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Figure 1: User evaluation setup showing Fitts’ target selection task with our visual and audio notification components (detailed
in Section 3.1), implemented in our Augmented Reality prototype using Unity passthrough.

ABSTRACT

The spatial flexibility of Extended Reality (XR) allows for person-
alized, context-aware organization of applications aligned with a
user’s tasks and priorities. Notifications play a crucial role here,
e.g., informing users of received messages they might otherwise
miss. However, questions remain around how attention-grabbing
they should be, how much information they should present, and
how the presentation should adapt to the message’s context and
content. While prior studies examined facets of message notifi-
cation design, the impact of multimodal notifications and how they
could be used holistically to support message awareness has not yet
been explored. We address this by evaluating nine audio-visual no-
tifications, investigating usability, interruptibility, preferences, and
their use to inform of received messages. Our results show differ-
ing effects of multimodal notification designs and that individuals
want notification modality and design to vary based on delivered
message content. These results offer new insights into developing
context-aware multimodal interaction strategies for spatial notifica-
tions and XR messaging.

Index Terms: Human-centered computing — Human computer
interaction (HCI) — Empirical studies in HCI; Human-centered
computing — Human computer interaction (HCI) — Interaction
paradigms — Mixed / augmented reality

1 INTRODUCTION

Extended Reality (XR) allows for personalized, context-aware or-
ganization of applications, interfaces, and interactions aligned with
a user’s tasks and priorities [9]. Applications and virtual elements
can be adapted based on users’ current context [31], such as user’s
state and external stimuli [5, 43]. Notifications play a crucial role
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in spatial and immersive XR environments. They inform users of
timely information, events, or received messages that they might
otherwise miss (e.g., interpersonal messaging [52], presence of by-
standers [41] or other real-world events, feedback for gaze, gestural,
or speech commands [7, 29], navigation [27], and guidance to XR
objects [8]).

Similar to general XR content, XR notifications must be infor-
mative while being only as disruptive as necessary to users [41, 43]
To achieve this, prior work has investigated a range of different
design parameters of XR notifications, including their positioning
[48], aesthetics [25, 51], and informativeness [24]. However, dy-
namic XR environments further require adaptable, non-intrusive
notifications that can seamlessly integrate into various contexts,
which demands understanding how the impact of notification de-
sign might change relative to varying personal and contextual fac-
tors. As prior work focuses mainly on visual XR notifications, we
also lack knowledge of the usability and preferences of multimodal
XR notifications, despite the importance of auditory or haptic signal
in timely information delivery.

In this work, we contribute to this understanding by investigat-
ing how different XR audiovisual notification designs affect usabil-
ity and preferences in XR environments, and how these change in
varying contextual factors of the message content such as urgency
and task engagement. We conducted a user study (N=18) which
evaluated the design of nine multimodal (audio+visual) notifica-
tions for informing an AR user of a delivered message. Notifica-
tions were delivered with different visual conditions (No Visual,
Icon, and Text), paired with different auditory presentation styles
(No Audio, Ping, and Speech) as illustrated in Figure 1. Partici-
pants were asked to complete a Fitts’ reciprocal selection primary
task with a speak-aloud component while reacting to notifications
as secondary task.

We investigated the influence of notification modality on aspects
such as task performance, usability, interruptibility, impact on mes-
sage acknowledgement, and subjective preferences. Our results
show differing effects between our nine notification designs in-
cluding differences in their noticeability and their informativeness
among other things. Qualitative feedback also indicates that users
want the modality and design of their message notifications to vary
based on the received message’s content. For example, users want
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more disruptive notifications for messages of high urgency (e.g. a
time sensitive message) but often want less disruptive, “missable”,
notifications for low urgency messages. Our findings inform the
development of context-aware multimodal interaction strategies for
spatial notifications and XR messaging.

2 RELATED WORK
2.1 XR Messaging and Message Awareness

Mobile instant messaging applications allow users to send text,
photo, video, and voice messages to others. These applications
have become essential to modern smartphones, enabling users to
communicate and stay connected with others [21, 56]. Users are
known to respond, on average, within minutes of new messages
being delivered to them [47]. As XR technologies evolve into ubig-
uitous, wearable devices [40, 44, 39], mobile instant messaging is
expected to become a core feature of XR platforms as well [28, 51].

Unlike smartphones, which have fixed positions for notifications
(such as a status bar) [53], XR’s spatial flexibility offers no prede-
termined location for message windows. XR users prefer to posi-
tion their message windows based on personal preferences and the
current task [9], prompting research into designing effective notifi-
cations in these dynamic environments [48, 52]. Researchers have
started exploring various notification design approaches, including
heads-up displays and floating pop-ups, to inform users of incom-
ing messages, as discussed in Section 2.2.

When to notify users of a new message is of similar impor-
tance as where to present it. On smartphones, users are typically
alerted immediately when a message arrives [53], but prior stud-
ies have shown that users may prefer to delay notifications based
on message content, only receiving alerts for urgent or important
messages [13, 14, 45]. While dynamic delivery systems are rare
in smartphones, some systems, like Apple’s CarPlay, have started
adapting notifications contextually [1], transforming a text-based
messaging application into an audio-only interface. Given XR’s in-
herently dynamic nature [9, 41, 43], future XR messaging systems
could leverage this flexibility by contextually adjusting both the
timing and presentation of notifications based on user context and
awareness. While previous studies have shown varying the timing
of VR message notifications can enhance user experience [5], lit-
tle work has explored how the notification presentation itself might
vary to better support users’ message awareness needs in XR.

2.2 XR Message Delivery Notifications

Extensive research has examined different aspects of XR notifica-
tions design, particularly the placement of visual notifications to
ensure that they are seen by users [20, 22, 26, 48, 51, 52]. These
works have led to design guidelines suggesting that low-urgency
notifications should be placed in-situ within the environment, while
higher-urgency notifications should float in front of the user for
greater visibility [48, 51].

Other studies have focused on the modality of notifications.
Ghosh et al. [17] found haptic notifications were the least effec-
tive among visual, aural, and haptic designs, and often mistaken for
application feedback, a result echoed by other researchers [16, 49].
The aesthetics of notification animations [23] and the relative effec-
tiveness of icons versus text pop-ups [24] have also been explored,
showing that the effectiveness of icons depends on user familiarity,
encoding density, and the visual complexity of the surrounding en-
vironment. These studies offer recommendations for optimizing
notification design to preserve immersion, improve noticeability,
and enhance user experience [32, 34, 46].

However, prior work has primarily focused on evaluating indi-
vidual notification designs without considering how multiple de-
signs could be used together to meet a user’s varying message
awareness needs. Working toward this goal, Zenner et al. proposed
a framework that adjusts notification priority (low, medium, high)
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based on the sender’s importance, modifying the disruptiveness of
a visual pop-up [62]. While their work offers a valuable starting
point, the overall system was not evaluated, nor did it explore how
the modality or design of notifications could change based on mes-
sage priority. Our study extends this research by evaluating how
users interact with different multimodal notification designs and in-
vestigating how they choose from a range of notification designs
to be informed of messages with differing levels of urgency. Our
work provides a more comprehensive understanding of how XR
notifications can be adapted to user preferences and dynamic task
environments.

3 MESSAGE DELIVERY SYSTEM & NOTIFICATIONS

Our message delivery system was setup as follows. As illustrated in
Figure 2, a floating message window was presented on participants’
left side. The window was populated with messages and positioned
to be out of view while participants performed the experimental
task. We explore nine audio+visual multimodal notifications to sig-
nal a new message being delivered. When a new message was de-
livered, it was added to the message window. The design of the
notifications and the message delivery system is detailed below.

Secondary Task:
Acknowledge
peripheral notifications

u Thomas

I got tickets to the concert this weekend,
do you want to come? (Press Grip)

tapping task in AR

Figure 2: Our message window design styled after existing mobile
instant messaging applications, positioned at a 90° angle to the left
of the primary experimental task.

3.1

We chose three audio (No Audio, Ping, Speech) and three visual ap-
proaches (No Visual, Icon, Text) to notify a user of a new message’s
delivery. Our designs varied by the extent and detail to which they
inform of the received message’s content. Our designs covered ex-
isting notifications as seen in consumer XR devices (e.g. [2, 36])
and designs explored in prior research (e.g. [25, 48]). We investi-
gated the combined use of our visual and audio approaches, result-
ing in nine conditions summarised in Table 1.

Our three audio approaches were: No Audio: no auditory noti-
fication of message delivery. Ping: a one-off, notification sound
effect played. The iPhone ping [4] was used as the Ping sound.
Speech: audio of the message text being read. Google’s female
voice for text-to-speech [19] was used for Speech.

Our three visual approaches were: No Visual: no visual notifi-
cation of message delivery. Icon: a graphic of a messaging app
icon appeared. The iMessage icon [3] was used as the Icon. Text: a
pop-up containing the full message text.

The positions of Icon and Text, as shown in Figure 1, was ar-
ranged to not overlap/interfere with the experimental task but be
easily seen by our participants. This was based on the recommen-
dation of prior works identifying this position as highly noticeable
to users and well suited to notifications [51, 52]. We excluded hap-
tic feedback as Ghosh et al. found this to be less effective for XR
notifications when compared to visual and audio feedback [17].

Audio+Visual Notification Conditions
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Condition Description Modality  Information Conveyed
No Visual-No Audio  No notification signalling new message delivery. None None
No Visual-Ping A one-off sound signals new message delivery. No visuals. Audio Ex1stence‘ of
new message
No Visual-Speech The message text is read aloud to the user. No visuals. Audio Existence and full content
of new message
Icon-No Audio An icon signals new message delivery. No audio. Visual Existence of
new message
Icon-Ping An icon and a one-off sound audio signals new message delivery. XLSS?O]’ Existence of new message
Icon-Speech An icon signals new message delivery. The message text is read aloud to the user. Visual, - Existence and full content
Audio of new message
Text-No Audio A pop-up appears with the full message text. No audio. Visual E)}lstence and full content
of new message
. . ] o . . Visual, Existence and full content
Text-Ping A pop-up appears with the full message text. A one-off sound signals new message delivery. Audio of new message
. . B . . Visual, Existence and full content
Text-Speech An pop-up appears with the full message text. The message text is read aloud to the user. Audio of new message

Table 1: A summary of the nine conditions investigated in our study. Notifications varied in the amount of information they conveyed, e.g.
Icon-Ping informs a user only of a new message’s existence while Text-Ping informs of a new message’s existence and its full content.

3.2 Message Window

The message window design, illustrated in Figure 2, is modeled af-
ter existing mobile instant messaging interfaces commonly found in
consumer XR platforms, such as Apple visionOS [2]. The message
window was attributed to a fictional close friend named “Thomas,”
and participants were instructed to act as if “Thomas” were indeed
a close friend. The Icon was used in place of a profile picture for
“Thomas” in both the message window and 7ext. Similar to stan-
dard mobile instant messaging interfaces, new messages appeared
sequentially, one after another, within the message window.

The message window was positioned to the participants’ left, at
a90° angle from the experimental task. This position was informed
by insights from Cho et al. [9] on the preferred positioning of XR
messaging widgets relative to primary tasks—specifically, out of
direct line of sight but easily viewable with a head turn. This ar-
rangement ensured that participants had to actively engage with no-
tifications, as they could not view both the experimental task and
the message window simultaneously due to their spatial separation.

3.3 Messages’ Content and Their Delivery

When evaluating our notifications, each condition lasted 90 sec-
onds. During this time, participants received four messages deliv-
ered according to a specific timing protocol. The 90-second con-
dition was divided into four 22.5 second time slots. Each time slot
was randomly allocated a message text to be delivered. A mini-
mum gap of 15 seconds was maintained between message deliver-
ies, meaning each message was delivered at a random time within
the first 7.5 seconds of its time slot. For the first time slot, no
message was delivered within the initial 5 seconds, allowing par-
ticipants time to begin the task before receiving their first notifica-
tion. The length of the condition and frequency of messages were
determined based on previous studies evaluating XR notifications,
e.g. [17,43,51].

The messages consisted of short, self-contained texts such as:
“Hey! Are we still on for dinner tonight at 7?”, “Just saw the fun-
niest video, I'll send it to you later!”, “Don’t forget, we’re meeting
at the park tomorrow morning for a jog!”, and “I got tickets to the
concert this weekend, do you want to come?”. Each message ended
with an acknowledgment instruction for participants (discussed in
Section 4.2).

4 STUDY DESIGN

The notification type was the independent variable, with the nine
combinations of visual (No Visual, Icon, and Text) and audio (No
Audio, Ping, and Speech) being the study conditions (Table 1).
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We used a standard Fitts’ reciprocal tapping task [54] with a speak-
aloud component as a primary task. Our tapping task had 13 circu-
lar targets arranged in a circle, labeled “1” to “13” (Figure 1), with
the labels randomly assigned for every condition. Participants had
to select targets from opposing sides of the circular arrangement
as they moved round the circle in a clockwise direction in a stan-
dard Fitts’ selection task (ISO 9241-9). Participants were instructed
which target to select through an audio cue stating the number of
the next target to press. This audio cue triggered after each target
was pressed regardless of whether the correct target was selected
for the current target. The audio cue used Google’s male voice for
text-to-speech [19]. Users selected each target by pointing a raycast
line from the right hand controller and pressing the ‘A’ face button.

Each target was colored with one of four colors (red, green, yel-
low, or blue), randomized for every condition with at least one in-
stance of each color. To incorporate a speech component, partici-
pants were instructed to say aloud the color of each target as they
selected it. We added auditory engagement by requiring partici-
pants to listen to the next target number and speak aloud its color,
simulating a scenario where both auditory and visual channels are
occupied with the primary task to assess the combined interruptive-
ness. In our case, the speech component was “discourse” [12], sim-
ulating a cooperative, one-way conversation to deliver information
from speaker to listener. We acknowledge the limitation of focusing
only on this type of speech and suggest future work should examine
notification delivery in other speech contexts, such as “dialogues”,
“diatribes”, and “debates” [12].

Primary Task: Fitts’ Reciprocal Tapping Task

4.2 Secondary Task: Acknowledging Peripheral Notifi-
cations

Participants were instructed to acknowledge new delivered mes-
sages by pressing a button (either the “trigger”, “grip”, “X face
button”, or “Y face button”) on the left hand controller of the Meta
Quest 3. The button was randomized for every delivered message,
with the specific instruction appended to the end of the delivered
message text. This approach required participants to actively en-
gage with each message’s content to correctly acknowledge it. For
notifications without full text, participants turned to the message
window on their left periphery (Figure 2) to read this message, as
they would in general in-situ notifications [52]. The messages con-
veyed the same levels of information across conditions.

In conditions involving a visual element, i.e. Icon and Text, ac-
knowledging a message dismissed the notification and removed it
from the scene. If a participant did not acknowledge a message
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before the next one was delivered, any existing visual notification
was replaced by the notification for the new message. For Icon,
this meant dismissing the icon and spawning a new instance. For
Text, this dismissed the current pop-up message and spawned a new
instance with the new message text.

4.3 Measures

For each participant, we recorded notification events, including
when notifications were created, acknowledged by the participant,
or timed out if not acknowledged. We also logged each button press
during the target selection task, noting whether the press hit a tar-
get, whether the correct target was selected, and the internal IDs,
number, and color of the relevant targets.

4.4 Per Condition Questionnaire

To evaluate usability, we designed a questionnaire, based on the
similar evaluations used in prior works, e.g., [43, 51, 52]. All ques-
tions were on a 5-point Likert scale.

We asked: “How easy was it to notice the notification?” and “If
you noticed the notification, how easy was it to understand what it
meant?” (1 = Extremely Difficult, 5 = Extremely Easy), “If you
noticed the notification, what level of urgency did the notification
convey?” (1 = Not At All Urgent, 5 = Extremely Urgent), “How
much of a hindrance was the notification to your experience?” (1 =
Not At All Hindering, 5 = Extremely Hindering).

Participants were also asked to what extent they agreed (1 =
Strongly Disagree, 5 = Strongly Agree) that the notification: “felt
comfortable to use when alone”, “felt comfortable to use in a room
with other people”, “disrupted my experience”, “provides a feel-
ing of not missing out”, “provides the information I want”, “was
useful”, and “felt natural”.

4.5 Rank Ordering Questions

After evaluating each condition, participants were asked to rank
each condition in terms of their general preference (best to worst),
frustration (most to least frustrating), and noticeability (most to
least noticeable). Participants were instructed to think aloud while
doing this and justify their first and last-ranked choices.

4.6 Assessing Message Awareness Needs

While our other measures captured participants usability responses
and preference towards our conditions, they did not address how,
when, and why a user might prefer one method of message delivery
over another given the many options available. Therefore, we con-
cluded our study with a think-aloud task to explore these factors.

Participants were instructed to imagine they were at home using
XR for work when a close friend sent them six messages. For each
message, we captured which condition the participant preferred for
receiving the message’s delivery notification. Participants were told
to think aloud and justify their choices, and it was acceptable to
choose the same notification for every message. Messages were
presented in random order. The six messages included three time-
sensitive ones of higher urgency than the others.

The three high-urgency messages were: A&E (accident and
emergency): “I've had to go to A&E, can you come & pick me
up please?”, House Keys: “I'm locked out of the house again -
do you remember where the spare key is kept?”, and Can’t Meet:
“I won’t be able to make it for 10AM tomorrow, can we do 2PM
instead? Sorry!”.

The three less urgent messages were: Llama Photo: “omg look
who I saw at university!! <plus a photo of a llama>", Happy
Birthday: “Happy Birthday! Hope you have a great day today
:)”, and Compliment: “‘Great work today. You were a pleasure as
always!”.
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We focused on message urgency, an influential factor identified
in non-XR message notification systems [35, 55], to examine its im-
pact on preferences towards multimodal XR notifications. This ap-
proach keeps other contexts around message delivery (e.g., sender
identity, receiver activity) consistent while addressing urgency’s
broad applicability to various XR notifications, such as bystander
presence, navigation, and guidance. Future work should explore
other contextual factors to better understand their influence on no-
tification preferences.

4.7 Procedure

Upon arrival, the purpose of the experiment was explained, and
the participants gave their informed consent and completed a de-
mographic questionnaire. The experimental task was described,
including the various message delivery notifications that partici-
pants would experience during the task, the message board, and
the message acknowledgment process. After this, participants were
instructed where to sit and how to wear and adjust the headset.

Participants then went through a training, during which they
practiced the experimental task and experienced each type of no-
tification. First, participants were shown the task environment and
the position of the experimental task and the message board. They
then practiced the task by selecting 3 targets with the experimenter’s
guidance and then selecting 4 targets independently to ensure un-
derstanding. After this, each condition was demonstrated and ex-
plained to the participant once. During the training, participants ad-
justed the headset volume to a “comfortable level where they could
clearly hear the experimental task and audio notifications”.

After the training, participants were given a break while the ex-
perimenter prepared the evaluation phase. Once ready, participants
completed each condition sequentially. The condition order was
counterbalanced using a balanced Latin square. After all conditions
were completed, participants answered the ranking questions and
the message awareness needs think-aloud task. Participants think-
aloud comments were recorded. The experiment took on average
one hour to complete. Participants were compensated for their time
with a £10 Amazon voucher.

4.8 Apparatus & Implementation

The study was conducted in a quiet experimental room. The study
was built using Unity 2022.3.31f1, Meta XR SDK, and Unity’s
XR Interaction Toolkit. Questionnaires were administered using
Qualtrics. A Meta Quest 3 headset was used for the study, with the
left controller designated for secondary message acknowledgment
task and the right controller for the primary experimental task.

4.9 Analysis

We analyzed notification response times using a linear mixed-
effects model (GLMM) with a Gamma distribution and log link
function, implemented in R (v4.3.0) with the Ime4 and emmeans
packages. The Gamma distribution was chosen to account for the
right-skewed nature of response times, where most responses are
short, but a few outliers are substantially longer. The model in-
cluded the notification type as a fixed effect and the participant ID
as a random intercept to account for variability in response times
across participants. This setup isolates the effect of notification type
on response times while accounting for repeated measures within
participants. Pairwise comparisons were conducted using z-tests on
the estimated marginal means (EMMs) derived from the GLMM,
using the emmeans package. Bonferroni correction was applied to
adjust for multiple comparisons.

For the Likert-scale questions, we calculated the mean and stan-
dard deviation values. We used a Friedman test to identify signif-
icant differences between factors and calculated effect sizes using
Kendall’s W. We analyzed pairwise comparisons using Wilcoxon
Signed Rank tests with Bonferroni-corrected p-values. Effect sizes
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Figure 3: (a) Average response time for each notification condition. The bar chart displays the mean response time (in seconds) for each
notification condition, with error bars representing the standard error of the mean. (b)-(1) Mean and standard error for Likert Scale questions.

for statistically significant comparisons using rank-biserial correla-
tion (r). For the preference rankings, the average ranking score for
each approach was calculated. Participants’ comments justifying
their rankings were coded using initial coding [11] where partici-
pants’ statements were assigned emergent codes over repeated cy-
cles with the codes grouped using a thematic approach. A single
coder performed two coding cycles and reviewed the results with
another researcher.

For the task assessing message awareness needs, we calculated
the counts of each notification type selected for each message and
the number of unique notifications used by each participant. Partic-
ipants’ comments justifying their choices were analyzed using the
same initial coding approach described above.

5 RESULTS: PERFORMANCE, USABILITY, & RANKINGS
5.1 Participant Demographic Data

Participants were recruited via social media and mailing lists. A
total of 18 participants (7 female, 11 male) completed the study,
ranging in age from 21 to 48 years (M = 29.06, SD = 8.45). Re-
garding prior experience with AR, 2 participants indicated “No /I
don’t know”, 3 indicated “Yes, but only smartphone AR”, and 13 in-
dicated “Yes, including AR headsets”. Participants also rated their
prior experience with AR on a 5-point Likert scale (1 = None, 5 =
A lot), with an average rating of 2.94 (SD = 1.26); 16 participants
reported at least “A little (2)” experience with AR. For VR experi-
ence, participants also used a 5-point Likert scale (1 = None, 5 = A
lot), with an average of 3.33 (SD = 1.24); 17 participants reported
at least “A lirtle (2)” experience with VR.

5.2 Differences in Notification Response Time

Figure 3(a) illustrates the average response times to the nine notifi-
cation designs with standard errors. The log-transformed response
time used for analysis is illustrated in Figure 7 with a heatmap vi-
sualization of pairwise comparison (Figure 4) and full results of the
model and pairwise comparison, including coefficients, standard er-
ror, and significant levels (Figure 2) in the Appendix.

The GLMM model fit was assessed with AIC = 2299.7, BIC =
2347.8, log-likelihood = -1138.9, and marginal R? = 0.18. The ref-
erence condition, No Visual-No Audio, resulted in longer response
times than all other conditions (p < 0.001). This suggests that the
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Figure 4: Pairwise comparisons of notification types. The heatmap
shows the log differences in response times with estimated values,
significance levels (*p < 0.05, **p < 0.01, ***p < 0.001), and
color-coded magnitudes. Red shades indicate longer response times
for the column condition compared to the row, while green shades
indicate shorter response times.

presence of either visual or auditory cues, or a combination of both,
significantly reduces notification response times compared to when
no cues are present.

Notifications using detailed visual (7ext) and/or auditory
(Speech) information consistently resulted in shorter response
times. Text conditions significantly reduced response times com-
pared to the corresponding No Visual and Icon conditions when
paired with less detailed audio signals, No Audio and Ping. For
example, participants responded faster to notifications with Text-
No Audio (M =3.14 s, SD = 1.91 s) than No Visual-No Audio (M =
7.80s,SD=5.76s, p <0.001) and Icon-No Audio (M =5.27 s, SD
=7.95s, p <0.001); and faster to Text-Ping (M =3.42 s, SD = 2.48
s) than No Visual-Ping (M = 4.82 s, SD = 3.73 s, p < 0.001) and
Icon-Ping (M =4.41s,SD =2.97 s, p < 0.01). However, no signif-
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Figure 5: The ranking distributions and average ranking scores (out of a possible 9.00) for our conditions. General preference is ordered best
to worst. Frustrating is ordered most to least frustrating. Noticeability is ordered most to least noticeable.

icant differences were observed when 7ext was paired with Speech:
Text-Speech (M =2.85 s, SD = 1.62 s), No Visual-Speech (M =3.03
s, SD =2.40 s), and Icon-Speech (M = 3.61 s, SD =2.30s).

Similarly, Speech conditions significantly outperformed their
corresponding No Audio and Ping conditions when paired with vi-
sual cues that included no or less information. No Visual-Speech
(M =3.03 s, SD = 2.40 s) was faster than No Visual-No Audio (M
=7.80s,8D=5.76s, p <0.001) and No Visual-Ping (M = 4.82 s,
SD =3.73 s, p < 0.001); and Icon-Speech (M = 3.61 s, SD =2.30
s) was faster than Icon-No Audio (M = 5.27 s, SD =795 s, p <
0.01) with no statistical significance to Icon-Ping (M =4.41 s, SD
=2.97s, p > 0.05). However, no significant differences (p > 0.05)
were observed between Text-Speech (M =2.85 s, SD = 1.62 s) and
Text-No Audio (M = 3.14 s, SD = 1.91 s) and Text-Ping (M = 3.42
s, SD =248 s).

5.3 Perceived Comfort, Informativeness, and Usability

Figure 3(b)-(1) illustrates the mean results of our Likert-scale ques-
tions with standard errors. The full results of the Friedman test
and post-hoc analysis are provided in our Appendix (Table 5). Ef-
fect sizes for the Friedman tests range from 0.23 to 0.51, indicat-
ing a small to moderate levels of agreement. Effect sizes for the
Wilcoxon Signed Rank comparisons range from 0.75 to 0.90, in-
dicating large and substantial difference between the paired condi-
tions. A summary of key results follows.

Comfort around others (Figure 3(c)) was rated lowest in con-
ditions including Speech (No Visual-Speech: M =2.72, SD = 1.13;
Icon-Speech: M = 2.83, SD = 1.25; Text-Speech: M = 3.39, SD =
1.38) due to concern for private messages being overheard, e.g. P5
stated, “really not great for privacy... hearing someone’s messages
on the train second-hand would be horrible”. Some participants
found conditions with Ping socially unacceptable, fearing it might
annoy others. As P1 noted, “I get annoyed by pings easily... my
father has games on his phone that send him notifications all the
time [and] I get easily annoyed by it”. Nonetheless, many par-
ticipants reported being comfortable using Ping around others (No
Visual-Ping: M =3.33, SD = 1.24; Icon-Ping: M =4.00, SD =0.91;
Text-Ping: M =4.47, SD = 0.62).

Informativeness ratings (Figure 3(d)-(g)) showed No Visual-No
Audio performed the worst, being significantly different from all
other conditions for being (d) easy to notice (M = 1.27, SD = 0.46)
and from all conditions but Icon-No Audio for feeling of (f) not
missing out (M = 1.33, SD = 0.77). The Icon-No Audio condition
was reported as harder to notice than others (M =3.00, SD = 1.14).
Participants felt Icon alone was not distinct enough when focusing
on the experimental task. P15 commented, “Visually, I'm focused
on the task so it gets lost.” However, participants suggested if paired
with Ping (M = 4.28, SD = 0.67) or Speech (M = 4.00, SD = 0.97)
that the noticeability could increase; e.g. P8 observed, “[With] ping
it’s more noticeable... it makes it more distinguishable, especially
when doing other stuff.”
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The desired information ((g) the information I want) was rated
highest for conditions containing Text: Text-No Audio M =4.39, SD
= 0.78; Text-Ping M = 4.44, SD = 0.78; Text-Speech M = 4.17, SD
= 1.10. Participants preferred receiving the message content along-
side the notification, allowing them to make an informed decision
about how to respond. For example, P15 noted, “Message is always
great because it’s a big blob of information you can decide what to
do next with”.

Usability was rated highest for the most (h) useful and (j) natu-
ral conditions for Icon-Ping (useful: M = 3.94, SD = 0.93; natural:
M =3.89, SD = 0.76), Text-No Audio (useful: M =4.33, SD = 0.68;
natural: M =4.11, SD = 0.83), Text-Ping (useful: M =4.50, SD =
0.79; natural: M =4.22, SD = 0.88). Icon-Speech (M =3.11, SD =
1.28) and Text-Speech (M = 3.06, SD = 1.35) were seen as the most
(1) urgent with significant differences mainly observed between No
Visual-No Audio and Icon-Ping, and between No Visual-No Audio
and Icon-Speech. None of the conditions were perceived as being
particularly (k) a hindrance to the experience. While Icon-Speech
(M =3.89, SD = 1.32) was reported as the most (1) disruptive, no
significant differences were found regarding disruption.

5.4 Rankings

Figure 5 summarizes the ranking distributions and average ranking
scores for all conditions. For general preference, Text-Ping scored
highest (7.61 out of 9.00) and was the first choice of 44.4% of par-
ticipants. In contrast, No Visual-No Audio performed worst (1.11
out of 9.00), with 94.4% of participants ranking it last. Participants
favored Text-Ping due to the combination of Ping for drawing atten-
tion (e.g. P1: “with a ping you notice there’s something you should
pay attention to”) and Text for its informativeness (e.g. P8: “you
can see what its about and what’s the urgency to respond”). No
Visual-No Audio was ranked last because participants found it frus-
trating to frequently interrupt the task to check the message win-
dow, leading to feelings of disconnection from their messages.
Text-Speech also stood out, with the second highest number of
participants (22.2%) ranking it first. Participants who preferred this
condition appreciated Speech for allowing them to stay focused on
the experimental task while maintaining awareness of messages.
For example, P3 remarked, “I didn’t have to look away or look up
or down”. However, participants acknowledged a potential limita-
tion of speech-based delivery for longer messages to be accurately
retained when delivered through Speech. P2 commented, “if it’s
a long message, or a really long message, then it’s too much to
remember when delivered in the speech”. Hence, participants felt
pairing Speech with Text provided the best of both worlds: Text for
checking detailed information and Speech for shorter messages that
could be delivered aurally without distracting from the task. How-
ever, 55.5% ranked Text-Speech fifth or worse, finding Speech too
disruptive (e.g. P11: “the speech was intrusive, it was disrupting”).
Additionally, participants pointed out Speech might be unsuitable
for tasks involving audio, such as “listening to talking, reading, mu-

Authorized licensed use limited to: University of Central Florida. Downloaded on March 29,2026 at 05:03:21 UTC from IEEE Xplore. Restrictions apply.



sic, or something” (e.g. P11: “Most things I'd be doing would have
some sort of interference from speech”).

For frustration, No Visual-Speech (7.22 out of 9.00, with 38.8%
ranking it first) and No Visual-No Audio (7.17 out of 9.00, with
55.5% ranking it first) were the most frustrating conditions. Par-
ticipants found No Visual-Speech disruptive, particularly due to the
unexpected onset of speech, which was seen as confusing in some
contexts (e.g. P18: “if I'm in a social situation, 1'd just confuse
the speech”. Some suggested a preceding audio cue (such as Ping)
could mitigate this issue by signaling the start of Speech (e.g. P2:
“I think you need it to ping you and then starts talking to you... if it
Just starts talking, it takes you a while to work out what’s actually
going on and why it started to talk to you”. Meanwhile, No Visual-
No Audio was frustrating for the same reasons it was ranked lowest
in general preference: the need to constantly check the message
window and the sense of disconnection from messages.

For noticeability, Text-Speech (8.44 out of 9.00, with 66.7%
ranking it first) and Text-Ping (7.28 out of 9.00, with 28.8% ranking
it first) were the most noticeable conditions. In general, conditions
that combined visual and audio elements were considered more no-
ticeable than those with only visual or audio. Participants expressed
concern that a single modality could be easily masked by either the
virtual or real environment (e.g. P2: “Speech could be the appli-
cation or the TV in the room or something else”). Having both
ensured if one was missed or masked the other would still make
participants aware of the notification.

6 RESULTS: ASSESSING MESSAGE AWARENESS NEEDS

The counts of notifications selected in our assessing message
awareness needs task are summarized in Figure 6. All participants
used multiple types of notifications within the task (Section 6.1),
highlighting a preference for varying notification types depending
on the message content. All participants agreed their preferred no-
tification depended on the message’s urgency and content (Section
6.2). Additionally, participants discussed other factors influencing
their notification preferences (Section 6.3) and suggested alterna-
tive notification designs not included in our study (Section 6.4).

6.1

We examined how many unique notifications each participant chose
for the sample messages. Across all six messages, 11 participants
selected 3 unique notifications, 3 participants selected 2 notifica-
tions, 2 participants selected 4 notifications, and 2 participants se-
lected 5 notifications. The most common range was 3 notifications
used by 11 participants. Of these, 6 participants used Icon-Ping,
Text-Ping, and Text-Speech. The remaining 5 participants chose:
Text-Speech, one of No Visual-No Audio, Icon-No Audio, or No Vi-
sual-Ping, and a third notification.

Despite variations, all 11 participants expressed thinking about
notifications in terms of “low, medium, or high” urgency. Text-
Speech was universally seen as the highest urgency option (e.g. P2:
“It’s the most awareness of both visual and audio options”). How-
ever, four participants wanted an even more disruptive option for
high urgency ( e.g. P17: “I’d probably want it to just pause the
experience and show this important message”).

Opinions differed for low-urgency messages. Six participants
chose Icon-Ping, preferring to be alerted of new messages so they
could decide when to attend to them (e.g. P3: “I definitely want
to know they are still there, then can decide when to look at them
whenever I have time”). Five participants preferred no (No Vi-
sual-No Audio) or minimal disruption (Icon-No Audio or No Vi-
sual-Ping) for low-urgency messages, as they did not consider im-
mediate attention necessary (e.g. P10: “if I was doing something
immersive, and the message I got was not important, I probably
would not want to be notified about it and would just get it when-
ever”). The choice of a medium notification depended on partici-
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Figure 6: Counts of notifications selected for each message in the
message awareness needs assessment tasks (Section 4.6).

pants’ low-urgency choice. Those who picked a more disruptive op-
tion for low urgency (i.e. Icon-Ping) selected Text-Ping for medium
urgency, while the others varied based on personal preferences.

Participants who selected fewer or more than 3 notifications also
matched their choices to message urgency. The 3 participants us-
ing only 2 notifications felt the sample messages were either high
or low urgency and did not require a medium step. The 2 partici-
pants selecting 4 notifications wanted the option to use no notifica-
tion (No Visual-No Audio), particularly for less significant messages
(e.g. P1: “Ifit’s your birthday, you get loads of those, so I just want
no visual, no audio, nothing”). The 2 participants who used 5 no-
tifications aimed for a more nuanced approach to urgency, rather
than generalizing it as low, medium, or high (e.g. P10: “It still also
depends on the context of what I was doing in AR as well. So there’s
really just a lot of range when to notify me and how.”).

6.2 Influence of Message Content

All participants agreed that their preferred notification depended
on the message content, with more urgent and important messages
requiring more disruptive notifications, as illustrated in Figure 6.
Messages such as A&E (accident and emergency) and House Keys
were seen as very urgent and justified immediate attention (e.g. P17:
“If it’s an emergency scenario, I would want the experience to be
disturbed fully”), and all participants chose either Text-Speech or
Text-Ping for these messages. While Can’t Meet was considered
time-sensitive, it was not viewed as critical (e.g. P18: “It’s impor-
tant, but I've got more time to attend to it”), with some participants
choosing less disruptive notifications and 1 participant going as far
as to select No Visual-No Audio.

Time sensitivity was not the only factor; message type also in-
fluenced notification choice. For example, 3 participants wanted
No Visual-No Audio for Happy Birthday messages, due to the large
number they might receive on that day (e.g. P1: “If it’s your birth-
day you get loads of those so I just want no visual, no audio”).
However, 8 participants preferred a more noticeable notification
(i.e. Text-Ping or Icon-Ping) to ensure they could respond and thank
the sender (e.g. P13: “Happy birthday messages are nice and I
want to make sure I thank everyone”). Similarly, participants pre-
ferred more disruptive notifications (i.e. Text-Ping or Icon-Ping or
Text-Speech) for positive messages like Compliment, as they val-
ued seeing and responding to uplifting content in a timely manner (
e.g. P13: “it’s nice to read something positive, somebody is appre-
ciating me, obviously I need to reply”).

Finally, Liama Photo was considered the least urgent message,
with many participants opting for lower-priority notifications. Most
felt that missing the notification would be acceptable (e.g. P2: “If
you miss it, it’s no big deal. You’ll see the llama eventually”).
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6.3 Additional Factors Influencing Notification Choice

Besides message content, most participants noted that their current
task would influence how they preferred to be notified and of what
messages (e.g. P9: “It is very context-dependent... if [ am at home
watching a movie that’s different than at work and P10: “If I'm
at work, then I only want critical messages or work-related mes-
sages”). Additionally, participants said the identity of the sender
mattered (e.g. P8: “Who it is can influence if it’s more urgent, if
its your close friends and family that’s top priority, then say your
housemates, and so on, but there’s groups of urgency by people
too”). One participant also noted a difference in their response to
group chat versus one-on-one messages (e.g. P7: “I don’t get no-
tifications for group chats, but I get notifications for direct one to
one chats, because if people now if they want something from me to
go direct, that’s a bit more urgent”). These insights highlight that
future work is needed to explore factors beyond the urgency of a
message’s content which influence notification preferences.

6.4 Suggested Alternative Notifications

Some participants proposed alternative notifications for message
delivery. Four participants wanted more disruptive designs for
the highest urgency messages, ranging from more disruptive au-
dio alerts (e.g. P18: “if it is an emergency then it should ring [like
a phone call]”), to halting the application in use and forcing the
user to engage with the message (e.g. P17: “I’d probably want it
to just pause the experience and show this important message”).
Two participants suggested subtle notifications using haptic feed-
back (e.g. P5: “definitely an option could be haptic feedback, es-
pecially in the controllers”), although previous research by Ghosh
et al. has shown this to be ineffective for XR notifications [17].
One participant suggested embedding notifications within the cur-
rent experience to match its theme (e.g. P11: “If I was watching
a movie or playing a game then I might want to be somehow in-
tegrated into the theme of what I'm doing... like the pop-up has
a fantasy theme while watching Game of Thrones”), aligning with
research by Christie et al. on content-themed notifications in AR
[10].

7 DISCUSSION

Our study examined the effects of audio and visual notification de-
signs in XR environments and explored user preferences for differ-
ent types of notifications. Based on our findings, we identify key
factors in designing effective notifications for XR user interfaces,
including the importance of context-aware delivery, sensory man-
agement, and message content. These insights offer new directions
for developing adaptive notification systems in XR that balance no-
ticeability with user comfort and privacy.
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Building on prior research [52] that examined notification place-
ments in VR, our study explored how the addition of audio elements
and visual representations of message notifications influenced re-
sponse times, comfort, informativeness, usability, and preferences.
Our findings suggest that the effect may depend on the combination
of the two modalities. Pairing No Visual notifications (similar to the
In-Situ placement in Rzayev et al. [52]) with audio elements (Ping
and Speech) make notifications easier to notice and reduce response
times.

When a visual cue is present (Icon or Text), comparable to the
Floating and Head-Up Display notifications of Rzayet et al., the
effect may depend on whether the audio cue contains more infor-
mation than the visuals. Adding more detailed auditory than visual
information, e.g. Icon-Speech, reduced the response time by 1.66
s on average (p < 0.01). Yet, the differences were marginal when
less detailed or equally detailed audio was paired with visual cue:
between Icon-No Audio and Icon-Ping (average difference -0.86 s,
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ns); between Text-No Audio and Text-Ping (average difference 0.28
s, ns); and between Text-No Audio and Text-Speech (average dif-
ference -0.57 s, ns). Similarly, adding more detailed visual than
audio shortened the response time (average difference: 1.4 s, p <
0.001) while marginal differences (ns) were observed when less or
equally detailed visual cue was paired with audio. However, the
lack of significant differences in these comparisons requires careful
interpretation and further investigation to validate these effects in
broader XR contexts.

In terms of privacy and comfort, some participants expressed
concerns about audio notifications being overheard in public places.
The use of discreet audio methods, such as headphones and directed
speakers, can help address these concerns, ensuring that notifica-
tions remain private while maintaining their effectiveness in attract-
ing user attention.

7.2 Adaptive Multimodal Notifications in XR

Our results emphasize the importance of offering diverse combi-
nations of multimodal notifications that adapt to the urgency of the
message, the user’s available sensory channels, and preferences sur-
rounding message awareness. In doing so, we expand on Zenner et
al.’s concept of visual pop-ups with escalating disruptiveness [62],
highlighting the benefit of adaptive multimodal notification mecha-
nisms for messaging systems in future XR systems. XR, in partic-
ular, is well suited to such personalization and context-aware adap-
tation due to its inherent dynamism and the flexibility it enables
in users use of applications, interfaces, and interactions aligned
around user tasks and priorities [9].

7.2.1

One direction for future work involves integrating eye gaze track-
ing to determine whether users have noticed a visual notifica-
tion [30, 61]. Since our results show auditory cues are useful when
notifications are out of the user’s view, eye tracking could trigger
audio only when necessary. This adaptive approach would enhance
noticeability while minimizing unnecessary auditory intrusions.

Eye Gaze Tracking and Adaptive Audio

7.2.2 Managing Sensory Overload

Participants highlighted that context matters when deciding
whether audio notifications are appropriate. If the user’s visual or
auditory channels are already engaged [33], such as during a con-
versation or when immersed in a game, audio cues may be disrup-
tive or masked. In such cases, less intrusive modalities, like subtle
visual notifications or no notifications, may be preferred. Alterna-
tive approaches include ones which alter a user’s experienced au-
dio without significantly impacting engagement, e.g. dynamically
altering volume levels [42], embedding notifications and auditory
content into the music users are currently listing to [57, 58], or re-
moving a subset of audio sources [42, 50]. Systems could also con-
sider adjusting the timing of notifications to prevent interruptions
during high cognitive load tasks [5, 45].

7.2.3 Haptic Feedback for Subtle Alerts

Several participants suggested haptic feedback as a less intrusive
option for low-urgency notifications. While haptics alone may not
be as effective in XR [17], its combination with visual or audio
cues may prove useful for subtle alerts. Haptics could offer a dis-
creet alternative, ensuring that notifications are still noticed without
intruding on ongoing tasks, particularly when both audio and visual
channels are occupied.

7.2.4 Message Content as a Factor

Message content plays a critical role in determining the most ap-
propriate notification modality. Our participants frequently cate-
gorized notifications based on message urgency (low, medium, or
high). Urgent messages may warrant more noticeable audiovisual
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cues, while less urgent messages could be delivered with minimal
disruption. This may apply to not only interpersonal messaging
but also various notifications in XR, such as the presence of by-
standers [41] or other real-world events, feedback for gaze, gestu-
ral, or speech commands [7, 29], navigation [27], and guidance to
XR objects [8]. Future XR systems should adapt notification deliv-
ery based on the message’s urgency and relevance, ensuring timely
awareness without overloading the user. In addition, future work is
necessary to identify other influential factors, and to determine how
to balance and optimize for multiple factors at once, for example al-
tering how notifications are delivered based on the sender’s identity,
receiver’s on-going task, and message’s urgency.

7.3 Alternative XR Messaging Approaches

Some participants indicated a preference for receiving message
content directly, either via Text or Speech, allowing them to make
informed decisions about how to respond. Future work could en-
hance this by summarizing longer messages [59, 60], enabling users
to assess message importance without processing its full content.
For example, instead of receiving a detailed paragraph, users might
see a summary like “Julie — feedback on experimental design”.
However, care must be taken to avoid misrepresenting the sender’s
intent, especially for sensitive messages. For instance, if a sibling
sent a detailed message about a medical issue concerning a niece,
summarizing it as “Brother — your niece is probably dying” would
be tactless and could cause unnecessary distress or confusion. This
highlights the importance of carefully tailoring summaries to both
the content and the emotional weight of the message.

Future work could also explore giving message senders more
control over notification delivery [6, 62] by leveraging XR’s ad-
vanced context sensing capabilities [18, 37, 38]. For instance, XR
devices could assess the receiver’s context, such as activity, envi-
ronment, and readiness to engage [15], to adapt how and when no-
tifications are delivered [30]. This would enable senders to tailor
notifications dynamically, ensuring timely communication without
causing unnecessary disruption. However, any system that shares
contextual data from the receiver must take privacy risks into ac-
count [40], ensuring such information is shared in a controlled,
privacy-preserving manner to prevent potential misuse for surveil-
lance, intrusion, or manipulation.

8 CONCLUSION

We explored the impact of audio and visual elements on notifica-
tions in XR environments, focusing on how different modalities and
presentations affect response times, noticeability, and user prefer-
ences. Our findings demonstrate adding auditory cues, particularly
to out-of-view visual notifications, enhances noticeability and re-
duces response times, while visual notifications alone suffice when
within the user’s field of view. Participants expressed preferences
for context-aware, adaptive notifications that take into account mes-
sage urgency, task engagement, and sensory load. Future work
should focus on adaptive, context-sensitive notification systems that
balance noticeability, intrusiveness, and privacy, ensuring effective
communication in immersive XR environments.
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