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ABSTRACT

Augmented Reality (AR) notifications must balance attracting user
attention with the need to avoid distraction or cognitive overload,
particularly in performance-critical tasks. While prior work sug-
gests that multimodal notifications combining visual and audio cues
can improve user attention, the effectiveness of visual-only noti-
fication designs remains less understood. This study investigates
whether visual-only notifications can support user performance and
attention as effectively as multimodal notifications in AR envi-
ronments. We conducted a within-subject user study to compare
four notification conditions: Notifications on Object With Sound
(NoO WS), Notification on Viewport (NoV), Notification on Object
With Arrow (NoO WA), and a Control condition (No Notifications).
The study was implemented in ARtisan Bistro, an open-source AR
sandbox environment simulating restaurant tasks. Results indicate
that user performance did not differ significantly across notification
conditions, suggesting that multimodal designs do not necessarily
outperform visual-only notifications in all scenarios. In addition,
combined visual-audio notifications did not significantly outper-
form NoV in terms of attention capture or user preference. Ac-
cording to the findings, despite their practicality, not all visual-only
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notifications can function as well as multimodal ones. The study
emphasizes the need for more research into increasingly difficult
AR activities, improvements in visual notification design, and the
effects of background noise on notification effectiveness.

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

1 INTRODUCTION

Augmented Reality is rapidly evolving into a critical technology
across various domains, enhancing user experiences by overlaying
digital information onto the real world. Despite these advance-
ments, effectively delivering information in AR environments re-
mains a significant challenge, particularly in the design of notifica-
tions [33, 37, 45, 31, 5]. For instance, notifications must provide
valuable, relevant information to users while effectively conveying
the intended message or alert, ensuring users understand its im-
portance or the required action [34]. However, while notifications
need to capture attention, they should not be so intrusive or frequent
that they disrupt the user’s current task or workflow. Excessive or
poorly designed notifications can divert the user’s focus from their
primary task, leading to decreased productivity or errors [30]. Thus,
notifications must balance being informative and attention-grabbing
without causing undue distraction or cognitive overload [34]. Main-
taining this balance is essential in environments that require high-
performance and situational awareness, such as customer service
and industrial applications.

In AR environments, notifications can be delivered through mul-
tiple modalities, including visual [29], audio [34], or haptic feed-
back [27]. Modern head-mounted displays (HMDs) support these
modalities beyond visual cues by providing built-in earphones for
audio and vibration motors in hand-held controllers for haptic feed-
back. By leveraging multiple channels, AR systems can more ef-



fectively guide user attention. For instance, multimodal notifica-
tions that combine visual and auditory cues have been shown to
enhance user focus and reduce task load when interacting with
HMDs [24, 18]. However, the effectiveness of visual-only no-
tifications, especially in environments where auditory cues may
be impractical due to ambient noise or other constraints, remains
largely underexplored [20, 3]. Yet, in many real-world environ-
ments, such as industrial settings, outdoor locations, or crowded
public spaces, ambient noise can have detrimental effects on the
users’ attention [4]. This raises a critical design challenge: under-
standing the tangible costs and benefits of relying solely on visual
notifications when audio is removed.

While previous work by Raikwar et al. [34] demonstrated that
multimodal layouts combining spatial audio and object-anchored
visuals represent the gold standard for AR notifications, it did not
investigate the attentional and cognitive costs of removing auditory
cues entirely. Furthermore, prior research failed to explore visual-
only fallback mechanisms (e.g., periphery arrow-guided cues) to re-
solve the “out-of-view” notification problem when sound is unavail-
able. By isolating these constraints, this study directly addresses
gaps left unexamined in the literature to chart an optimal design
space for high-noise AR environments. To address this gap, we
adopt the same high-fidelity ARtisan Bistro simulation as a bench-
mark testbed but extend their scope by investigating the trade-offs
that occur when sound is eliminated in favor of alternative visual
notification designs. Ultimately, this study aims to pose and answer
the central research question: What is the cost of silence?

To achieve this, we compare the pre-established multimodal de-
sign (NoO WS) with two alternative visual-only patterns: a com-
mon non-contextual Notification on Viewport (NoV) and a Notifi-
cation on Object With an Arrow (NoO WA), designed to solve the
“out-of-view” problem without using sound (Figure 1). We con-
ducted a user study with 24 participants to measure the effects of
these designs on task completion, attention capture (noticeability
and reaction time), and subjective user experience (usability rat-
ings and preferences). The study was conducted inside a simulated
AR environment called ARtisan Bistro developed by Raikwar et
al. [35]1.

Results from this experiment demonstrate that gross task perfor-
mance under the conditions tested was not significantly affected,
but the choice of notification modality has significant implications
for attention and usability. We found that the multimodal (NoO
WS) and viewport-fixed (NoV) designs yielded significantly im-
proved noticeability and reaction times compared to the arrow-
guided (NoO WA) design. Moreover, users strongly preferred the
multimodal system, as they rated it higher for usability. These re-
sults reveal a key trade-off: while some visual-only designs may be
tolerable, others actively degrade the user experience by increasing
cognitive load and slowing response times.

1.1 Research Questions

We aimed to address the following research questions (RQs) to gain
insights that can improve user experience (UX) within AR notifica-
tion environments:

RQ1 : How does notification modality (multimodal vs. two
distinct visual-only designs) affect user task performance (mea-
sured by customers served) in a multitasking AR environment?
Prior research suggests that visual and auditory notifications can
improve user focus and reduce task load [24, 18, 34]. This research
question explores the effectiveness of visual-only notifications in
supporting user performance and satisfaction within an AR envi-
ronment. Specifically, when presented solely as a visual modality,
can these notifications affect users’ ability to manage tasks and in-
terruptions while serving customers?

1https://github.com/NuiLab/ARtisan-Bistro

RQ2 : What are the effects of different notification designs
on attention capture, measured by notification observation rate
and reaction time? In scenarios where audio may be unavailable
or distracting, such as very loud environments or social settings,
visual notifications become the primary means of grabbing users’
attention. This research question determines if visual-only noti-
fication types (NoV, NoO WA) are as noticeable and effective as
notifications that combine visual cues with sounds (NoO WS).

RQ3 : How does notification modality affect a user’s subjec-
tive perception of the notification? This perception could influ-
ence how readily users adopt and feel comfortable with notifica-
tions in AR environments over the long run. For example, some
users might find visual-only notifications less intrusive, while oth-
ers prefer the combined audio-visual approach for enhanced clar-
ity. The perceived effectiveness and user acceptance of notification
systems are significantly impacted by user preferences in previous
studies [27, 34]

By addressing these questions, we hope to better understand the
trade-offs between pure visual notifications and notifications that
combine visual and auditory cues. This knowledge will inform the
design of AR notification systems that optimize user experience.
The ideal system should support task management effectively while
minimizing distractions. It should also promote user comfort and
acceptance by considering preferences for notification modality and
intrusiveness. The key contributions of this research include:

1. Comparative Analysis of Notification Designs: Through a
systematic comparison of a “gold standard” multimodal de-
sign to two distinct visual-only designs, we illustrate the
trade-offs (in attention, reaction time, and usability) of remov-
ing the audio from AR notifications.

2. Attention Capture and Usability Outcomes: The findings re-
veal that viewport-fixed notifications can continue to maintain
high noticeability without sound. Periphery arrow cues, on
the other hand, can significantly increase reaction times and
reduce usability, illustrating the cognitive cost of ambiguous
visual cues in the absence of sound.

2 RELATED WORK

This section reviews prior research on notification design in immer-
sive environments.

2.1 Visual Cues
Traditionally, visual notifications have been used to convey infor-
mation on flat displays, such as smartphones, tablets, and monitors.
These notifications range from simple indicators, such as a bell icon
or a simple ping with no animation, to more detailed messages, like
phone notifications that display lengthy text [1, 2]. While such no-
tifications are effective on personal devices, their design becomes
more challenging in shared-display environments, where concerns
such as privacy must be considered. Weber et al. [43] conducted
focused-group studies examining user perception of TV notifica-
tions with respect to their frequency, placement, duration, and in-
formation content. Their findings suggest that notifications should
be limited to essential information, presented during appropriate
breaks, and designed to preserve user privacy in shared settings.

As visual notifications have expanded to wearable and mixed
reality systems, researchers have investigated how critical infor-
mation can be delivered without disrupting users’ primary tasks.
Wallmyr et al. [41] found that head-up mixed reality displays re-
duced workload and improved responsiveness compared to tradi-
tional head-down displays. In addition, notification placement also
plays a critical role in effectiveness. Harrison et al. [14] found that
the location of visual cues can affect user performance, with cues at-
tached to the wrist producing the fastest reaction times compared to



cues placed on the arm, brooch, shoulder, thigh, waist, and shoe, re-
spectively. Their findings further suggest that factors such as Visual
accessibility, occlusion, and physical distance to the cues influence
the effectiveness of visual notifications [14].

2.1.1 Information Placement

A recurring question in AR HMD research is not only what infor-
mation to show, but where to place it so that it can be comfort-
ably perceived without disrupting ongoing activity. Several previ-
ous studies have shown that bottom-aligned notifications can sig-
nificantly improve noticeability and comprehension [23, 38, 17].
Rzayev et al. [38] found that text placement in AR HMDs affects
reading performance, with top-right positioning increasing work-
load and reducing comprehension, compared to the bottom-center,
center, and bottom-right locations. Similarly, Imamov et al. [17] in-
vestigated 18 world-lock positions to determine optimal placement
for glanceable information. They discovered that the middle and
central-low positions were the fastest and favored, whereas those
in the top-left were the slowest. Participants also felt more at ease
gazing down at the interface from a distance of two meters rather
than three meters. However, since this study focused on simple ac-
tivities, further investigation is required to determine how location
affects more complex tasks.

Plabst et al. [30] investigated notification placement in AR
HMDs during sustained concentration tasks. They discovered that
the most favored and successful placements for notifications were
bottom-center or in relation to the real world. Their task, however,
was fully stationary, so findings about real-world notification place-
ment might not apply to mobile tasks, where optimal placement
cannot be guaranteed. Similarly, Lee et al. [25] discovered that dur-
ing AR walking exercises, bottom field of view (FoV) placement
increased noticeability and understanding for icon- and text-based
messages. Extending this to real-world mobility, a recent study in
outdoor cycling scenario showed that while bottom-aligned notifi-
cations improve perceived safety and noticeability compared to top-
aligned notifications, AR HMD alerts can still induce attentional
tunneling regardless of placement [16].

2.2 Audio Cues

While there are studies that have shown that users often prefer vi-
sual notifications over audio ones [10], audio notifications can pro-
vide an alternative when visual notifications might be distracting or
unsafe, such as while driving or operating heavy machinery. Lee
et al. [27] found that graded alerts improved safety and reduced
annoyance compared to single-stage alerts. Audio cues have been
present to help people who are visually impaired. Crommentuijn et
al. [11] conducted a study to evaluate several approaches for giv-
ing haptic or audible indications when there is an obstruction in the
path. The findings suggest that well-designed audio cues can sig-
nificantly improve visually impaired individuals’ ability to navigate
their environment.

While audio cues are effective on their own, recent work in-
creasingly emphasizes the benefits of multimodal notification sys-
tems [22, 34, 27]. Raikwar et al. [34] demonstrated that combining
visual and auditory cues improved user performance and was pre-
ferred over unimodal alternatives in AR environments. Similarly,
Cho et al. investigated the impact of audio and visual notifications
in extended reality (XR) and showed that adding audio cues can
significantly enhance noticeability and reduce response times for
out-of-view visual notifications [9].

2.3 Notifications in Virtual and Augmented Reality

Virtual Reality (VR) environments completely immerse users in a
virtual world. Considering this, notifications in VR cannot use the
same framework as other smart devices, as it can break immersion.

There have been studies proposing different ways to display noti-
fications in VR. Zenner et al. proposed a framework in which, in-
stead of stopping the application, the message is incorporated into
the scenario [44]. In a medieval scenario, the information is deliv-
ered to the user by a villager who passes them a letter; in a futur-
istic one, the user receives a notice from a drone that flies to them.
They [44] stated that the presentation of alerts depends on both the
urgency of the notice and the context of the virtual world. While
this preserves the user’s immersion, it also adds more work for de-
velopers. The developers need to incorporate notification systems
that are highly context-dependent and based on user preferences.
This also removes standardization and best practices for notifica-
tion design and efficient techniques.

To draw users’ attention to events occurring outside virtual
spaces, Ghosh et al.’s NotifiVR system extends alerts to include
visual, audio, and haptic cues [13]. Ghosh et al. suggested three ap-
proaches for audio cues: Skeuomorphism, which uses metaphorical
designs, such as the sound of a door opening to indicate someone
entering; Gradual Intensification, which uses sounds that gradually
intensify to indicate urgency; and Spatial Sound, which plays sound
from the location of the notification in three dimensions. Their rec-
ommendations for visual cues included 3D Representation, where
notifications are displayed in 3D space instead of being locked to
the viewport; Skeumorphism, such as showing a clock face for an
alarm; 3D Pop-ups, placing notifications on virtual surfaces like
walls; and Flash and Pause, which halts the user’s immersion dur-
ing dangerous situations, allowing them to safely reorient to the real
world.

There are not enough studies focusing on notification display in
AR settings. In the NotifEye research by Lucero et al., participants
tracked alerts that popped up in their range of vision while walking
along a busy road [28]. Participants interacted with a rubbing pad
that enabled basic functions, including opening and closing alerts.
They discovered that a non-distracting notification system can be
created by integrating the rub pad with basic information. Partic-
ipants did, however, have reservations over the social acceptabil-
ity of AR gadgets, particularly concerning their size, comfort, and
style.

A study by Raikwar et al. [34] investigated the impact of noti-
fication modality and placement on user performance and prefer-
ences in an AR HMD environment. They compared six conditions
that varied notification location (on-object, docked, or absent) and
modality (visual-only or visual with audio). Their results showed
that notifications placed directly on objects and accompanied by
audio cues significantly improved task performance and were pre-
ferred by users. These results highlighted the benefits of spatially
contextual and multimodal notifications for improving noticeability
and maintaining user attention in AR. Building on this research, we
further examined the effectiveness of visual-only and multimodal
notifications, providing a more thorough assessment of their influ-
ence on user performance and attention.

3 NOTIFICATION DESIGN

This section dives into the design of the notification system imple-
mented in this study. To directly investigate the “cost of silence,”,
as our multimodal baseline, we used the best-performing and most
preferred notification design from Raikwar et al. [34]: Notification
on Object With Sound. We then designed two distinct visual-only
notifications to test specific paradigms against this baseline.

All notifications were displayed in the experiment as a text bill-
board with a uniform dark blue background and white text, in line
with previous text legibility studies [12, 19, 6]. The notification up-
dated the content and reset the dismissal timer if a new notification
from the same source arrived before the old one vanished. Visual
notifications remained active for 7 seconds.



3.1 Notification on Object with Sound (NoO WS):
Context-Aware Notifications

This is the established “gold-standard” multimodal baseline from
Raikwar et al.’s work [34]. It displays a visual notification in the
3D space directly above the related object (Figure 1.a), in combina-
tion with a localized audio signal. A single, localized sound clip for
notifications was employed to avoid overcomplication and shorten
the learning curve in the Notifications on Object experiment. This
approach enabled participants to leverage spatial audio cues and de-
termine the direction of the sound source. The HoloLens 2 uses a
head-related transfer function to simulate spatial audio with stereo
speakers, which has been found to closely match real-world local-
ized sound sources in the horizontal direction and in depth percep-
tion [36]. This combination of a contextually placed visual cue and
a non-intrusive sound is designed to draw the user’s attention ef-
fectively without requiring them to shift their line of sight away
from their workspace. The chosen notification sound was a subtle
bubble-popping sound to minimize distraction and maintain neu-
trality.

3.2 Notification on Viewport
This condition represents a non-contextual notification option, akin
to a Heads-Up Display (HUD). The notification is anchored to a
position in the user’s FoV, in this instance, the bottom-center (Fig-
ure 1.b), based on recommendations from previous research [26,
30]. This position ensures the notification is noticeable, but perhaps
at the cost of blocking the user’s line of sight to the primary task or
interfering with context. It offers a valuable point of comparison
for a standard visual-only implementation approach.

3.3 Notification on Object with Arrow
Warden et al. examined how different cue designs and placement
affect visual search tasks in AR [42]. Their study compared three
cue types (arrow, icon image, minimap) and two placement loca-
tions (center, downward) within an AR HMD. They found that ar-
rows provided the most significant search benefit with high accu-
racy and short search time. Adding more information to the display
can lead to obstructing primary tasks, causing information over-
load, and distracting attention from primary tasks or essential envi-
ronmental cues. This condition is a direct attempt to solve the “out-
of-view” problem of contextual notifications without using audio.
It uses the same on-object positioning as the baseline, but adds a
guiding arrow at the periphery of the user’s FoV when the notifi-
cation source is out of view (Figure 1.c). Arrows have been shown
to be effective for visual search tasks [42], so this design tests the
viability of using a directional visual cue as an alternative to the
attention-directing properties of spatialized sound. This is an im-
portant test of a specific visual-only paradigm developed to aid in
target acquisition.

4 METHODOLOGY

This section describes the study methodology used to compare the
four notification conditions.

4.1 Experiment Design
This study employed a within-subjects design, where the indepen-
dent variable was the notification type. The experimental conditions
were chosen to facilitate a systematic comparison of notification
modalities with prior research and to investigate the impact of au-
dio across different visual designs. This resulted in four experimen-
tal conditions: (1) Notification on Object With Sound (NoO WS) –
Participants received visual notifications displayed on the object,
accompanied by an audio notification. (2) Notification on View-
port (NoV) – Visual notifications were displayed in a fixed location
at the bottom center of the participant’s FoV. (3) Notification on

Object With Arrow (NoO WS) – Participants received visual notifi-
cations displayed directly on the virtual object requiring attention.
An arrow was paired with each notification, guiding the participants
to the respective notification. (4) No Notifications (Control) – This
baseline condition presented no visual notifications. Participants
completed the tasks solely by monitoring changes within the envi-
ronment.

4.2 Procedure
The experiment followed these steps: (1) Participants arrived at
the research laboratory, provided informed consent, and received
a detailed explanation of the study.(2) Participants watched a short
video introducing the AR environment and the different notifica-
tion types they would encounter throughout the experiment. (3)
Participants completed a practice session using a HoloLens 2 head-
set. This session involved preparing food items for three virtual
customers without a time limit, allowing them to learn how to use
the controls, and ask questions about the task. (4) Following the
training session, participants completed the four experimental con-
ditions. The order of conditions was counterbalanced across partic-
ipants using a Latin-square design. Before each condition, partic-
ipants received instructions describing the corresponding notifica-
tion design. Each condition presented a simulated customer service
scenario in which six virtual customers requested meals. Meals had
to be prepared within 120 seconds before the customer left; oth-
erwise, they were counted as not successfully served. Participants
used virtual ingredients to prepare the food while receiving notifi-
cations about cooking status and new customers. After each condi-
tion, participants completed two surveys: System Usability Scale
(SUS) [7] and NASA Task Load Index (NASA-TLX) [15]. (5)
Upon completing all four conditions, participants answered post-
experiment interview questions to convey their subjective experi-
ence with the different notification designs.

Prior to the main study, a pilot study with three participants was
conducted to validate the task design, refine the experimental pro-
cedure, and ensure the logging system was functioning correctly.
To assess user performance and experience, the measures and logs
recorded during the experiment are listed in Appendix A flowchart
depicting the steps has been provided in Section 7.

4.3 Participants
The experiment involved 24 participants, with 13 identifying as
male and 11 female. No participant identified as non-binary or
any other gender. Their age ranged from 19 to 56 years old
(M = 27.88,SD = 8.99). Participants were recruited from various
sources: students and staff from [REDACTED] and individuals not
affiliated with the university. The majority of participants were ei-
ther students or faculty (91.67%).

Prior experience with AR and VR technology was assessed to
gauge the participants’ familiarity with immersive environments.
Over 90% of the participants (91.67%) reported having used at least
one AR or VR device in the past. This indicates some level of com-
fort and a basic understanding of how to interact within these envi-
ronments. The participants were asked about previous work experi-
ence in a restaurant setting (e.g., as a cook or waiter) to understand
their potential familiarity with the task context (restaurant service).
Approximately one-third of the participants (33.3%) reported hav-
ing some form of restaurant work experience. While not a pre-
requisite for successful task completion, this information provided
context for interpreting any potential influence of prior experience
on user performance. Each participant received a compensation of
$20. The university’s internal review board approved this study.

4.4 Apparatus
The experiment was conducted in the ARtisan Bistro environment,
an open-source AR sandbox designed to simulate complex multi-



tasking scenarios. The use of the experimental environment was a
deliberate decision for our task validity. We chose ARtisan Bistro
because it is an established, increasingly common benchmark for
complex, multitasking AR studies [34, 32, 29]. The environment is
used as a metaphor for various real-world sustained-attention tasks,
commonly found in manufacturing or health care, among others.
Users have to pay attention to several time-critical processes and
frequently transition from stationary to mobile.

Furthermore, the features of the ARtisan Bistro task are well-
suited to examine the efficacy of notifications specifically. The
surroundings are designed to place a user in a scenario in which
they must divide their attention between two or more simultane-
ous events, e.g., preparing different foods and serving customers.
The exercise requires participants to physically wander through the
virtual setting, so essential events frequently occur at stations posi-
tioned outside the user’s immediate line of sight. This combination
of divided attention and off-screen activity exactly defines the cir-
cumstances in which a notification system’s ability to capture atten-
tion and guide a user is most relevant, allowing for a rigorous test
of the difference between a multimodal cue, a viewport-fixed cue,
and a visual-only cue in terms of pointing attention in the direction
of an out-of-view target.

The AR environment was presented through a HoloLens 2 AR-
HMD. Participants used a virtual hand or a raycast to interact with
virtual objects. The HoloLens 2 uses a head-related transfer func-
tion to simulate spatial audio with stereo speakers, while research
indicates challenges with elevation perception due to speaker place-
ment, users are generally capable of localizing sounds along the
horizontal plane [36]. Since the on-object notifications were con-
fined to the XZ plane (horizontal and depth), the HoloLens 2 speak-
ers were adequate for this specific scenario.

5 RESULTS

This section presents the effects of the different notification tech-
niques on both objective measures (user performance, reaction
time, and notification observation rate), and subjective measures
(usability, taskload, and user preference). Table 1 summarizes the
collected measures across the four experimental conditions.

We performed one-way ANOVA to investigate the main effects.
To control assumptions, we tested for normal distribution using
Shapiro Wilk test [39]. Levene’s test [8] was conducted to assess
the homogeneity of variances. In case of violations of assumptions,
a non-parametric test, the Kruskal-Wallis H test [21] was used.

5.1 Objective Measures

5.1.1 Performance

The analysis focused on the number of customers served (out of
six) successfully (see Figure 2 and Table 1) as a measure of user
performance.

Figure 2: Amount of customers served. Bars represent the standard
error of the mean.

The analysis focused on the number of customers successfully
served (out of a maximum of six) as a measure of gross user per-
formance. Initial assumption checks revealed severe violations of
normality across all conditions, which is expected for bounded, dis-
crete count data. Consequently, a non-parametric within-subjects
omnibus test was utilized. A Friedman test of differences among
repeated measures was conducted. The results indicated no sta-
tistically significant difference in the number of customers served
across the four notification conditions, χ2(3) = 1.77, p = 0.62.
Descriptive statistics confirmed that mean performance was prac-
tically identical regardless of the notification modality (NoO WS:
M = 4.87,SD = 1.29; NoV: M = 5.00,SD = 0.83; NoO WA:
M = 5.25,SD = 0.84; Control: M = 4.87,SD = 1.72).

To address potential concerns regarding statistical power, a sen-
sitivity analysis indicated that our sample size of N = 24 provides
80% power to detect medium within-subject effect sizes (α = 0.05).
Paired post-hoc testing revealed that the observed within-subjects
effect sizes between conditions were exceptionally small, ranging
from nonexistent to small (Control vs. NoO WS: d = 0.00; Control
vs. NoV: d = −0.09; NoV vs. NoO WS: d = −0.11; Control vs.
NoO WA: d = −0.27; NoV vs. NoO WA: d = 0.29; NoO WA vs.
NoO WS: d = 0.34). The lack of significant differences is there-
fore driven by the exceptionally small magnitude of the observed
effects, suggesting that, in this specific simulated environment, the
choice of notification modality did not materially affect users’ abil-
ity to serve customers.

We further investigated whether prior restaurant experience in-
fluenced user performance. A t-test was performed to compare the
effect of prior restaurant work experience on the number of cus-
tomers served. The t-test revealed no statistically significant dif-
ference in the number of customers served between the two groups
(t(22) = 0.42, p = 0.68). This suggests that prior experience in the
culinary field did not significantly affect the user’s ability to com-
plete customer service tasks in the simulated environment.

5.1.2 Notifications Observed

The analysis focused on the number of times participants actively
acknowledged notifications (see Figure 3 and Table 1) by verbally
calling out the word “notification” every time they observed a new
notification (this can be a visual or auditory observation). The
experimenter logged the acknowledgment using a keyboard key,
which recorded the time from when the notification appeared to
when it was seen.

A one-way ANOVA was conducted to assess potential differ-
ences in notification observation rates across the three experimental
conditions (NoO WS, NoV, and NoO WA). The ANOVA results
revealed a statistically significant main effect of notification type
on the percentage of notifications observed (F(2,56) = 4.32, p <
0.05). This suggests that at least one of the notification types dif-
fered from the others in terms of how many notifications partici-
pants noticed.

Further analysis using Tukey’s Honestly Significant Difference
(HSD) test for multiple comparisons identified a significant dif-
ference in notification observation rates between the NoO WS and
NoO WA conditions (p < 0.05,95% CI = [1.70,19.79]). This in-
dicates that participants observed a significantly higher percentage
of notifications when presented with both visual cues on the object
and accompanying sound cues (NoO WS) compared to the condi-
tion with only visual cues on the object and an arrow (NoO WA).

Interestingly, the ANOVA results did not reveal any statistically
significant differences in notification observation rates between the
NoO WS and NoV conditions (p = 0.124), nor between NoV and
NoO WA (p = 0.567). This suggests that participants observed a
similar percentage of notifications when presented with visual and
audio cues on the object (NoO WS) compared to only visual cues
displayed at a fixed position in the user’s FoV (NoV) and with vi-



Table 1: Mean performance, notifications observed, reaction times, SUS scores, and workload scores for different notification techniques.
Values are Mean (SD: Standard Deviation, SE: Standard Error)

Notification Techniques Customers Call-outs Reaction Time (s) SUS Score TLX Score

NoO WS 4.88 (1.27, 0.26) 81.63% (18.90, 4.03) 2.34 (0.70, 0.15) 80.00 (15.28, 3.12) 53.02 (18.53, 3.78)
NoV 5.00 (0.82, 0.17) 76.78% (15.03, 3.13) 2.64 (0.88, 0.18) 77.50 (14.49, 2.96) 52.29 (16.82, 3.43)
NoO WA 5.25 (0.83, 0.17) 68.53% (20.26, 4.53) 3.30 (0.96, 0.21) 66.67 (18.34, 3.74) 54.97 (17.69, 3.61)
Control 5.32 (0.87, 0.18) - (-, -) - (-, -) 75.00 (17.14, 3.50) 53.19 (18.80, 3.84)

sual cues on the object with an arrow (NoO WA) compared to visual
cues displayed at a fixed position in the user’s FoV (NoV).

Figure 3: Average number of notifications observed. Bars represent
the standard error of means.

5.1.3 Notifications Observed Reaction Time

The analysis focused on the time participants took to verbally re-
port the confirmation number displayed in each visual notification.
The average reaction time across the different notification design
conditions is illustrated in Figure 4. Detailed information on indi-
vidual means, standard deviations, and standard errors can be found
in Table 1. A one-way ANOVA was conducted to assess potential
differences in reaction times (time taken to notice a new notifica-
tion) across the three experimental conditions (NoO WS, NoV, and
NoO WA). The ANOVA results revealed a statistically significant
main effect of notification type on reaction time for observed notifi-
cations (F(2,58) = 7.13, p < 0.01). This indicates that at least one
notification type resulted in significantly faster or slower reaction
times than the others. Further analysis using Tukey’s HSD test for
multiple comparisons identified significant differences in notifica-
tion response time between the following conditions:

NoO WS vs NoO WA: Participants responded significantly
faster to notifications presented with both visual cues on the object
and accompanying sound cues (NoO WS) compared to the condi-
tion with only visual cues on the object and an arrow (NoO WA)
(p < 0.01,95% CI = [−1.195,−0.225]).

NoV vs NoO WA: Participants also responded significantly
faster to visual cues displayed at a fixed position in the user’s FoV
(NoV) compared to the condition with visual cues on the object and
an arrow (NoO WA) (p < 0.01,95% CI = [−1.113,−0.133]).

Interestingly, the ANOVA results did not reveal any statistically
significant difference in notification response time between the
NoO WS and NoV conditions (p = 0.896). This suggests that par-
ticipants responded with similar speeds to notifications presented
with both sound and visual cues on the object (NoO WS) compared
to only visual cues displayed at a fixed position in the user’s FoV
(NoV).

Figure 4: Average reaction time to register the notification in sec-
onds. Bars represent the standard error of the mean.

5.2 Subjective Measures
5.2.1 System Usability
The system’s (notifications) usability was evaluated using the Sys-
tem Usability Scale (SUS) questionnaire [7]. Participants com-
pleted the 10-item SUS survey after each condition to record their
subjective experience. Participants rated the system favorably on
the SUS. The generally accepted rating is > 80.3= Excellent; 68−
80.3 = Good; 68 = Average; 51−68 = Poor; < 51 = Aw f ul [40].
The results showed variations in perceived usability across condi-
tions (see Table 1). The complete SUS survey is available in the
supplemental materials.

A one-way ANOVA was conducted to assess potential differ-
ences in SUS scores across the four experimental conditions (NoO
WS, NoV, NoO WA, and Control). The ANOVA results revealed a
statistically significant main effect of notification type on the SUS
scores (F(3,92) = 2.87, p < 0.05). This suggests that at least one
of the notification types differed from the others in terms of SUS
score.

Further analysis using Tukey’s HSD test for multiple compar-
isons identified a significant difference in SUS scores between
the NoO WS and NoO WA conditions (p < 0.05,95% CI =
[0.694,25.972]). This indicates that participants experienced better
system usability when presented with both visual cues on the object
and accompanying sound cues (NoO WS) compared to the condi-
tion with only visual cues on the object and an arrow (NoO WA).
Interestingly, the ANOVA results did not reveal any statistically sig-
nificant differences in SUS scores between the NoO WS and NoV
conditions (p = 0.955), the NoO WS and Control (p = 0.729), the
NoV and NoO WA conditions (p = 0.120), the NoV and Control
(p = 0.955), and the NoO WA and Control (p = 0.317).

5.2.2 Taskload
The NASA-TLX questionnaire was used to assess participants’ per-
ceived workload during system interactions (notifications). After
completing each condition, participants provided ratings on six sub-
scales (see Table 1). Each subscale ranged from 0.5 to 10 with
intervals of 0.5. The overall workload was calculated by using
Raw NASA-TLX [15]. A one-way ANOVA was conducted to
assess potential differences in NASA-TLX scores across the four



experimental conditions (NoO WS, NoV, NoO WA, and Control).
The ANOVA results did not reveal a statistically significant main
effect of notification type on the NASA-TLX scores (F(3,92) =
0.092, p = 0.97).

5.2.3 Preference
To gain insights into user preferences for notification design, partic-
ipants were asked to rank the notification conditions from “Best” to
“Worst”. The results revealed a clear order of preference. Partici-
pants overwhelmingly favored the NoO WS condition, followed by
NoV, Control, and lastly, NoO WA. The ranked order of preference
for each notification type is shown in Table 2.

Table 2: Ranked order of preference for each notification type.

Notification
Techniques

1st rank 2nd rank 3rd rank 4th rank

NoO WS 10 5 6 3
NoV 8 5 7 4
NoO WA 5 9 4 6
Control 1 5 7 11

6 DISCUSSION

Our study investigated the costs and benefits of removing sounds
from AR notifications by comparing a “gold-standard” multimodal
version to two alternative visual-only versions. In scenarios where
audio may not be viable, notifications may potentially rely solely
on visual channels.

6.1 Performance
Building on the established value of notification cues for user expe-
rience, RQ1 examined the effectiveness of visual-only notifications
on user performance in AR environments. While past research sug-
gests benefits of both visual and auditory notifications for focus
and task load reduction [24, 18, 34], this study explored whether
visual-only notifications could maintain comparable performance.
Maintaining, or even surpassing, performance with vision-only no-
tifications is important in environments where the sound modality
may be impractical.

The analysis of the number of customers served revealed no sig-
nificant difference between the three notification conditions (NoO
WS, NoV, NoO WA). This suggests that user performance in serv-
ing customers remained comparable whether they received visual-
only notifications or sound-and-visual notifications in the simulated
restaurant environment. These findings indicate that visual-only no-
tifications may not hinder user performance compared with multi-
modal notification designs. We cannot conclude that the notifica-
tion types are “equally effective”.

However, it is important to acknowledge that these results also
indicate no significant difference in performance between condi-
tions in which participants received notifications and those in which
they did not (Control condition). This lack of distinction between
notification and control groups is unexpected and warrants further
investigation. Notably, these findings diverge from the results of
previous studies [24, 18].

One potential explanation for these observations is the cognitive
demand for customer service tasks within the AR environment. The
tasks may not have been complex enough for visual-only notifica-
tions to be a significant disadvantage relative to sound-based notifi-
cations. This could also explain the lack of difference between par-
ticipants who received notifications and those who did not. More
complex tasks might benefit more from the combined support of
visual and auditory cues.

While no significant differences in gross performance were de-
tected across conditions, post-hoc chronological analysis revealed

severe ceiling and learning effects that heavily influenced these out-
comes. Across all conditions, 41.67% of trials achieved a per-
fect score, severely restricting variance. Furthermore, a chrono-
logical evaluation of trials independent of the experimental con-
dition revealed a significant procedural learning effect (Friedman
χ2 = 9.79, p = 0.020), with users performing significantly better
by their third chronological trial (M = 5.37) compared to their first
(M = 4.58).

This indicates that the simulated task was sufficiently simple pro-
cedurally for users to achieve mastery and adapt to suboptimal noti-
fication conditions (such as the Control or NoO WA). Consequently,
we conclude that in highly learnable AR tasks, gross performance
metrics are insensitive to the nuances of notification design. In-
stead, the true impact of notification modality manifests in the cog-
nitive and temporal costs required to maintain that performance,
which are captured in our Noticeability and Usability metrics.

6.2 Notifications Observed

RQ2 focused on the effectiveness of visual-only notifications (NoV,
NoO WA) in capturing user attention. The analysis of notification
observation rates revealed that participants acknowledged a signif-
icantly higher percentage of notifications when presented with the
combined audio and visual cues (NoO WS) compared to the con-
dition with only an arrow guiding to the visual notifications (NoO
WA), suggesting that the choice of visual cues has a high cost in
terms of both noticeability and speed. This aligns with previous
research suggesting the benefits of multimodal notifications for en-
hanced user awareness [24, 18]. Interestingly, the observation rates
for FoV-fixed visual notifications (NoV) did not differ significantly
from those in the combined modality condition (NoO WS). Even
though it does not suggest that both designs have an equivalent
performance, the absence of a measured deficit in such attention-
capture metrics for NoV is noteworthy.

However, it is important to consider potential limitations. The
tasks in this study might not require enough attention to yield a clear
advantage for the notifications. More demanding tasks might show
a greater difference. Building on these findings, future research
could explore how visual notification design can be optimized to
improve attention capture in AR environments, for example, by ex-
perimenting with visual design elements such as size, color, anima-
tion, and location within the AR space to maximize their attention-
grabbing potential. Another avenue is to explore the effectiveness
of NoV notifications across various noise environments and varying
task complexities.

Participants responded significantly faster to both NoV and NoO
WS notifications compared to NoO WA. One reason for slow re-
sponse time may be that arrows are located at the periphery. If the
user was too focused on the primary task, they might have missed
the appearance of a new arrow. Another reason might be informa-
tion overload: the additional visual element (the arrow) may have
caused a momentary overload, especially compared to the simpler
cues in NoV and NoO WS. It replaced a low-effort auditory alert
with a high-effort visual task.

The observation rates for purely visual notifications (NoV) did
not differ significantly from those in the combined-modality con-
dition (NoO WS). It is noteworthy that the NoV design showed no
measurable disadvantage in capturing attention, even if this doesn’t
confirm equivalent performance between the two designs. This
means that a viewport-fixed, well-positioned alert could be an ac-
ceptable fallback when audio cues are not feasible. It successfully
captured user attention without the statistically significant increase
in reaction time observed in the other visual-only design. There-
fore, in environments where audio might prove ineffective, the NoV
design is a great compromise, presenting a way to transmit informa-
tion that can be sensed without utilizing the auditory channel.

This research question highlights a trade-off between notification



design and user experience. While visual-only notifications can be
effective in some situations, adding auditory cues can enhance at-
tention capture. Future research can further refine the design of
visual notifications to optimize the user experience across diverse
AR contexts.

6.3 User Preference, Usability, and Workload

The effects of various notification design strategies on user percep-
tion were assessed using usability, workload, and user preference
metrics to address RQ3. These metrics provided crucial new infor-
mation about how participants saw and interacted with the various
notification situations. Participants rated the overall system favor-
ably, as indicated by the SUS scores (except NoO WA). However,
these scores varied across notification conditions. The highest SUS
score was observed with the NoO WS condition. This finding aligns
with the user-reported preference ranking, where NoO WS was the
most favored condition.

A one-way ANOVA confirmed a statistically significant main ef-
fect of notification type on SUS scores. Further analysis revealed
that the NoO WS condition resulted in significantly higher per-
ceived usability than the NoO WA condition. The SUS scores for
the NoV and Control conditions were not statistically different from
the NoO WS condition. The NoO WA design seemed to introduce
a new secondary task by having the user follow the arrow, rather
than helping with the primary task.

Participants described the arrows as “overwhelming” and noted
that the system collapsed when multiple notifications appeared,
stating, “I don’t even know where you are pointing anymore”. The
significantly slower reaction time provides a direct measurement of
the time cost associated with this added cognitive processing. How-
ever, the added load is not reflected in the TLX scores. Additionally,
no other pair of conditions showed a statistically significant differ-
ence in their SUS scores. This could be because the SUS is not
sensitive enough to detect subtle usability differences, or because a
learning curve could have masked initial usability differences. It is,
however, worth noting that scores above 68 are considered “good
usability”, which only NoO WA fails to reach (M = 66.67).

The user-reported preference rankings mirrored the usability
findings. Participants overwhelmingly favored the NoO WS con-
dition, followed by NoV, Control, and NoO WA. This alignment
suggests that users found the most usable notification design (a
combined visual and auditory one) to be preferable. These find-
ings highlight the potential benefits of considering both visual and
auditory cues when designing notification systems for AR environ-
ments, particularly for tasks where high usability and user satisfac-
tion are crucial. While both usability and user preference favored
the combined visual and auditory cues (NoO WS), even simpler
notification designs (NoV and Control) achieved comparable task
completion. Perceived workload remained similar across condi-
tions.

6.4 Interviews

Participants were interviewed in follow-up sessions to better un-
derstand users’ rationale and specific design aspects that impact
user experience. A deductive method for analyzing qualitative in-
terviews was used to structure and analyze the interview. All the
questions asked during the interview are provided in Section 7.

The interviews corroborated the survey results. Participants
overwhelmingly favored the NoO WS condition due to its perceived
clarity and efficiency. They explained that the combination of vi-
sual notification on the object and the accompanying sound subtly
drew their attention away from the task at hand, minimizing the
distraction from the primary task. Participant 8 (P8) stated, “I’ll
be focusing on some object, but when it is a sound, I will sense
that - Okay, there’s a new notification.” P16 echoed this sentiment,

saying, “It let me know what’s going on behind the scenes without
intruding on what I was doing at the moment.”

In contrast, participants found the NoO WA condition the least
favorable, reporting that the arrow pointing to the object was dis-
tracting and momentarily blocked their view. This aligns with the
finding that NoO WA had a statistically significantly slower re-
sponse time than NoV. P4 commented, “The arrows felt a bit over-
whelming. It felt like it was telling you to do a lot of stuff.” P12
stated, “I think they (arrows) were too big, but I think the main
thing is when they piled on top of one another, I’m like, I don’t even
know where you are pointing anymore.”

The interviews revealed a divide among participants regarding
the NoV visual notifications. Some participants were able to com-
pletely ignore or work around these notifications. P22 said, “I will
just bend down so that the notification goes down, and then I will
do the task. And it went away after 7 seconds.”. However, others
found themselves easily distracted. P17 stated, “It’s (NoV notifica-
tion) obstructing me from doing other things.”

Participants also offered valuable suggestions for improving the
AR notification system. They indicated that notifications could be
made more dynamic, such as by incorporating pulsating/ gradual
change effects (P2, P16) or different color/metaphorical sounds to
enhance their ability to capture attention (P6, P17, P18, P26), espe-
cially in visually cluttered environments. Additionally, participants
expressed a desire for customization options (P8, P19), including
the ability to adjust notification frequency (P2), select which sta-
tions trigger notifications (P15), and set notification priorities based
on their individual preferences and specific work contexts (P14).

7 CONCLUSION

This study compared four different notification designs (Notifica-
tions on Object With Sound, Notification on Viewport, Notification
On Object With Arrow, and No Notifications) to examine their ef-
fects on information delivery efficiency, distraction levels, and user
satisfaction. Results showed that user performance remained con-
sistent across all notification types. This suggests that visual-only
notifications do not hinder user performance compared to multi-
modal notifications (RQ1). However, the lack of a significant differ-
ence between the notification and no notification conditions high-
lights the potential need for more cognitively demanding tasks to
reveal the performance benefits of notifications.

Regarding attention capture (RQ2), participants acknowledged a
significantly higher percentage of notifications with combined au-
dio and visual cues (NoO WS) than visual-only notifications guided
by an arrow (NoO WA). Interestingly, fixed-FoV visual notifica-
tions (NoV) showed attention rates similar to those of both NoO
WS and NoO WA, suggesting their potential effectiveness in noisy
environments where auditory cues may be less effective. Response
times were faster for NoV and NoO WS than for NoO WA, indi-
cating that more straightforward visual notifications, or those with
audio support, are more effective at quickly capturing user atten-
tion. As measured by SUS scores, user preference, and usability,
the NoO WS condition was favored, which also received the high-
est user preference ranking (RQ3). The NASA-TLX scores showed
no significant differences in perceived workload across notification
types, suggesting that the tasks were not sufficiently demanding to
differentiate workload impacts.

SUPPLEMENTAL MATERIALS

All supplemental materials are available for reference. These in-
clude (1) the image of the play area, (2) the complete SUS survey
and interview questions, (3) the experiment flowchart, and (4) a
short demo video.
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