prescription glasses, reported discomfort when
wearing smartglasses for extended periods. This suggests that smartwatches may be an easier entry
point for users seeking wearable notification systems, as they do not require continuous wear on
the face. The downside is that those notifications might be miss-able more often than smartglasses.

Other ergonomic challenges included eyestrain, display contrast, and frame design. Future
smartglasses should prioritize lightweight, adaptable designs that cater to a diverse range of users.
Features such as adjustable brightness and electro-chromatic dimming lenses could improve visi-
bility in varying lighting conditions, enhancing overall usability. While some of these issues may
be specific to the hardware used in our study, they nonetheless provide valuable insights for future
smartglasses development. It should also be considered that users might wear the glasses while
looking at a monitor for large parts of the day, so ensuring clarity of both the smartglasses display

or the display behind it is critical.

7.6.1 Limitations

One limitation of this experiment was that we told participants to wear the glasses as much as
possible during the experiment. This could have caused participants to wear them longer than they
would have otherwise, potentially adding to their frustrations.

Another limitation was the participants we used in the experiment. Only two of the participants
(25%) wear vision-correcting glasses normally but corrected their vision with contacts during the
experiment. According to the Vision Council [106], 63.7% of the US adult population wears
prescription glasses, making our participant pool slightly skewed. Reports about the discomfort of

wearing glasses might be exaggerated compared to the general population.

7.6.2 Future Work

In the future, we would like to implement and study different types of displays for notifications
based on priority and context. Our results show that priority and timeliness are key determining

factors for how intrusive AR notifications can and should be.
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7.7 Conclusion

We investigated the use of smartglasses for notification delivery. For this, we recruited 8 par-
ticipants who would wear a pair of smartglasses for a period of five days, during which it would
display their phone notifications. Participants were asked to create journal notes and send them
to us, and were interviewed after the experiment to inquire about their experiences. Our findings
highlight both the advantages and challenges of using smart glasses for managing notifications, and
shine a light on crucial design considerations for future AR systems. While participants valued the
ability to access notifications hands-free, reducing distractions, and improving notification aware-
ness, key barriers such as interaction constraints, attentional costs, and social discomfort remain

significant hurdles to adoption.
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Chapter 8

Aiding task resumption using AR cues

My work has so far been focused on the UI implications and problems around AR notifications.
But as we have laid out in section 2.2 and as we have seen in our experiment “in-the-wild” (see
chapter 7), notifications of any sort can be perceived as highly interruptive during tasks and can
negatively impact performance. The use of AR could be able to help reduce these interruptions and
decrease the time needed to resume the interrupted task. If the AR system understands the user’s
context and wants to deliver a notification, it could prepare the user for an incoming interruption
and then help the user resume the task with minimal impact. The following paper ° investigates
how AR cues can facilitate task resumption after interruptions, and shows that using AR cues can

reduce the resumption lag after short and long interruptions [107].

5This work was published as Bahnsen, Kilian L, Lucas Tiemann, Lucas Plabst, and Tobias Grundgeiger. “Augmented

Reality Cues Facilitate Task Resumption after Interruptions in Computer-Based and Physical Tasks.” In Proceed-
ings of the CHI Conference on Human Factors in Computing Systems, 1-16. Honolulu, HI USA: ACM, 2024.
HTTPS://DOI.ORG/10.1145/3613904.3642666.
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1 INTRODUCTION

Interruptions are frequent in many work domains, such as healthcare [15, 24, 32, 39], aviation [63], software development
[1] or office work [19]. Interruptions decrease efficiency [3, 89], lead to higher error rates [23, 47, 83, 94] and decrease
satisfaction with one’s own work performance [6]. Although efforts have been made to avoid disruption altogether
[16], this approach requires deep workflow restructuring and is not applicable to all tasks. For example, time-critical
tasks that must be addressed immediately may occur and thus require the interruption of the primary task. A different
approach to interruption management is to attempt to mitigate the negative effect of the interruptions. For this purpose,
various types of visual cues have been explored, demonstrating varying degrees of efficacy. For example, carrying a
syringe enhanced task resumption in nurses [31]. Conversely, cues, such as the simple act of placing the mouse cursor
on the correct task point for task resumption did not improve task resumption [90].

We investigated whether cues on a head-mounted augmented reality (AR) display can mitigate the negative effect of
interruptions. The application of cues via AR holds the promise of being task-independent, possible for task were users

are mobile and customizable, but, to the best of our knowledge, the efficacy of AR cues has not yet been investigated.
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Based on the so-called Memory for Goals theory [2], we used the resumption lag (i.e., the time between the end of
the interruption and the resumption of the primary task) to measure the disruptive effect of an interruption on the
performance of the primary task. In two experiments, we investigated whether AR cues at the point of task resumption
could reduce the resumption lag. In Experiment 1, we used a computer-based primary task, which is frequently used in
the context of the Memory for Goals theory. We chose such a task to test that AR cues can be studied using the Memory
for Goals theory and to investigate what kind of AR cues provide good task resumption support. More specifically, we
investigated whether a cue automatically placed by task-tracking software or manually placed through a hand gesture
by the user provided better support for task resumption. In Experiment 2, we used a tangible primary task to investigate
the effectiveness of the automatically set cues in a task that more closely resembled a tangible working task, such as
medication sorting. Considering the relevance of spatial memory for task resumption [76], our goal was to evaluate
how cues performed in a task with a more notable spatial dimension than the computer-based task in Experiment 1. We
contribute to HCI-interruptions research by providing (1) empirical data that show that AR cues in computer-based
and tangible tasks facilitate the resumption of primary tasks after an interruption; (2) empirical data that show that
manually set cues provide no further advantage over automatically set cues; and (3) a new task paradigm for studying

interruptions of tangible primary tasks that allows for easy adaptation of task complexity.

2 RELATED WORK
2.1 HCI Research on Interruptions

In the past two decades, interruptions have been extensively investigated in the field of HCI [64, 65]. Salvucci et al. [82]
introduced a Multitasking Continuum, encompassing concurrent multitasking and sequential multitasking. Concurrent
multitasking includes more task switches and shorter actions on the different tasks and frequently requires self-initiated
switching (e.g., driving and talking). Sequential multitasking is characterized by fewer task switches and longer periods
of attention devoted to the single tasks (e.g., cooking and reading a book). Interruptions are considered sequential
multitasking, and numerous studies have highlighted the disruptive effects of interruptions in laboratory settings and
various work domains, including, for example, office work [19, 45], computer programming [102], healthcare [25, 34],
aviation [57, 63] or assembly work in manufacturing [50].

Early work on interruption coordination by McFarlane and Latorella [65] differentiated between immediate, negoti-
ated, mediated and scheduled. HCI work attempted to reduce the disruptive effects of interruptions through mediated
or scheduled interruptions [44, 87, 102]. For example, Iqbal and Bailey [44] developed and evaluated a notification
management system for computer-based work. The system reduced frustration and confirmed the users’ preference to
schedule interruptions during phases of low workload. Whereas Igbal and Bailey’s system used task data to determine
the next fine, medium or coarse task-breakpoint, researchers also used psycho-physiological sensors [102, 103] or the
sensors of an off-the-shelf virtual reality device [14] to predict the interruptibility of users. Finally, a combination of
task and physical data seems to provide the best interruptibility predictions [103].

A large corpus of HCI work addresses the negotiation of interrupting tasks to understand when interruptions are
less disruptive and more acceptable. For example, laboratory studies showed that users prefer to monotask and accept
interruptions more often in phases of low workload [43, 80], but that time constraints, distance to the next good
breakpoint [10] and task properties [33, 93] also influence the decision to accept an interruption.

Finally, immediate interruptions have been addressed due to the difficulty of resuming the task at hand after

handling the interruption [65]. In healthcare, immediate interruptions are the most prevalent interruption coordination

2
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method [34, 75] and definitions of interruptions in the healthcare context have been characterized by an unexpected
and immediate onset that results in a temporary break in the task at hand [11, 32]. For example, in the emergency
department, 75.4% of all interruptions were immediately attended to, whereas 22.2% were coordinated via concurrent

multitasking and only 2% were negotiated or rejected.

2.2 Quantifying and Mitigating the Effect of Inmediate Interruptions

To quantify the effect of immediate interruptions on primary task resumption, Trafton et al. [91] suggested measuring
the so-called resumption lag. The resumption lag is the time from the end of an interruption to the continuation of
the primary task. Longer resumption lags indicate a more difficult task resumption compared to shorter resumption
lags. The idea that the resumption lag is sensitive to interruptions is built on the activation-based Memory for Goals
theory [2]. According to the Memory for Goals theory, the most active goal at any moment directs a person’s behavior.
Furthermore, the level of activation of a suspended (i.e., interrupted) goal decays over time. The higher the activation
level of the suspended goal, the easier it is to resume the suspended task, which is indicated by short resumption lags.
The activation level of a goal can be raised by providing environmental cues that are associated with the goal. In this
context, a cue can be any perceptual signal that is directly associated with the goal or guides the individual towards
something in the environment that is associated with the goal [92].

The Memory for Goals theory and the resumption lag construct have received empirical support in various studies.
Studies in laboratory [52, 54, 61] and field settings such as intensive care nursing [31] showed that longer interruptions
(i.e., more goal decay of the to-be-resumed primary task) resulted in longer resumption lags. Furthermore, longer inter-
ruptions were associated with forgetting to resume the interrupted tasks in emergency departments [24]. Interruptions
at moments of low workload resulted in smaller resumption lags [43, 102]. The positive effects of environmental cues
on the resumption lag have shown that visibility of the primary task during the interruption reduced the resumption
lag compared to occluded primary tasks [40, 74]. Furthermore, providing visual cues at the end of the resumption in the
form of mouse cursors at the to-be-resumed location also reduced the resumption lag in some studies [5], while it did
not in others [90]. Besides general environmental cues, additional artifacts can be used as cues to facilitate primary
task resumption. Such cues might be artifacts that are relevant for reaching the goal (e.g., healthcare workers holding
on to a syringe during the interruption [31]), as well as additional cues such as sticky notes [28] or reminder systems
designed for specific tasks such as unmanned aerial vehicle supervision [84].

Recommendations to diminish the negative effects of interruptions can be summarized in two general strategies
[65, 75]. The first recommendation is cognitive rehearsal, which increases the activation of the to-be-resumed task’s
memory representation. Although effective in laboratory settings [4, 66], cognitive rehearsal has not yet been observed
in field settings [31]. Furthermore, the nature of immediate interruptions may restrict users from conducting cognitive
rehearsal before attending to the interruption or during the interruption.

The second recommendation is to maintain the activation of the to-be-resumed task’s memory representation
high via environmental cues. This may include visual access to the primary task during the interruption [74] or post-
interruption cues, such as artifacts in the environment [31], a mouse cursor [5], marked text passages [17, 18, 90] or
open software in the foreground [45]. Placing environmental cues in form of mouse cursors or marked text passages
in desktop-based tasks at the end of the interruption has been shown to be effective in assisting task resumption in
some [13, 90] but not all cases [17, 18, 90]. Salient cues that provided spatial information about the to-be-resumed tasks

seems to be the most effective method [13, 90].

113



CHI 24, May 11-16, 2024, Honolulu, HI, USA Bahnsen et al.

However, using physical artifacts or computer screen-based cues has drawbacks. These cues require that the user
has to either stay at the location of the primary task, maintaining the primary task in their field of view for visual
perception, or carry the cue along during the interruption. Furthermore, such cues may be only used for the specific
task or sub-task that they have been design for. AR cues do not face these disadvantages, as they can be displayed
irrespective of location, are task independent, and can be operated hands-free. These represent distinct advantage,
particularly for environments where interruptions often require the user to change the physical location or work on
different task that may include a computer screen or are tangible tasks. For example, in intensive care units [31] or
emergency departments, nurse or doctors need to be mobile, need technology that can be used hands-free and satisfies
a bare below the elbows policy and have computer-based tasks such as charting but also manual tasks such as setting

up infusions.

2.3 Augmented Reality and Interruptions

In recent years, there has been a surge in research dedicated to utilizing the seamless integration of digital information
via AR in fields like education [8, 21], architecture [59] and remote assistance [36, 69]. The inherent adaptability of
head-mounted AR displays yields potential for application in interruption-rich environments, particularly in domains
such as healthcare [30, 86], aviation [97] manufacturing [72, 100, 101] and assembly tasks [41, 42, 55, 79]. Researchers
started to investigate AR systems for patient monitoring in intensive care units [49, 78]. These developments enable
real-time data access and visualization, providing healthcare professionals with location-independent and hands-free
information. However, providing information on head-mounted displays also may be a further source of interruptions.
For example, supervising anesthesiologist who used a head-mounted display with information of six ongoing operations
felt an obligation to consider vital sign changes in the operating rooms and interpret the situation. This resulted in
looking at the head-mounted display with a “frozen” head posture and 10-25 second-pauses of the ongoing task [53].

In manual assembly tasks, instructions presented via AR reduced cognitive load and received higher usability ratings
compared to print instructions [55]. Similarly, for warehouse order picking, workload and performance showed benefits
for head-mounted display compared to all other methods [35]. Because interruptions are more disruptive during periods
of higher cognitive load [43], the potential improvement in task resumption by transferring tasks onto the AR glasses
warrants further investigation. Studies have demonstrated the effectiveness of AR-based task guidance in supporting
car repair, particularly for workers facing novel tasks [41, 42] and performance was better for central presentation
compared to peripheral presentation on the head-mounted display [99]. In general, task guidance via AR offers potential
benefits for reorienting workers after interruptions, but does not offer explicit support for task resumption by leveraging
AR cues. Unlike previous research, such as that by Rukubayihunga et al. [79] on assembly step recognition in AR, which
lays the groundwork for automatic deployment of cues, our study focuses on utilizing manually or automatically set
cues in a more versatile setting.

Finally, recent research has also addressed how one should interrupt head-mounted display users in virtual reality
[14, 26, 70]. For example, researchers have collected sensor data of VR devices to predict interruptability to schedule
interruptions [14]. Despite this interest in interruptions, the current research is rather limited regarding task resumption
support via AR cues. More related to immediate interruptions and the need for task resumption, a study investigated the
effect of interruptions on opaque or transparent smart glasses on the resumption lag [52]. Based on the Memory for Goals
theory, researchers expected that transparent smart glasses would provide environmental cues of the to-be-resumed
task while attending to the interruption on the smart glass. However, compared to opaque smart glasses or a tablet

control condition, transparent smart glasses did not reduce the resumption lag. It may be that the focus on the smart
4
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glass in order to work on the interrupting task resulted in inattentional blindness for the environmental cues [51], and
as a result, the cuing was not effective. Consistent with the findings of Trafton et al. [90], who showed that subtle cues
such as placing the mouse cursor at the to-be-resumed task step did not improve task resumption, the mere visibility of
the environment might have been too subtle a cue to facilitate task resumption.

Following Trafton et al. [90], the design of our AR cue as a salient red arrow aims to resolve this issue by providing a
blatant cue. In addition to noticing the cue, task resumption is also a spatial memory problem [21, 77]. Ratwani and
Trafton [77] demonstrated the effect of intact or compromised mental spatial representations on task resumption and
suggested that memory for spatial location may guide task resumption. Different to, for example, verbal information
or semantic information about the to-be-resumed task step, a red AR arrow can be placed at the exact location and
support spatial memory during task resumption. Finally, in relation to above described artifact cuing were cues are
most of the time only working for a specific task, we also expect the red AR arrow to be a generic cue design that is
task-independent and can work for computer-based and tangible tasks. Wolff et al. [97] showed that such salient cues
can improve task resumption by circling the to-be-resumed task step in a scanflow task (i.e., participants had to confirm
the color of various shapes in a 48-shape array). While their approach involved a Wizard of Oz paradigm and mock-up
AR cues instead of circles on a monitor, making it less versatile compared to our paradigm, they still demonstrated
that AR cues can reduce the number of errors and mental load resulting from interruptions. Applying Wolff et al. [97]
findings to an actual AR setup would enable us to leverage the task- and location-independent characteristics of AR
cues and empirically test whether the benefits translate to actual AR applications for computer-based and tangible tasks.

Despite a broad interest in interruptions in recent AR and virtual reality research and the possible benefits of AR
cues in form of location and task independent cueing of to-be-resumed tasks, theory-based empirical research on the
effectiveness of AR cues in task resumption is missing. Because the current empirical evidence for the effectiveness of
environmental cuing in relation to opaque or transparent smart glasses [52] and subtle cues [90] is not fully conclusive
and the only AR study included mock-up AR and Wizard of Oz [97], we decided to conduct experiments in which we
compared a no cue condition with the different AR cue conditions. Our study’s contributions lie in investigating the
effectiveness of manually or automatically set AR cues at the point of task resumption in both computer-based and

tangible tasks.

3 EXPERIMENT 1: COMPUTER-BASED PRIMARY TASK

Experiment 1 aimed to examine the potential of AR cues in mitigating the negative effects of interruptions on the
resumption lag. Additionally, we sought to determine whether the mode of cue presentation, specifically whether the
cue is automatically placed by task-tracking software or manually placed by the user, impacts the effectiveness of the
cues. The factor cue was manipulated between subjects and included the three groups: automatic cue (i.e., automatically
set cues), manual cue (i.e., cues set via a hand gesture at the start of the interruption) and no cues (i.e., a control group
with no cues at all). To examine the potential influence of interruption length on the effectiveness of cues, the study
varied the duration of interruptions between 15 and 45 seconds within-subject. Due to the fact that, to the best of our
knowledge, this is the first experiment to address the effect of AR cues on the resumption lag, we used a computer-based
primary task with a structure that is regularly used to investigate the resumption lag [52, 76]. In this task, participants
had to transfer patient information from tables in the center of the screen into their corresponding input fields above and
below the tables. In line with resumption lag research [52, 76], there is only a single task to-be-resumed and the focus is
on task resumption times. Based on previous research on the resumption lag [67, 90], we hypothesized that a shorter

resumption lag would occur with (1) an AR cue (automatic and manual) compared to no cue and (2) short interruptions
5
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compared to long interruptions. Additionally, based on the Memory for Goals theory, because the availability of a cue
at the end of the interruption should render the activation loss during the interruption irrelevant, we expected that
(3) longer interruptions would have a smaller effect when an AR cue (automatic and manual) was presented. Finally,
setting the cue manually increases the interruption lag and includes a physical gesture. As longer interruption lags [40]
and tangible tasks [25] may increase memory encoding of the to-be-resumed task, we further hypothesized that (4)
a manual cue reduces the resumption lag more than an automatic cue. To assess the subjective experience of using
a manual cue or an automatic cue, we used the NASA Task Load Index (NASA TLX) [38] to investigate workload
differences between the cue types, which is a commonly used metric in interruption research [e.g. 43, 48, 58, 62, 83] and
AR research [e.g. 35, 42]. The research question, empirical hypothesis, research design, sample size, and analysis plan
for Experiment 1 have been preregistered (https://doi.org/10.17605/OSF.I0/GBX2V).

3.1 Method

3.1.1 Participants. A total of 87 undergraduate university students were recruited via the departments participant
recruitment and study management system. Students participated in exchange for course credits or € 12.50. Four
participants were excluded (two data sets were lost due to server issues, one participant did not follow the instructions
and for another the gesture for setting the manual cue did not function correctly). The final data set consisted of 28
participants in the automatic cue group (22 female, average age 26.6 years), 27 participants in the manual cue group
(17 female, average age 23.2 years) and 28 participants in the no cue group (20 female, average age 24.2 years). All
participants had correct or corrected-to-normal vision. This research was approved by the institutional review board,

and informed written consent was obtained from each participant.

3.1.2  Design. We used a mixed 3 (cue) x 2 (interruption length) design. Participants were randomly assigned to three
groups: manual cue, automatic cue and no cue. The within-subject factor interruption length varied between 15 and 45
seconds. We conducted a prospective power analysis to determine the required number of participants for this study.
Based on a previous unpublished study, we estimated the effect size of the cue x interruption length to be f = .175

(power = .80, alpha = .05, two-sided test). The power analysis indicated a sample size of 3 x 28 participants.

3.1.3  Procedure and Material. Participants gave written consent and were seated in front of a computer screen, with
the tablet on a second table behind them. First, participants had one or, if necessary, several training trials in which
we explained the study procedure and let the participants practice the primary task and the interrupting task. The
participants had to work on a computer-based task in which they must transfer patient data (Figure 1, number 1) into
different input fields. The patient data and the input fields were grouped into six different modules, which had to
be completed one after the other. A participant had to start each module by clicking on the “Edit” button (Figure 1,
number 2) and finish by clicking on the "OK” button (Figure 1, number 3) of the respective module when they have
entered the patient data. Previous data got cleared after clicking on "OK” to not give the participant any cue about the
current progress, thereby forcing them to remember their current progress. Clicking on the "OK” button may also have
triggered an interruption, indicated by an acoustic signal and the mouse rendering immobile at the center of the screen.

The interruption consists of either three or nine simple arithmetic problems with results ranging from 0 to 30 (Figure
3) which were presented on a tablet that was located on a table behind the participant. Each problem was presented
for 5 s. The problems, their answers and their order were the same for all participants. When the interruption ended,
an audio cue sounded, and the tablet turned black. The participant had to turn around again and resume the primary

task by activating the next module. For the resumption lag, we measured the time between the end of the interruption
6
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Fig. 1. Screenshot of the primary task interface. Central to the interface is a table containing six columns of different categories
regarding the monitoring of an anesthesia. The participants needed to transfer the information from each column into the corre-
sponding surrounding modules. The primary task was developed by Kruse et al. [52].

and the first correct click in the primary task (= pressing the next “Edit” button). Once the participant had finished all
modules (i.e., a trial), they needed to progress by clicking on the “Process” button on the right-hand side of the screen
(Figure 1, number 4). The timeline of the interruptions is shown in Figure 2.

In the automatic cue and manual cue groups, participants wore Microsoft HoloLens. In the manual cue group,
participants had to place the cue themselves at the beginning of the interruption by using an air tap gesture (tapping
the index finger onto the thumb and raising it again while pointing onto the primary task). Participants in the manual
cue group also practiced the air tap gesture for setting the cue. At the end of the interruption, a three-dimensional,
red arrow was superimposed via the HoloLens as a cue in both cue groups (Figure 3). The arrow pointed to the “Edit”
button of the module that the participant needed to resume or to the “Process” button. Since participants in the no cue
group did not benefit from the HoloLens and the display might be distracting when not in use, they did not wear the
HoloLens.

Following this, the main part of the experiment commenced. Participants were tasked with inputting patient data for
a total of eight unique cases, with interruptions introduced in four of these cases. Within each of the interrupted patient
data sets, three interruptions of varying lengths were incorporated. In total, participants were interrupted six times for
15 s and six times for 45 s. The time of the interruptions was defined in four configurations, which were equal across
the cue groups and were assigned randomly. The configurations allowed no more than two interruptions in succession
within a patient data set, no more than three consecutive data sets with interruptions and balanced the order of the

interruption lengths within the data sets.
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Fig. 2. Structure of interruption (top row) and timeline of cue conditions in Experiment 1 and 2. Acoustic signals indicated the start
and the end of the interruptions along with task specific means to prevent a continuation of the primary task. In the manual cue
condition of Experiment 1, the interruptions started after the participants marked a position on the primary task via a hand gesture.
The resumption lag was measured from the end of the interruption, i.e., the tablet turning black after the last arithmetic task, to the
first interaction with the respective primary task. The red AR cue was only present in the cue condition and the arrow was visible
during the resumption lag. Note that we enhanced the outline of the AR cues for better visibility in the figure.

Lastly, when participants completed the main part, they were asked to complete a post-survey. Participants completed
the NASA TLX [38], provided demographic data and were asked to describe if they used any particular strategy during

the experiment.

3.1.4  Analysis. During data preprocessing, interruption lags shorter than 1 second were highlighted and manually

investigated. The analysis of these interruption lags indicated that two resumption lags of two participants were

invalid because a bug in an early version of the experiment software sometimes automatically set the cue, preventing

participants from manually setting it with the gesture. We therefore removed these two resumption lags. Additionally,

31 (3.1 %) resumption lags were removed due to resumption errors, i.e. when the first click after the interruption was
8
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8RR

Fig. 3. The primary task (left) with the superimposed cue from the participants’ perspective. The cue was pointing to the edit button

of the next module and disappeared as soon as the participant clicked on the edit button. The interrupting arithmetic problems task
(right) was presented in the center of the tablet, which was placed on a table behind the participants. Four solutions to the problem
were presented at the bottom, of which only one is correct.

not on the edit button of the correct module. A total of 963 (96.7 %) interruptions were included in the resumption lag
analysis.

We performed a 3 (cue) x 2 (interruption length) repeated measures ANOVA. In three of the six experimental
conditions, the values of the resumption lag were not normally distributed (Shapiro- Wilk; all p-values < .05). Because
reaction times are most of the time positively skewed [95] we planned to transform the data using the common
logarithm, but the transformation did not improve all distributions. As we could assume homogeneity of covariances
(Box-Test, p = .055) and homogeneity of the error variances (Levene-Test, all p-values > .05), we assumed the ANOVA
to be reliable without transformation of the data [9, 85]. To test our hypothesis that AR cues (automatic or manual)
would reduce the resumption lag, we conducted two Helmert contrasts. For our three cue groups, the first Helmert
contrast compared the effect of any cue (automatic or manual) vs. no cue. The second Helmert contrast compared the

effectiveness of automatic cues vs. manual cues.

3.2 Results

As a general manipulation check to see whether the interruptions were disruptive, we compared the resumption lag
with the interaction interval (i.e., the time that is used for the same task step without an interruption). A Wilcoxon
signed-rank test showed that the time between the end of an interruption and the next click on the correct module
(resumption lag M = 4072 ms, SD = 1221 ms) was significantly longer than the time between a click on “OK” and the
next correct click on the next module when no interruption occurred (interaction interval M = 1669 ms, SD = 660 ms),
(Z = 3483.000, p < .001).

The main effect of cueing was significant, F(2,80) = 4.249, p = .018, partial n* = .058 (Figure 4 and Table 1). Supporting
our hypothesis, the first Helmert contrast of any cue (automatic or manual) vs. no cue indicated a significantly shorter
resumption lag when a cue was present, #(80) = 2.893, p = .005. However, contrary to our expectations, the second
Helmert contrast of automatic cue vs. manual cue showed no advantage of the manual cue over the automatic cue,
#(80) = 0.973, p = .333.

The main effect of interruption length was significant F(1,80) = 16.727, p < .001, partial n* = .173. As expected, longer
interruptions resulted in longer resumption lags. However, there was a significant cue x interruption length interaction,

9
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Table 1. Descriptive results of Experiment 1. Values indicate the M (SD) of the resumption lag in ms and the M (SD) of the resumption
errors in percentages.

15 s Interruption 45 s Interruption

Resumption Lag Resumption Error Resumption Lag Resumption Error

No Cue 3976 (996) 3.57 (6.96) 4894 (1356) 7.74 (10.62)

Automatic Cue 3518 (942) 1.19 (4.37) 4173 (1519) 3.57 (6.96)

Manual Cue 3660 (1161) 0.62 (3.21) 3832 (1137) 1.85 (5.34)
—a— No Cue

Automatic Cue

—8— Manual Cue
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Fig. 4. Results of the mixed ANOVA of Experiment 1. Both manual and automatic cues negate the negative effects of longer
interruptions compared to no cue. Error bars represent the standard errors, since the standard error was too small to be displayed
clearly.

F(2,80) = 3.135, p = .049, partial n* = .073. Consistent with our hypothesis, a Bonferroni-adjusted post-hoc analysis
showed that, when no cue was provided, the resumption lag was significantly longer after the 45s interruption than
after the 15s interruption (p < .001), whereas there was no difference between the 45s and the 15s interruptions when a
cue was provided (automatic cue: p = 1.000; manual cue p = 1.000).

Resumption errors showed the same result pattern as the resumption lag. The cue had a significant main effect,
F(2,80) = 6.159, p = .003, partial n* = .072. The first Helmert contrast indicated that participants exhibited fewer
resumption errors when presented with an AR cue compared to no cue, #(80) = 3.408, p < .001. d = .536. The second

Helmert contrast indicated no difference in the number of resumption errors between the manual and automatic cue
10
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conditions, #(80) = 0.874, p = .385. Following short interruptions, fewer resumption errors occurred, F(1,80) = 6.555,
p =.012, partial n* = .034. There was no significant interaction, F(2,80) = 0,707, p = .496.

Considering the subjective mental workload, we calculated the NASA TLX raw score by averaging the six sub-scales
[37]. A one-way ANOVA showed no difference between the cue groups,

F(1,80) = 1.008, p = .370, partial n° = .025. More specifically, there was no significant difference between the manual and
the automatic cue regarding the NASA TLX raw, £(80) = 0.770, p = 1.000, d = 0.222.

In order to explore the temporal dynamics of reorientation towards the primary task when a cue was presented,
we compared the first interaction interval following task resumption, the so-called edit lag [71], between the groups.
This analysis aimed to determine whether the participants simply clicked where the cue indicated but needed more
time to reorient and retrieve task information after making the first click. When a cue was presented (M = 1673 ms,
SD = 632 ms), the following interaction interval was not prolonged compared to when no cue was presented (M = 1659
ms, SD = 725), #(80) = 0.105, p = .917.

3.3 Discussion

The objectives of Experiment 1 were to assess the potential of AR cues in facilitating task resumption following
interruptions and to examine the influence of interruption length on the effect of AR cues and cue-setting methods. We
focus our discussion on the important results for Experiment 2 and provide a broader examination of the results in the
general discussion section. The findings only partially support the expected benefits of task resumption facilitated by
AR cues. After long interruptions, both the manually and automatically set cues demonstrated superiority over the
absence of cues. However, when considering short interruptions, no significant differences were observed between
the cue conditions. This lack of differentiation after the 15-second interruptions may be attributed to a floor effect.
While we could demonstrate that the interruptions were disruptive, the primary task was still fairly simple, rendering
it challenging to detect a facilitation of the task’s resumption. Task resumption in the tangible task in Experiment 2
maybe cognitively more demanding and thus might provide more insights on AR cue task resumption facilitation for
shorter interruptions.

Importantly, the resumption lag did not significantly increase between 15-second and 45-second interruptions when
any type of cue was provided. These findings align with the Memory for Goals theory [2], as the priming constraint
suggests that a cue can elevate the activation of the goal, regardless of the duration of the interruption.

In contrast to our expectations, the manual cue provided no additional facilitation of task resumption compared to
the automatic cue. The large effect of the presence of any AR cue might lead to a floor effect, precluding any further
reduction of the resumption lag through the manual setting. Based on this result, we focused on automatic cues in

Experiment 2 only.

4 EXPERIMENT 2: TANGIBLE PRIMARY TASK

In Experiment 2, we used a tangible primary task instead of a computer-based task to further explore the generalizability
and applicability of the observed effects in Experiment 1. Few studies investigate the resumption lag with tangible
tasks [25, 31, 62] and, to the best of our knowledge, no studies investigate the effects of AR cues on tangible task
resumption. We constructed a tangible primary task that resembles the act of sorting medication into a 7-day pill
organizer. Medication preparation is a cognitively demanding [98] and error-prone task [46]. Interruptions have been
identified as a contributing factor to medication preparation errors [23, 46].

11
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Based on the observation that there were no discernible objective or subjective differences between manually and
automatically setting the cue in Experiment 1, we chose to exclusively test the automatic cue in Experiment 2 due to its
user convenience. Furthermore, we used the red arrow as cue again. The cue was effective in Experiment 1 and we
deemed its salience and spatial memory support [13, 77] even more important for the tangible task because of more
background movement, differently colored backgrounds, and a presumably even larger demand on spatial memory due
to the larger and three-dimensional working area compared to the computer-based task in Experiment 1. In Experiment
2, both the factor cue (automatic cue vs. no cue) and the factor interruption length (15 s vs. 45 s) were manipulated
within-subject. Drawing upon the Memory for Goals theory and the results of Experiment 1, we expected that (1) the
presence of an AR cue would result in a shorter resumption lag compared to no cue, and (2) long interruptions would
cause longer resumption lags compared to short interruptions. Furthermore, we anticipated that (3) the negative impact
of longer interruptions would be mitigated when an AR cue was presented. As Experiment 1, Experiment 2 has been
preregistered (https://doi.org/10.17605/OSF.IO/KY9HZ).

4.1 Method

4.1.1 Participants. A total of 38 undergraduate students participated in exchange for course credits or € 10. Participants
were recruited via the same system as in Experiment 1 but participants from Experiment 1 were excluded from signing
up for Experiment 2. No participant was excluded, and the final data set included 28 female and 10 male participants
with an average age of 22.1 years (SD = 3.0). All participants had correct or corrected-to-normal vision. This research

was approved by the institutional review board and informed written consent was obtained from each participant.

4.1.2 Design. We used a 2 (cue) x 2 (interruption length) within-design. The factor cue included the conditions
automatic cue vs. no cue, and the factor interruption length included 15 s interruptions vs. 45 s interruptions. We
conducted a prospective power analysis to determine the required number of participants. Based on the slightly below
medium effect size of the main effect of the cue in Experiment 1, we estimated the effect size for cue to be f = .200
(power = .80, alpha = .05, two-sided test). The power analysis indicated a sample size of 36 participants. To account for

potential data loss, we included a slightly larger participant sample.

4.1.3  Procedure and Material. Experiment 2 adopted the same general procedure of training, execution and post-survey
as Experiment 1 with a different primary task. For the primary task, participants engaged in a pill sorting task, for
which they were required to transfer colored beads, symbolizing medical pills, from six distinct bowls into a 7-day pill
box. The instructions, including which pills were supposed to be placed in each compartment, were presented in AR
above the bowls to guide the participants throughout the task. Participants were instructed to individually pick up each
pill using their dominant hand and sequentially place it into the pill box in the order provided by the instructions. Upon
completing the pills for a given day, participants advanced the instructions to the subsequent day by interacting with
an AR-button located alongside the instructions. Following the placement of pills for Sunday, the last day of the week,
participants replaced the current pill box with an empty one. The setup and AR view are illustrated in Figures 5 and 6
below.

Each day of the pill sorting task involved the placement of six to eight pills and featured either no interruptions or
one or two interruptions, which resulted in a total of seven interruptions for each pill box. An interruption was triggered
when a pill was placed in the pill box, indicated by both an acoustic signal and the disappearance of the instructions
until the end of the interruption. The interruption task was the same as in Experiment 1. In the cue condition, a cue in

the form of a red arrow was presented when the interruption ended, directing participants’ attention to the specific
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Fig. 5. The setup for Experiment 2 as seen from above. The tablet with the interruption task (left) was placed outside of the field of
view during the primary task (right) but was easily reachable by turning around on the office chair.

Anleitung Anleitung

Marta Marta
Day: Monday Day: Monday

Fig. 6. The left figure shows the AR shapes that were used to track which pill was picked up and placed into the pill box to measure
resumption performance metrics. The right figure shows the primary task from the participants’ point of view. The instructions were
superimposed by the HoloLens above the bowls with the pills.

bowl containing the next required pill color. The cue disappeared once the participant picked up the pill. We ensured

that the color of the pill immediately following the interruption did not occur more than once during that day, so that

the cue was unambiguous. Although participants were informed that a cue could occur, no cue was presented during

the training week. To counterbalance the cue manipulation, the cue was introduced in the second and third weeks or
13
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Table 2. Descriptive results of Experiment 2. Values indicate the M (SD) of the resumption lag in ms and the M (SD) of the resumption
errors in percentages.

15 s Interruption 45 s Interruption

Resumption Lag Resumption Error Resumption Lag Resumption Error

No Cue 4173 (829) 0.34 (0.48) 5054 (924) 0.76 (0.59)
Automatic Cue 2986 (501) 0.13 (0.34) 3037 (523) 0.11 (0.31)

in the fourth and fifth weeks of the experiment. A total of five pill boxes were used, with the initial box serving as a
training session.

To measure the interaction interval, the resumption lag and possible resumption errors, we used the HoloLens hand
tracking feature. Each of the six bowls and the pill box were placed in AR shapes that were invisible to participants but
enabled us to track when a pill was taken out of a bowl and dropped in the pill box. This tracking also enabled us to
provide feedback about the pill color that was picked up by showing a small round shape in the respective color at the
fingertips of the participant. Furthermore, we could provide feedback if the wrong pill was about to be picked up by

providing a short audio sound. The technical details of the tracking system are provided in the supplementary materials.

4.14  Analysis. For the resumption lag analysis, only correct resumptions without resumption errors can be analyzed.
Resumption errors occurred, when a participant reached into the pill box or any bowl, but the correct next one. A total
of 1013 (95.2 %) interruptions were included in the resumption lag analysis. We performed a 2 (cue) x 2 (interruption
length) repeated measures ANOVA to test the hypotheses. In all four experimental conditions, the resumption lag
values were not normally distributed (Shapiro- Wilk; all p-values < .05). Analogous to the first experiment, we assumed
that the ANOVA is robust to the violation of the normal distribution. Therefore, we report the results of the analysis of

the untransformed data.

4.2 Results

A paired samples t-test showed that the time between the end of an interruption and the participant reaching into the
next correct bowl (resumption lag M = 3804 ms, SD = 550 ms) was significantly longer than the time between sorting a
pill and reaching into the next bowl when no interruption occurred (interruption interval, M = 1255 ms, SD = 304 ms),
(1(37) = 27.862, p < .001, d = 4.520).

The main effect cue was significant, F(1,37) = 150.766, p < .001, partial n° = .803 (Figure 7 and Table 2). As expected,
the resumption lags with no cues were longer than with cues. The main effect of interruption length was significant,
F(1,37) = 76.689, p < .001, partial n* = .675. As expected, long interruptions resulted in longer resumption lags than short
interruptions. Finally, consistent with our hypothesis, there was a significant cue x interruption length interaction,
F(1,37) = 60.104, p < .001, partial n* = .619. A Bonferroni-adjusted post-hoc analysis revealed that, when no cue was
provided, the resumption lag was significantly longer after the 45 s interruption than after the 15s interruption (p <
.001), whereas there was no difference between the 15 s and the 45 s condition when a cue was provided (p = 1.000).

As in Experiment 1, we compared the edit lag between the experimental conditions. For this comparison, we
considered only the time between placing one pill into the pill box and picking up the next pill for the interaction
intervals, excluding the time taken between picking up a pill and placing it, as placing a pill into the pill box does not
require the participant to reorient themselves on the primary task. A repeated measures ANOVA showed no difference
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Fig. 7. Comparison of resumption lags between the cue type and interruption length conditions. The error bars represent the standard
deviation, since the standard error was too small to be displayed clearly.

in the edit lag between the cueing conditions, F(1,37) = 0.165, p = .687, the interruption length, F(1,37) = 3.424, p = 0.072,
and no interaction, F(1,37) = 0.821, p = .371.

The comparison of the resumption errors between the experimental conditions revealed significant main effects
and interaction. Participants exhibited fewer resumption errors when presented with an AR cue compared to no
cue, F(1,37) = 34.946, p < .001, partial n* = .203. Following short interruptions, fewer resumption errors occurred,
F(1,37) = 5.908, p = .020, partial n* = .042. The observed significant interaction, F(1,37) = 8.963, p = .005, partial n* = .054,
was further explored using a Bonferroni-adjusted post-hoc analysis. This analysis revealed that in the absence of a cue,
resumption errors were higher after a 45 s interruption than a 15 s interruption (p = .002), whereas with an AR cue, no

such difference was observed (p = 1.000).

4.3 Discussion

The primary objectives of Experiment 2 were to assess the potential of AR cues in facilitating task resumption following
interruptions and evaluate the mediating effect of interruption length on a tangible primary task. The results support the
expected benefits of task resumption facilitated by AR cues. AR cues not only facilitated task resumption after both short
and long interruptions, but also negated the adverse effects of increased interruption duration. All comparisons showed
a large effect size for the AR cue condition. The resumption errors showed the same pattern of results as the resumption

lag. The latter result appears to be due to the fact that almost no errors were made when the cue was presented. Similar
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to Experiment 1, we were able to demonstrate that the interruptions in this experiment were disruptive. However,
the comparison between the resumption lag and the interaction interval warrants careful consideration due to the
physical movement required for participants to transition between the interrupting task and the primary task. Due to
the relatively small movement involved and given that the resumption lag exceeded the interaction interval by more
than threefold, we still deem it plausible to characterize the interruptions in this experiment as disruptive. Additionally,
we were able to demonstrate that the reorientation process occurs within the resumption lag, since the interaction
directly after the task resumption was not prolonged. Consequently, our chosen primary task proves suitable for further

research regarding interruptions and the implementation of visual cues to support task resumption.

5 GENERAL DISCUSSION

Through the two experiments, we successfully demonstrated the facilitative effects of AR cues on task resumption times
and errors and these benefits did not translate to compromised performance in subsequent tasks steps (i.e., edit lag).
Furthermore, these effects were observed in a computer-based and a tangible task. Finally, we observed that manually
set cues by the user were not superior in relation to resumption times and errors than an automatically set cue by the
system.

Different to a previous head-mounted display study in which the mere presence of surrounding environmental
cues due to the opaque or transparent smart glass design did not support task resumption times [52] or subtle cues
on computer screens [17, 18, 90] our red AR arrow cue showed a positive effect on task resumption times. This
result is in line with previous research on computer-based tasks that showed that salient non-AR cues that provide
spatial information improved task resumption time [13, 90]. Going beyond previous research on cues to support task
resumption after interruptions, we showed that the AR cues not only improved task resumption time but also reduced
task resumption errors. This is noteworthy because in context of the Memory for Goals research, the focus is on task
resumption times and effects on the resumption lag, while effects on resumption errors are seldomly reported [e.g.
13, 17, 18, 52, 90]. In addition, we showed the beneficial effects on resumption times errors as well as the unaffected
edit lag in a computer-based task as well as in a tangible task. Previous research on tangible tasks were quantitative
observational field studies in the hospital with no experimental control [25, 34] or only investigated the resumption lag
[62]. Finally, while Wolff et al. [97] already indicated the potential use of mock-up AR cues in a Wizard of Oz approach,
our experimental setup demonstrated the effect of AR cues with real-time augmentations.

One unexpected finding was related to the interruption length effect. Specifically, for the computer-based task, the AR
cue only exhibited significant benefits after longer, more disruptive interruptions. In contrast, the AR cue for the tangible
primary task exhibited very large effects on both short and long interruptions. The disparity related to interruption
length may be attributed to differences in primary task difficulty. In Experiment 1, the modules had distinctive titles and
were arranged in two rows on the screen, while in Experiment 2, the pills differed solely in color and were presented in
a continuous row. This distinction may have rendered the to-be-resumed task in Experiment 1 easier to remember,
because spatial cues are known to enhance task resumption [76]. Consequently, the lower difficulty of task resumption
in Experiment 1 could have resulted in a floor effect in the resumption lag following short interruptions, thereby
explaining the lack of additional advantage provided by the cue.

Alternatively, the disparity in results between the primary tasks could potentially be attributed to the presence of
distinct resumption strategies. In the case of the computer-based task, participants’ failure to recall the correct module
after the interruption led to guessing, resulting in either a relatively swift task resumption or a resumption error. In

contrast, the pill sorting task allowed participants to adopt a counting strategy by tallying the previously sorted pills in
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the pill box. However, in the no cue group, only four participants reported utilizing this counting approach during the
experiment. Interestingly, 17 participants reported that they actively looked at and remembered the next required pill
before placing the current one in the pill box.

Furthermore, our study reveals that the rehearsal acquired from manually placing the AR cue did not yield any
significant advantages for task resumption. This was surprising, as we expected the increased time for encoding when
placing the cue (i.e., interruption lag) to reduce the resumption lag [40] and frustration [44]. The lack of a positive
effect might stem from the unfamiliar hand gesture that users needed to perform correctly in order to place the cue.
Performing the gesture might have caused excessive extraneous cognitive load, leaving not enough resources for the
encoding of the contextual cues [88]. Alternatively, this lack of difference could be explained by soft constraints [29].
According to the Memory for Goals theory, the process of manually setting the cue should raise the activation level of
the next goal and thereby facilitate task resumption. If participants perceive following the AR cue as less demanding
than retrieving the goal from memory, they will opt for this choice, rendering the initial difference in goal activation
irrelevant. A final explanation may stem from the repetitive nature of the hand gesture for placing the AR cue. Wilson
and Emmorey [96] demonstrated that repetitive hand movements decreased working memory performance. In our task,
this negative impact on working memory might have offset any potential positive effects on additional encoding of the
primary task goal. However, users in our study only used the gesture a total of 14 times compared to one more than
one hand signs per seconds in Wilson and Emmorey’s study [96] which makes this explanation less likely.

Based on our performance and subjective mental workload results, an automatic cue would be preferable, as it
seems to offer greater convenience for users with the same performance benefits and workload demands. However,
it is crucial to consider the potential challenges linked to implementing an automatic cue system in actual work or
everyday environments, such as technical complexities and compatibility issues. These challenges might necessitate the
consideration of a manually set cue as a viable alternative in certain practical contexts. Future research could explore
the possibility of combining both cue types to optimize task resumption in complex work scenarios. Finally, in both
experiments, we found no prolonged time to execute the first action after task resumption (i.e., edit lag [71, 102] with an
AR cue compared to no cue. Within the constraints of null hypothesis testing, this result indicates that the participants
reoriented and restabilized the task context during the resumption lag rather than passively following the AR cue
and simply executing the indicated action. This is importation because if reorientation had merely been delayed, the
advantage of a visual cue in facilitating task resumption would have been limited. In terms of the Memory for Goals
theory [2], the AR cue appears to have facilitated task resumption. The resumed task step, in turn, aided in cueing the
next task step through associated links.

Future research will need to investigate whether simple AR cues also work for more complex tasks such as resuming
an assembly task in manufacturing [50]. For more complex tasks, enhancing cues with additional information such as
providing multiple next steps instead of only indicating the immediate next step might be necessary. Furthermore, in
our case, supplementing the AR cue with pertinent details, such as the name of the medication being administered
or the name of the patient, may prove beneficial for safety. Exploring the existing domain-specific task resumption
strategies can guide the decision on what information to incorporate.

We now turn to the contribution of our results in relation to the larger HCI research on interruption and interruption
coordination [65, 82] and head-mounted display research in general. Our benefitable findings of AR cues on resumption
times and errors and specifically the edit lag demonstrate that the cue-based approach is an effective strategy to
compromise the detrimental effects of immediate interruptions and might be a viable alternative or addition to mediated

or scheduled interruptions. That is, in our study, participants were effective in dealing with the interruption and the AR
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cue minimized detrimental effects of the interruption. The benefits of AR cues may be particularly pronounced for
environments in which users are mobile and have many different primary tasks whereas the benefits might be less
pronounced for computer-based office work.

Moreover, AR cues may also affect how users address interruptions with a negotiable starting point [64]. For example,
Bogunovich and Salvucci [10] showed that workload and time constraints affect negotiation strategies and participants
delayed to attend interruptions during times of higher workload. The availability of AR cues may lead to users changing
their strategy regarding the timing of interruptions. Users might become more willing to choose points of high mental
load when a cue facilitates task resumption. Future research will need to address the how AR cues affect interruption
negotiation strategies.

Furthermore, in our study, we focused on sequential multitasking, which has characterized by fewer task switches
and longer periods of attention devoted to, most of the time, two tasks (i.e., primary and interrupting task). Concurrent
multitasking includes more task switches and shorter actions on the different tasks. The latter situations are addressed
in Salvucci and Taatgen [81] Threaded Cognition theory. The general idea of AR cues may also work in environment
with multiple ongoing or paused tasks; however, such environments will pose technical challenges in relation to a
tracking system for automatic cues and design challenges in relation to designing AR cues for multiple tasks.

Additionally, AR cues offer a potential alternative for managing interruptions in guided assembly tasks. Rather
than relying on a smart interruption system that schedules interruptions at predefined task breakpoints [50], the task
guidance system could enhance task resumption through the integration of an AR cue. Future research will need to
compare the effectiveness of both approaches.

Beyond this, the use of digital cues may also be a viable solution for interruptions in virtual reality. In VR settings,
bystanders often hesitate to interrupt users, perceiving interruptions of a VR user as especially disruptive and the user
as unwilling to be disturbed [70]. The knowledge that task resumption is facilitated in VR could potentially lower the
inhibition to interrupt VR users, facilitating interactions between VR users and bystanders.

Finally, our study showed no disadvantage of placing an AR cue via a hand gesture in regards to mental load or task
resumption. Since this approach requires only gesture recognition instead of permanent task tracking, it is a more
practical solution for many work environments. Work environments, that require the user to be mobile, e.g. intensive
care units [31], profit from the task-independent nature of the manually set cue. The manual setup also allows the use

of less powerful AR glasses that would not be able to perform task tracking.

5.1 Limitation and Strength

Our study has limitations. First, even though we used a tangible and more complex task in Experiment 2 and in most of
the resumption lag research [e.g. 12, 92], the task in the present study does not have the complexity inherit to those
in actual work environments. However, by applying the Memory for Goals theory [2], our research benefits from a
well-established cognitive framework that enhances the credibility of our findings. This theory-driven approach boosts
the generalizability of our results, particularly when considering the impact of interruptions in more complex, dynamic
environments. Studies in the emergency department and intensive care unit confirmed the effect of interruption length
[24, 34] and the general concept of environmental cueing [31]. Moreover, the inclusion of a tangible task in Experiment
2 represents a significant strength of our study. While prior research on resumption lags has primarily focused on
computer-based tasks [e.g. 52, 73], the tangible task carried out in Experiment 2 may be more representative of tasks in

interruption-rich domains such as healthcare [32] and aviation [63].
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Second, the interruptions in both experiments were intentionally structured to allow for the indication of the next
correct step through a simple arrow cue. However, actual work tasks may involve subtasks or items that may occur
more than once within a task (e.g., two pills of the same color in our pill sorting tasks). These aspects must be considered
when transferring our findings to practical work environments by, for example, using differently designed cues to
inform of varying colors and shapes or providing additional information that can effectively support those carrying out
recurring tasks.

Third, the cues in the experimental setup were 100% correct and therefore fully reliable, which might be impossible
to achieve in field settings. Falsely recognized interruptions or a small percentage of incorrectly placed cues could
reduce the users’ trust in the cues and limit their usefulness [60]. The manually set cues could circumvent this limitation
until reliable ways for detecting interruptions and placing cues become available. Indeed, with the limitations of null
hypothesis testing, our results show that manual cues had no disadvantages in terms of perceived workload or task
resumption performance.

Fourth, interruptions in both experiments were positioned solely at discrete sub-task boundaries such as completing
a module (Experiment 1) or dropping a pill in the box (Experiment 2). This may limit the transferability to everyday
tasks in which interruptions may occur at any time including more cognitively demanding mid-task interruptions
[7, 66]. However, research showed that users frequently avoid such mid-task interruptions in field studies [31, 102]
or if the study setting in the laboratory allows such discretionary behavior [7, 93]. Furthermore, in many tangible
everyday tasks, users use artifacts that are associated with a task goal. Research showed that such artifacts make task
resumption easy [31]. In Experiment 2, for example, being interrupted when holding a pill in the hand and keeping
the pill in the hand during the interruption might have acted as such an artifact. Finally, based on the Memory for
Goals theory [91], our approach of cueing the location of the to-be-resumed task-step should also work for mid-task
interruptions. However, such cues would require a more sophisticated tracking system and some tasks may lack clear
sub-tasks boundaries at all [22, 56]. Future research is needed to investigate the effects of AR cues on the resumption of

mid-task interruptions and more continuous tasks such as driving.

5.2 Design Implications

This study provides several design recommendations. First, AR cues should be displayed automatically as automatic
cues help task resumption as well as manual cues while saving the user time. Furthermore, automatic cues are likely
more convenient. Manually set cues might be a viable option when interruption detection or correct placement of the
AR cue is not possible. Indeed, we found no drawbacks to manual cues in relation to task resumption performance (i.e.,
resumption lag, resumption error, subjective workload); manual cues reduce the computational effort while providing
increased flexibility.

Second, simple cues such as salient red arrows are not only suitable for finding the to-be-resumed location [13, 77] but
also seem to be enough to recall and establish task context. Based on our results, the cue can be used for computer-based
tasks and tangible tasks. For more complex tasks, the cue may also be enhanced with additional information. However,
it has been argued that additional information or more complex cues might distract and diminish performance on the
interrupting task if they are in the field of view of the user [68]. When moving towards more specific tasks contexts
and actual users such as nurses sorting medication in elderly homes in our case, cue design may become more specific,
and designers can carefully evaluate the benefits of more complex cues. When working with actual users and tasks,
we would also recommend using qualitative measures to assess the experience of users and their feedback on the

appropriateness of the technology and implementation for the intended use.
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Third, the incorporation of highly visible AR cues may serve as a preventive measure against users losing track
of the to-be-resumed task entirely. It is possible to design AR cues in a manner that remains perceptible even when
the user leaves the room during an interruption. This could be particularly helpful for addressing interruptions that
occur in healthcare settings, as they often require staff to change location. Fong and Ratwani [25] showed that such
interruptions can result in unfinished tasks. In addition to being advantageous for interruptions that require the user to
leave the location of the primary task, these visible AR cues may benefit those who experience nested interruptions
(i.e., interrupting tasks that are interrupted again). For unfinished tasks and nested interruptions, the red arrow may
need to be replaced or enhanced by icons, that allow users to differentiate between the interrupted tasks.

Fourth, the second experiment demonstrated a new paradigm for task resumption research. The task paradigm
enables the tracking of task resumption metrics errors, resumption lag and edit lag reliably. Subsequent experiments
with this paradigm have the flexibility to adapt the difficulty levels of both the primary task and the interruption task
to accommodate specific research needs. Additionally, experimental designs with multiple secondary tasks or nested
interruptions could easily be implemented.

Fifth, due to the simplicity of the AR cue, it could be easily combined with AR task guidance systems. Task guidance
via AR facilitates repair work [41, 42]. Since the red arrow is only presented temporarily, it could blend in well with the
interface of a task guidance system. Safety-critical environments, such as aviation, where checklists are commonly
employed to manage interruptions [20], could potentially benefit from the combination of AR task guidance and AR

resumption cues.

6 CONCLUSION

Interruptions are unavoidable in many work domains and in particular immediate interruptions can result in unfinished
tasks and contribute to errors [65]. The presented research shows that AR cues can reduce resumption times and
resumption errors and reinstate the task context when compared to the absence of cues. AR cues seem to be a viable
solution to compromise the negative effects of immediate interruptions, especially in domains where tangible tasks or
staff need to change location, such as healthcare [32], aviation [63] or manufacturing [50]. Moreover, AR offers a more
streamlined alternative to conventional task resumption methods, like relying on sticky notes [28] carrying artifacts
such as a syringe [31] or building task-specific systems [84] or reminders.

Beyond work settings, translating our findings to virtual reality appears promising, as interruptions within virtual
reality environments can significantly detract from the immersive experience, similar to the impact of interruptions
in real-world settings [27]. Exiting the virtual environment to attend to a real-world interruption may yield a level
of disruption similar to that induced by interruptions that require the user to leave the physical workspace. The
potential transferability of our insights underscores the relevance of our research in addressing the challenges posed by
interruptions across virtual, augmented and actual reality. Finally, as head-mounted AR displays, such as the upcoming
Apple Vision Pro, become more ubiquitous, user interactions with interruptions are likely to become increasingly
frequent and potentially disruptive. Given its simplicity and versatility, the manual setting of cues offers a viable solution
that could be integrated seamlessly into a multitude of everyday tasks, such as cooking, to improve user comfort and

reduce the risk of forgetting.
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Chapter 9

Discussion
Our research revealed many conditional factors like :“If the user is stationary...”, “If hands
are free...,” and so on—which makes it very difficult to reach a consensus on AR notification de-

sign. As Grubert et al. [108] stated: “The concept of pervasive augmented reality requires that the
AR system can adapt to the current, changing requirements and constraints of the user’s context
and thus allows for continuous usage.” While VR applications are generally self-contained, AR
systems are designed to work within a more general, real-world context. Consider the supermarket
example for notifications [61]: When crafting a VR environment, you have the option of deliber-
ately choosing where notifications will be displayed and how the user should interact with them.
The system designer knows what tasks the user might be performing and understands how the
environment is structured, which allows for a highly context-optimized design. Of course, when
designing an AR system for a very specific use case—such as a system to aid in surgery—the
design can be optimized for that environment. However, while VR is restricted to your current
tracking space, AR allows you to leave your environment and do something else without taking
off the headset. This context switching is critical for AR applications, as these headsets must be
able to understand and adapt to the user’s current context. What may have been an ideal system for
a scenario in which the user is stationary, and their hands are preoccupied with another task may
become highly distracting or non-functional when the user moves into a different environment or
engages in a task that allows them to use their hands freely. Our experiment in the wild shows this
clearly. The benefits of the AR notifications are heavily influenced by context; the situation the
user is currently in, but also the relevance of the notification content to the user. However, not just
the benefits are amplified by context, but the downsides as well. Participants felt more interrupted
by the notifications in AR, which was sometimes seen as desirable if the notification information
was important to them, and other times as undesirable, if the notification was irrelevant. In the case

of the smartglasses used, notification information was always displayed in the center of the FOV,
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which results in the notification overlaying real-world tasks. Using a world-stabilized placement
adjacent to a task but not overlaid, like we found in our first experiment (section 5.1), could be a
beneficial way to still inform the user without obstructing their view.

Based on our findings, we have compiled a list of design suggestions that should be considered

when creating notifications for AR.

9.1 Design Implications
Presentation

Notifications should be generally placed in the bottom center of the user’s FOV. This position
turned out to be hard to miss, ensuring timely notification delivery, while not being too obtrusive
and distracting. Notifications should be displayed like this, if the user’s current task is unknown,
or when the user is moving around a lot. When transitioning to a stationary task, like for example
maintenance of a machine or sitting at a desk, notifications should be presented peripheral to the
main focus of the user. Taking the example of working at a desk with a monitor, notifications could
be displayed on the edges of the monitor, calling attention to the current task, but not obstructing
it. If the current task is fully in AR, and requires heavy use of the hands, displaying notifications
on the wrist is also a viable option, however comes at the risk of missed notifications if the hands
are not in view. If objects in the environment produce notifications, displaying notifications over
the objects also yields good results.

To not clutter the environment, notifications should be displayed for a few seconds and if they
are not immediately attended, they should move into a list with other notifications that have not
been attended. This list should be easy and quick to access, by for example summoning it by look-
ing at one’s palm and attaching it to the hand. Notifications should also be easy to quickly dismiss
if they are interruptive at the moment, to be accessed at a later time from this list. To strengthen
notification noticeability, a combination of visual and audio should be used, as visual notifications
alone are missed at a much higher rate than the combination of visual and audio. Lastly, notifica-

tions should be classified according to their importance to their user. Not all notifications a person

137



would receive on their phone should be displayed in AR, or at least in the FOV. Users should be
able to choose between different ways of presentation, on a granular level, as not even notifications

from a single source have equal importance.

Interaction

For attending notifications, like dismissing them, Touch interaction should be used. Compared
to interaction techniques using only a single modality like Eye-Gaze and Dwell, Touch was shown
to outperform them, as well as being preferred by the users. Compared to interaction techniques
with multiple modalities, Touch still performed at least on par or better than other interaction tech-
niques, so the use of Touch is still encouraged. However, since it did not significantly outperform
other techniques, the use of multimodal interaction techniques could be viable in settings where
the hands are preoccupied. It is then highly important to prioritize the speed and reliability of
the techniques, as most remarks about the interaction techniques besides Touch were focused on
perceived reliability. Looking at Gaze + Pinch, Pfeuffer et al. [59] mention this in their work as
well, calling it “Early and Late Triggers”. They suggest including generous and predictive timing
when using Gaze + Pinch, to ensure that indication and confirmation processing can align. We see
from our work that this is not just an issue with Gaze + Pinch, but also with other combinations of
modalities. This means that multimodal techniques need to offer some sort of fail-safe that gives
the user a bit of room for error.

In any case, interaction should not be limited to a single technique. As described, Touch might
not be ideal in scenarios where the hands are preoccupied. Giving the user several ways to interact
introduces flexibility to the system and ensures seamless interaction. The techniques should also
be configurable, since not everyone prefers the same techniques, or some techniques might not be
appropriate depending on the current usage scenario, such as voice commands in a conversational
setting. Great attention has to then be put into the specificity of gestures or voice commands, as
too low precision could cause frequent accidental triggers, whereas too high precision could cause

many false negatives and could affect perceived reliability.
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9.2 Limitations

With any research, it is critical to not overemphasize the findings and to acknowledge that there
are always limitations in every scientific experiment. While we have designed and conducted these
experiments with utmost care, there are still limitations to our work that we will point out. One
limitation of this dissertation is the task used for the majority of papers presented. While the virtual
cooking environment used was a flexible task, requiring users to be stationary as well as mobile,
it cannot be used as a metaphor for every kind of situation someone wearing an AR headset could
find themselves in. The experience a user will have in AR can be influenced by many elements in
the real-world environment. Different background colors, environmental noise, and the people in
the environment; all of it influence the experience, which, of course, can never be replicated in a
laboratory study.

Another limitation of this research is the device used in five out of the six experiments, the Mi-
crosoft Hololens 2. Its FOV is at a relatively narrow 50°, which can limit the perception of virtual
objects and environments. This is especially important with world-fixed content, as locations in the
real world may be visible, but outside the render area. The device is also physically bulky and may
cause discomfort during extended use. Additionally, interaction methods, such as hand tracking
and voice commands, can occasionally be unreliable in varying lighting or noisy environments.
However, our highlights include much insight into general problems with AR notification. It is
unknown whether improved hardware would influence our results, and if it did, in what strength

and direction.

9.3 Future Work

Our presented research highlighted several challenges that must be addressed for AR to be
truly beneficial for notification delivery. These challenges inform the following future research
directions:

One key finding was that participants benefited most from notifications that were important to

them. However, some users expressed a preference for receiving all notifications on the headset.
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This suggests that a simple on/off toggle for notifications is insufficient; instead, we need dynamic
display mechanisms that differentiate notifications based on their priority. Future research should
explore the use of color, animations, and icons to convey priority levels. Additionally, multimodal
indicators such as audio cues or subtle haptic feedback (e.g., vibrations) could be investigated as
a means of enhancing notification delivery. Participants valued unobtrusive interaction methods
that allowed them to read or dismiss notifications without drawing attention from conversation
partners. Future studies should explore interaction techniques such as unimodal eye-tracking, mi-
crogestures, and hand-worn devices (e.g., a smart band with a pinch gesture). Other potential in-
teraction methods include subtle swipe interactions on the glasses’ frame or discreet head gestures.
These techniques should be evaluated in terms of usability, efficiency, and social acceptability. A
recurring concern was privacy, as the presence of smartglasses made both wearers and bystanders
uncomfortable due to potential recording capabilities. Future research should investigate ways for
AR glasses to clearly communicate their recording status to onlookers. This should go beyond user
manuals and be immediately evident to bystanders. Additionally, research could examine whether
the presence of AR glasses—whether recording or not—alters social behavior during conversa-
tions. To better understand multimodal interaction, future work could explore how users switch
between different interaction techniques depending on the context. A controlled task environment,
such as a cooking scenario, could be used to allow participants to interact with notifications using
all researched techniques simultaneously. This would help identify which techniques are most ef-
fective under different conditions and provide insights into user preferences for adaptive interaction
methods. Our current findings may have been constrained by hardware limitations. Replicating
our experiments with more advanced AR headsets could improve and validate our results. For
example, in our previous study (section 5.1), wrist-based notifications were effective when users’
hands were within the FOV but performed poorly when the hands were out of view. A headset with
a larger FOV could enhance the functionality of wrist-based notifications. Similarly, the accuracy
of pinch gestures and the reliability of eye-tracking could improve with better hardware, warrant-

ing further investigation. A way to improve the pinch gesture detection could be to use a wrist
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worn gesture-tracking system such as DoublePoint[109], which enables the use of a smartwatch
to detect pinch gestures. A logical next step would be to develop a system based on our labora-
tory findings and evaluate it in real-world scenarios. However, current AR head-mounted displays
(HMDs) are not yet comfortable or unobtrusive enough for prolonged daily use. As AR hardware
evolves—becoming lighter, more compact, and offering better battery life—future research should
revisit our findings in broader real-world contexts. Additionally, improved hardware could help
address some of the limitations we identified, allowing for a more comprehensive evaluation of
AR notification interactions in everyday environments.

These future research directions will help refine AR notification delivery, making it more

context-aware, privacy-conscious, and seamlessly integrated into users’ daily lives.
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Chapter 10

Conclusion

This thesis has examined different approaches to displaying notifications in AR environments
and optimizing interactions with them. In the first experiment, we studied the location of notifi-
cations in a 3D AR space by using a memory card game with interrupting notifications on an AR
headset. Each notification included a prompt that users needed to respond to, and we found that
placing notifications in the bottom center of the FOV is ideal for general or mobile tasks, while
notifications placed in the world are ideal for stationary tasks. The second experiment also looked
at the location of notifications, as well as the modality. Using a simulated cooking environment, we
displayed notifications about the task either in a fixed list positioned in the environment or directly
located above virtual objects that caused the notification. We also investigated the effects of the
modality of notifications by sending either audio notifications, visual notifications, or a combina-
tion of both. We found that combined notifications located on the source objects provided the best
results. The third experiment investigated interaction with notifications in a simulated cooking en-
vironment, as well as the display of multiple notifications. We found that having a notification list
attached to the body for quick access was well-liked by users. Additionally, touch interaction was
found to be superior to unimodal alternatives such as gaze or voice. In the fourth experiment, we
combined the modalities used in the previous experiment to explore the potential benefits of mul-
timodal interaction over unimodal interaction. We found that multimodal techniques performed
similarly to touch interaction; however, issues with fusing multiple modalities led to perceived
unreliability. In a fifth experiment, we investigated the effects of notifications on smart glasses in
the real world. Participants wore smart glasses for five days, during which the devices displayed
notifications from their smartphones. We found that participants liked the ability to access their
notification hands-free, seeing time-critical notifications instantly and being able to identify im-
portant notifications. However, there are still critical barriers for user adoption of this technology,

such as social hurdles, attentional costs and interaction limitations. Finally, we investigated means
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to help user’s resume tasks after being interrupted in a sixth experiment. Using AR, we devel-

oped a system that could help reduce distractions by presenting a visual cue when an interruption

happens, at the current location in a task. We found that the resumption lag after short and long in-

terruptions was significantly longer without the visual cue present. This could help in minimizing

the distractions introduced by notifications, as the system could place a cue right when an intrusive

notification is delivered. From my work we can derive several design recommendations:

Notifications in AR should be placed in the bottom center of the FOV except in stationary

tasks, where they should be placed adjacent to the task, or task-relevant locations.

Notifications placed on the wrist should be used when it can be guaranteed that the hands

are in the visible area of the user.

Touch interaction should be used for the notifications, with hands-free fallback techniques.

Mulitomodal interaction should be prioritized over unimodal techniques, with a focus on

reliability of the interaction.

AR visual cues can help with task resumption and should be deployed to minimize atten-

tional costs of notifications.

Notifications should include audio and visual components for optimal noticeability.

Importance and circumstance of notifications influence the willingness of users to be inter-

rupted by them.

Notifications should be stored in an easily accessible way for later attendance.

Notifications have been—and will continue to be—integral parts of daily computing. Although

they are very useful, they can also have detrimental effects on productivity and well-being. With

smartphones carried in our pockets for most of the day, they are already far more invasive than no-

tifications on a desktop. In the not-so-distant future, when smartglasses might be widely worn, the

invasiveness of notifications could be very high, while their usefulness could be equally significant.
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This research will assist in designing these systems to minimize the impact of notifications when
these devices become pervasive. Since AR devices interact with the real world, whose properties
can change dramatically, they will also need to better understand the current situation and adapt
accordingly. Notification delivery is no exception, and there is, unfortunately, no “one-size-fits-all”

solution. .. yet.
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Appendix A

Picture Permissions

A.1 Figure 1.1

1/15/25, 11:38 AM Mail - Plabst,Lucas - Outlook

ﬁ Outlook

Re: Usage of Images in Doctoral Thesis

From Keiichi Matsuda <info@km.cx>
Date Wed 1/15/2025 11:37 AM
To  PlabstLucas <Lucas.Plabst@colostate.edu>

** Caution: EXTERNAL Sender **
Hi Lucas, thanks for your message and kind words.

Yes of course you are welcome to pull stills from the film. | also have some high res ones here:
https://drive.google. dri 1w36xrWGQHBX77nc9-JjM6PkBXCIBICIT?usp=sharing

Best of luck with your work

Keiichi

------ Original Message ------

From "Plabst,Lucas" <Lucas.Plabst@colostate.edu>
To "info@km.cx" <info@km.cx>

Date 15/01/2025 17:42:03

Subject Usage of Images in Doctoral Thesis

Dear Mr. Matsuda,

My name is Lucas Plabst, and | am a PhD student in Human Computer Interaction at the Colorado State
University in Fort Collins USA and at the University of Wiirzburg in Germany.

Your film Hyperreality has been incredibly influential on me, and it is a major reason why | chose to
dedicate my PhD research to the topic of "Notifications in Augmented Reality".

| see a future where smartglasses will be ubiquitous, like smartwatches are now, and to avoid having it play
out like in your film, | did research on the User Experience and Usability of these notifications in AR.
Currently I have published three papers on this topic and am working on the fourth.

I am also finishing my doctoral thesis and wanted to ask for your permission, to use still-frames from your
movie in the thesis to highlight the potential problems that could arise from information overload in AR.
These images would of course be properly credited in the publication of the thesis.

Thank you for your consideration and thank you for making the art you make.

Best wishes

Lucas Plabst

Lucas Plabst | PhD Student (Cotutelle)
M.Sc. Human Computer Interaction
NUILab CSU USA &

HCI Group JMU Germany

Check out my work!

https://outlook.office.com/mail/inbox/id/AAQKADI4ANmMYzY2NIiLTNKY mMINGYzMy05SNzNILTA4Yzc0YzM1MWUzMAAQAF 30w 1yBsvFKpn%2FKIKc. ..
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A.2 Figure 4.6

O

TUESDAY
Lucas Plabst (He/Him) « 12:19 PM

Hello Nuwan!

| am finishing my doctoral thesis about AR
notifications, and for my related work part, | wanted to
use a figure from your GlassMessaging paper. Is it
okay for me to use Fig 1, of course with proper credit?
Also, will you be at IEEE VR? | would love to talk to you
more about XR notifications, you have done so much
great work!

Nuwan Janaka (He/Him) = 9:31 PM
Sure, no problem. Go ahead, thanks

Almost all my work should be under creative
Commons (no restrictions).
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A.3 Figure 4.1

e

Sarthak Ghosh

Available on mobile

O+ [

Lucas Plabst (He/Him) « 12:20 PM

Hello Sarthak!

| am a HCl PhD Student and | am specifically looking into
AR notifications.

Your NotifiVR paper was really amazing and | wanted to ask
if | can use a graphic from it in my thesis.

Sarthak Ghosh = 12:21 PV

Hi Lucas! Sure you can use it. Please let me know how you
would like to use it and share some context.

Lucas Plabst (He/Him) » 12:23 PM

Hey,

thanks for the quick response!

| wanted to use Fig. 7 in a related work section, to highlight
different modalities of notifications that have been so far
researched in XR. | have published multiple papers about
AR notifications specifically, but would like to use that
image as a broader look into 3D notifications.

Sarthak Ghosh = 12:21 PV

Sounds good to me!
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A.4 Figure 4.4

2/25/25, 9:52 AM Mail - Plabst,Lucas - Outlook

E Outlook

RE: Permission to use Figure

From 0| Xl <clairehj517@kaist.ackr>
Date Wed 1/22/2025 6:55 AM
To  PlabstLucas <Lucas.Plabst@colostate.edu>

** Caution: EXTERNAL Sender **

Hello, Lucas!

It's so great to hear from you! | remember meeting you at ISMAR 2022 in Singapore—it was great
chatting with you back then, and I'm really glad to reconnect.

Thank you for your kind words about the paper. I'm happy to hear that it's been helpful for your
research. Of course, you're welcome to use Figure 1 in your doctoral thesis. | really appreciate you
making sure to disclose and properly cite the source.

Your work in this area is incredibly impressive, and | hope we get a chance to collaborate on
something in the future. Best of luck with finishing your thesis, and feel free to reach out if there’s
anything else | can help with!

Best regards,
Hyunjin.

Hyunjin Lee (Ph.D)
Senior Researcher, KAIST KI-ITC Augmented Reality Research Center (ARRC)
291, Dachak-ro, Yuseong-gu, Dacjeon, Republic of Korea

From: "Plabst,Lucas" <lucas.plabst@colostate.edu>

To: "clairehj517@kaist.ac.kr" <clairehj517@kaist.ac.kr>;
Cc:

Sent: 2025-01-22 (%) 04:27:16 (UTC+09:00)

Subject: Permission to use Figure

Hello,

' am a PhD student at Colorado State University, and | am currently finishing my doctoral thesis about XR
notifications.

Your paper "Exploring the Effects of Augmented Reality Notification Type and Placement in AR HMD while
Walking" was really good work, and | wanted to ask for your permission to use Figure 1 in that paper in the
related work section of my thesis.

Of course this would be disclosed and cited in the thesis.

Thank you in advance and best wishes

Lucas

Lucas Plabst | PhD Student (Cotutelle)

M.Sc. Human Computer Interaction

https://outlook.office.com/mail/sentitems/id/AAQKADI4NmMYZzY2NiLTNKYmMtNGYzMy05NzNILTA4Yzc0YzM 1MWUzMAAQAL|Sj6rFtiRAjoWApafor. .
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A.5 Figure 4.2

o André Zenner - 1:22 AM
& iycas!

JAIN 1T

-

Redacted

Zu deiner Frage:

Klar, du kannst die Abbildungen sehr gerne in deiner Diss
verwenden. Einfach das Paper in der Caption zitieren und "
(C) Zenner et al." oder so dazu schreiben.
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Appendix B

Affinity Diagram for Smartglasses Experiment

.1 Approach for Notifications

Approach for
Notifications on
SG

Presentation of

Interaction with

Importance of
notfication determines
how notifications should

i Notifications. be displayed
Notifications
| would like a I don't need the full Notifications should I need a good way to Ineed a better way m:g‘;:c‘ezem'fe"r:’"he The SG was most Less important
SRl content displayed stay just as long as respond to to dismiss the e ke beneficial for time. notifications should
my pending notifications on the SG sensitive notifications i
notification e needed notfications notifcations to me be less intrusive
Guccara P — My iggest e n
eirossaot vyt o 1 would like R T beelt of e oresiore1
Lossmon o) S e enite o aisanch imporart N comivantcnthe
el T et sy e scvas o S
SLandn e et Biene jemie tme senstie ey
Salis e notfcations peopi now i vt
o nace 1ked being e acoan es
i able o read i would ke would el helped mo
* cosaan e s torespondto more natural S e .
e notfcaton on i o demse insl e impartant e
Toansato thess (e te s notfcatons moe mporan hings on ime [
et
e [
b iy ot | would e to [ The mainsonet syt
setsnoveven e Strottcatons s i wovcets istosee oot dsirs
craimy e ndenion 5 e R
nefcatons on oddbe s [y de g meta en o oot
e gses 2l newaion interact with oo s svscians
e S npatans
1 would like n nctcatons 1 Eaigsoie o e
pEsd aps o e 51 Eppeato s Iwould e to i Iound the et vor
to scroll anbuants ama g s Cepiyto ettt is e el
e P rotfcatons ice ot e
Mo s e et epard i usefulfor e- e
Higets otor inger iy , he SG allowed
I ticanon e e ot amope an 55 o
ik sutasson i BN o e e SGmademe LA
artis oy o s reply to e ey anc vty
wedine o astacing natifications wrcons wicmerad s
e oy ot
. eufcatons sty et
e e ot ik e o e
st i | s et Lot S
i vams oo Sl s olow
i retfcators o o
S ko immectaty
o vosome Houndthe ey i
el 1 would like butonto
presiy to reply to asmiss cpecy el
pradirpiiey messages notfications prepdriy
2 nard 0 use e
via voice
cont sven e —— G was
Sstilons most usatulor
. e crical
taatamne 11s s notiicasons
ot
ol have Iforgot about s et
e o be o dimiss i
ableto notfcation S
respond o ture P
notficatons chtaner

169

The SG should only
show notifications that
are important to me.

5Gshoud

things fror
important 2pps.

wgeton e s

amnoying

some spps1

acporont or e




B.2 Attentional Costs

On my phone | wait to It was hard to
deal with notifications, visually ignore SG
but on SG | couldn't notifications
Wi he SG 1 wanted Getting
1o clear noticaions S
ightaway since ey notifications in
Wwere inmy FOV.on Font oty
my pnone  wat and
cismiss them i eyes was
distracting
notifications on
otications pie up
when i dont deal SGwelc harder
‘with them and then i to ignore so
never deal with them wouldnt be
but with the SG | had automatically
- swiped away

the SG made it
more difficult
to ignore
notifications

“When I was ready |
could pick my phone
back up, but with the.
glasses I et ke |
didnt have a choice”

Felt more
interruptive as
a phone since
it was right in
the face

I can't ignore
the notification
even on one
eye

The notfcations that
 on the

G also bothered
me on my phone but
were more noticable

Attentional
Costs of SG

SGs causes
distractions

It was hard to not
pay attention to SG
notifications

Atfirst the
notifications
irritated me

butl got used
to it quickly

thought the SG were

being able to ignore
the notfication

ineed to read
entire
notifications
now that they
are there

Didnt dismiss
notifications on
SG because they
now wanted to
know what was
going on

some reminders |
dont even need on
my phone but get
them on silent, but
with the SG it was
very invasive:

i got work
notifications
while using the
restroom which
made me feel
uncomfortable

was more
aware of

notifications

with the SG

Notifications on the
SG distracted me
from tasks

iwore them most of

me already

Was distracted
bythe
notification
during complex
tasks

felt that

productivity on
phone and SG

Iwant to access
notifications
actively instead
of having them
POp up right away

on my phone a
vibration is just
a psychological
break but not a
visual break

Ihad issues
wearing the SG
around people or
in meetings
because | would
get distracted

Looking at my
phone on my
deskis less
disruptive than
the SG

When 'm biking

my attention off the
road

I can set my
phone aside but
when | was
focusing on a
task the glasses
interrupted me

didnt wear
them in
meeting since
i didnt want to
get distracted
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SG impeded on my
vision of the real
world

Sometimes
the frame of
the SG was
impeding on
my vision

Glasses
Notifications
blocked the
view of what

they were doing

100k SG off
when gaming
since the
frames
distracted me



B.3 Benefits of Notifications
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B.4 Notification Ecosystem

“no need for SG




B.S Improvement Opportunities

Improvement
Opportunities

Missing features in

Similarity to real
Y current SGs

glasses is very

important
Attention and looks | like when SG | want the SG to look [ wEr e EE e | want the SG to I wish the glasses
did not stop me from functions like my more like normal with the glasses display more things had audio and video
wearing the SG normal glasses glasses input/output

sooin e e Lo Iwartihe —— R | would like
the SG at frst but s wan go0d app that the SGto
situations where SG to be iy
it ended up not e S could display text have
i for speeches etc
bothering me as o noandl less bulky controls on
much i i would want to speakers
glasses the SG e
atthe begiing
I would like to The SG does would be fine
wes xced o ;
e St dactive WeartHB.SG, et Elend 1 would like to 1 would like the with SG ifthey
thelaok,Inthe end | i create reminders SG to show me had a video.
with my like regular or google timers and screen o calling
butnot excited prescription glasses something with upcoming capabilities
il lenses the SG appointments
* Lended up embracing didnt have to “I wouldn't feel "l am not against
it throughout the week | explain SGto self-conscious fwould ke including a
e e = oy et rec aboutthem if Iveudlicete glanceable media
ol s P people could not have a Google et Hersaacin
ke o -.2:«:;1 anerd reqularly wear tell if they were Assistant on D“u’;ag“;“m";’:‘;l this type of
glasses tech." the SG calendar event device”
. "11probably wished they
i would be ore e | would like them had speakers
people open to wearing h? - to display more i)
commenting them a lot if they g ';95 when things, like task T eraDHONEs
on the glasses Just look like #vay fom phots Instructions while. P!
normal glasses” b oing something for calls
prefere
People I want the SG want o use the. 1would like to Rodhave
rarely asked to look more et aclustthe lied cameras to
me about like normal i positon of i Do oy
e abou s o /g notifications work or online
the SG glasses ey depending on meetings
my siation
i | don't mind the.
Having to explain 1would like owouid ke SGhavinga
the SG 1o other to.0wn SG If -
eople did not the SG to iciopRoneids
e 1like the long s have o
specifically tum i
wearing them ook of them b: el pecioaly
lo more
didnt like “Tom sl dicey
If the SG was
i se S yos) about camerss,
useful i but microphone
they looked the futre | e At
onme would consider fine with®
wearing it
I wantmiow) | want to be
option to manage able to use
my notifcations
onthe SG, like the SG fully
snooze or mark as hands free
read

1 would like to set
costume gestures to

notifcations on the.
press and
hold on toueh buton)

The SG has
touchpoints on

notifications
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B.6 Obstacles for Adoption

Ji0jui03 10}
@) yonw
ooy sy
sauinaWos

Sagassauryous

23U0 1. UoNewOJu]

yonw ooy

£q papeopi=no 136 |

ssseid oy

Bufiag voum

@
s gsnd o

o poputus
i s
o S
51
“ounawos
B o fuse oo
pobpnus
awouaaonin
fedsip o Bupacie
s suey ot
o Buppo
5o o 5001405
o anuran 5 svonesinon
. woqe nonn
e potiami Sumons
Bupro0> oo
o
S alum e
sy dn poso G possols
e SRR e s
Bupro0>
oy dn
60} pinom
o5 ouL S
Bupue woy osn A
susois asn sonssi

suoneayou Aue Juem

papaye jeu) sanss|
1Uop | SawBWIOS RIS ST

aiempiey pey | eisnijos sioe peil

595 M sadURRouLE.
feuonenys
pasewnoau

o5 a1
@) 3
o 5n30 0
o192 jusem |

osau
101 u2aI6.
UBUq 31
LUPP |

n
@nja wbug
e pjaid
pinom |

B UL

[

122400, pinom |

souIEWOos
Pea1 0} piey 1 xaL.

w32y
0 32uersp

196121 @ poy

aneu pinom |

nipass,

aigevopuoLn.

Semwoos ep

©ussauubug
e

Soup s

4D Bus
ssauugg auL

spso
suBiiq semn

sw 10j wajqoid
©semos
Jo ssaulbuq 2uL

55 Buieam
woy
audepes

os e
Bupoo, woyy
p Bumat
e safs
Ay

1ui0d awos je uens
afs pasnes 95 au L

SHS jo uondope

104 s3[2€1SqO

Swepean

aigevopoon
1 speus 55

amsafo aney
o1 papadea)

HojuI03sp.

10 ujed aw pasnes
92195 € 18 Bupioo]
aym 95 a1 Buisn

9540

asne2aq Hojwoosiq

oot e |

sosserBuns.
om Auo.
Aensn 3305
Buniouioasp
som sassm

sessup
Supoom
sawsaop
puo sassol0
o9 wso0p

sas5e1B Bupieam
10} HowodSIp
[esouab e aney |

wen sy van

s 2nssy

spew g sl
10 pionBasou
ouL

alqeuojuIoouN sem
uwiey au wbnou: |

0p1usa00 95

ousauonu o
anyusoop 05

e
anoy fpoaire
1uBm ssasn
595901

1espBeane
Son Sungauos
Buss suon
22,1 1

watin

sui o
oUaq 0U 218 S
a1 uo sUoREIYRON

oo son
0w
Bussay oo
saunfaue

suoneiisny

up uBlamno
Alea11u0p
Syeuaq 2l

aouaq e 2as |

o

o kep 3o 10

waueq 0101 @

Buos yostu
o3 w0p 1,

95 241 Bupeam
passu |
asom uonoms
g

way a0

UCTIECC)

4140 9pisIN0 ©5
© seam jou piom |

usaIBul J040ET

174



17,)

)

o0

)

—

]

=

p—

2]

N

)

©

S

75 ik
i

=

==

175



	Abstract
	German Abstract
	Acknowledgements
	Dedication
	List of Tables
	List of Figures
	Introduction
	Overview

	Notifications
	Categorizing notifications
	The impact of notifications
	Managing notification delivery

	Augmented Reality User Interfaces
	Interaction

	Notifications in XR
	Position
	Presentation & Modality
	Attendance and Interaction

	Contributions

	Presentation of Notifications in AR
	Position of Notifications
	Modality and Location of Notifications

	Notification Interaction in AR
	Unimodal Notification Interaction and Display Methods
	Multimodal Notification Interaction

	"In-the-wild" Notifications on smartglasses
	Introduction
	Related Work
	Methods
	Results
	Notification Logs

	Interviews & Note Results
	Approach for Notifications on Smartglasses
	Improvement Opportunities
	Benefits from Smartglasses
	Notification Ecosystem
	Obstacles for Adoption of Smartglasses
	Societal Challenges
	Attentional Costs of Smartglasses

	Discussion
	Limitations
	Future Work

	Conclusion

	Aiding task resumption using AR cues
	Discussion
	Design Implications
	Limitations
	Future Work

	Conclusion
	Picture Permissions
	Figure 1.1
	Figure 4.6
	Figure 4.1
	Figure 4.4
	Figure 4.2

	Affinity Diagram for Smartglasses Experiment
	Approach for Notifications
	Attentional Costs
	Benefits of Notifications
	Notification Ecosystem
	Improvement Opportunities
	Obstacles for Adoption
	Societal Challenges


