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Figure 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

ABSTRACT
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
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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 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 Sub-
title placement. Hence, we recommend to use different notification
types depending on the overall structure of an AR system.
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1 INTRODUCTION
Visual notifications in AR can be employed to draw a user’s atten-
tion away from their current main task, towards specific, potentially
important events. This is especially significant in safety-critical en-
vironments 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 presen-
tations in mobile device applications have an influence on response
time and the disruption perceived from a notification [27, 35]. Rza-
yev et al. show that placement has an impact on the perceived
urgency and intrusiveness of visual notifications in AR [32]. In Vir-
tual 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 con-
tent 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 RELATEDWORK
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 unprece-
dented 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 al-
ways 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]. How-
ever, 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 noti-
fications 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]:

� 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.

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 differ-
ently from the others, but rather, that position should depend on the
context of the notification and the current task the user is perform-
ing. Also researching notifications in VR, Ghosh et al. [12] explored
interruptions and notifications in VR with several modalities like
haptics 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
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short information at the periphery of vision using di�erent glanc-
ing methods, which could be employed for noti�cations as well.
Chua et al. [5] investigated the display-position of a monocular
head-mounted-display and how it a�ected 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 noti�cation position in AR during social
interactions and found that displaying noti�cations in the user's
�eld-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 ac-
tivity like talking to another person, Lucero et al. [26] developed
and researched noti�cations 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
noti�cations and found that participants had little issue with deal-
ing with the noti�cations while being 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 Text in 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 di�erent 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
noti�cation 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 noti�cations, as longer reading caused eyestrain
and reduced text comprehension.

3 EXPERIMENT
We conducted an experiment to determine if the position of a noti-
�cation could a�ect primary and secondary task performance and
to also examine if the perception of the noti�cation changes de-
pending on its location. In this study, participants were instructed
to play a card game (primary task), during which they received

noti�cations 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 di�erent noti�cationPlace-
ments (see Figure 1) in an AR-environment with two di�erent
Task scenarios. This resulted in a mixed group design with two
independent variables. The noti�cationPlacements consisted of a
noti�cation in the (1) top right (heads-up-display), (2) bottom mid-
dle (subtitle)portion of the AR headset display, (3) projected on the
wrist, and (4) situated above theTask in the world. The participants
were exposed to all noti�cation types during the experiment, i.e.,
type of noti�cation was a within-subjects condition.

Cards were either all physical(real card task) or exclusively
virtual AR playing cards(AR card task) , depending on theTask
scenario. This between-subject variable allowed for a comparison
of whether more virtual content in�uences noti�cation perception.
Also, this approach enabled an investigation on the in�uence 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 e�ectiveness of noti�cations in a more
AR-focused situation.

TheTask for the experiment was a memory card-playing game,
as a sustained attention task was needed for the experiment. Be-
cause this game requires a lot of recall ability, intrusive interrup-
tions should have a large impact on the performance, which makes
this task suited for investigating the e�ects of the noti�cations. 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 �ve 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 �ipped 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 �nger to tap on a card, which would �ip
it. If the cards matched, the cards would automatically disappear,
or in the case of a mismatch, be �ipped face-down again.

While playing the memory game, noti�cations with di�erent
Placements were shown to the participants in the AR-headset.
Each experiment run lasted eight minutes and the noti�cations
appeared every 50 seconds resulting in a total of nine noti�cations
per run. Timings were kept constant in an attempt to reduce po-
tential confounds. Timing could in�uence 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 noti�cations. The amount of total cards was
chosen to make sure no participant could �nish within the given
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