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Figure 1: An overview of remote, avatar-mediated conversation in mixed reality.

ABSTRACT

With advances in spatial computing and growth in commercially
available head-mounted displays, mixed reality (MR) is an emerg-
ing context for social experiences and collaborative interaction.
While the role of visual representations in enhancing user expe-
riences has been extensively studied, the contribution of audio
has comparatively received little attention. In this exploratory,
within-subjects study, we investigate the effects of audio quality
on co-presence and associated experiential outcomes during avatar-
mediated conversations in MR. In dyads, participants engaged in
semi-structured conversation under anechoic and reverberant audio
conditions while embodying photorealistic avatars. Results shed a
nuanced light on the potential of audio in facilitating co-presence.
We conclude by discussing implications for design and future re-
search on audio within audiovisual MR environments.
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1 INTRODUCTION

Over the past decade, mixed reality (MR), an immersive medium
that combines virtual content with physical environments, has un-
dergone technological advances and become increasingly accessi-
ble to the broader public. As a result, both industry and academia
have shown a growing interest in its use for remote communica-
tion and collaboration [48]. Through shared spatial references and
dynamic social stimuli, MR has the potential to help people in dif-
ferent locations feel as though they are together in the same en-
vironment. Accordingly, fostering co-presence, or the feeling of
“being there” together [36], is a central goal of collaborative MR
experiences.

Audio cues, such as the sound of voices, have the potential to
improve the perceptual realism of MR environments [50]. Yet, de-
spite the range of audio rendering techniques that exist, there is little
research exploring how this crucial aspect of social MR, and im-
mersive technologies more broadly, influences co-presence [34, 3].
Although prior work has examined the effects of specific aspects
of spatial audio [14, 71, 53], comparatively less attention has been
paid to the role of room acoustics in this medium. This gap is fur-
ther complicated by the fact that most research on realism and pres-
ence in immersive contexts has focused on fully virtual settings,
such as VR [18]. In MR, however, virtual audio is experienced
alongside perceptual cues from the physical world, giving audio
realism added significance. Mismatches between virtual acoustics
and a user’s physical environment in MR have been shown to cause
aroom divergence effect where audio externalization, or the feeling
that audio is coming from an outside source, is decreased, causing
sounds to be perceived as coming from inside of the listener’s head
[69]. Accordingly, prior work has emphasized perceptual realism,



perceptual integration with the physical environment, and indistin-
guishability from its real-world acoustic referent—often framed as
plausibility, transfer-plausibility, and authenticity—as important di-
mensions for evaluating virtual audio in MR [41].

In this paper, we address this gap by investigating how room
acoustics shape co-presence during conversations with realistic
avatars in MR. In this exploratory, within-subjects study, sixteen
dyads engaged in semi-structured conversations under two room
acoustic conditions: anechoic and reverberant. Binaural (two-ear),
spatialized audio was provided over built-in headset speakers that
supported six degrees of freedom (6DoF), allowing participants’
head movements to be tracked in three-dimensional space, includ-
ing position (forward/backward, up/down, left/right) and orienta-
tion (pitch, yaw, roll). After engaging in remote MR conversations
under each audio condition, participants provided subjective evalu-
ations of co-presence and related experiential outcomes, including
co-location, interaction believability, humanness, satisfaction, and
perceived turn-taking. They also participated in a group interview,
through which we gathered qualitative insights about their experi-
ence. Results offer a nuanced understanding of the potential for
room acoustics to facilitate co-presence. Specifically, we present
preliminary evidence to suggest that who, what, and where could
influence when room acoustics best support this experiential out-
come. We use these findings to present audio design implications
for future collaborative MR interfaces. Moreover, we present our
experimental protocol and the insights gained from it as a contri-
bution to guide future audio research in audiovisual MR environ-
ments.

2 RELATED WORK
2.1 Defining Co-Presence and Realism

Co-presence is characterized by the sense of being there together
in a shared environment [45, 58]. Users experience co-location as
a mutual awareness that they are “accessible, available, and sub-
ject to one another” [17, 36]. Prior work has frequently conflated
co-presence with social presence, the “psychological state that vir-
tual (para-authentic or artificial) actors are experienced as actual
social actors” [36, 45]. Though these constructs are interrelated,
social presence emphasizes how people perceive the medium’s ca-
pacity to foster social interaction, whereas co-presence emphasizes
co-location and mutual perception of each other [43]. We draw
from both social presence and co-presence literature to motivate
this work, given their close association and frequent interchange-
able use in prior research [45]. However, the present study focuses
on co-presence as the primary outcome of interest.

Achieving co-presence is a central goal for computer-mediated
communication systems, such as collaborative MR, to improve
communication outcomes between remote users [45, 72]. For ex-
ample, co-presence has been positively linked to trust, enjoyment,
and attraction [15, 23]. In its absence, interlocutors can be per-
ceived as artificial [36, 45]. MR remote collaboration systems have
aimed to enhance co-presence and related metrics (e.g., social pres-
ence and social realism) through rendering shared spatial references
and dynamic social stimuli [9, 21, 49].

Realism is another metric of presence defined as whether “a
medium can produce seemingly accurate representations of objects,
events, and people—representations that look, sound, and/or feel
like the “real” thing” [38]. When mediated environments are per-
ceived as real, it can encourage users to behave in realistic ways
[64, 74]. Although not all virtual environments strive to create ex-
periences that promote natural behavior [40], realism is relevant in
contexts such as the workplace, education, and simulation-based
training for real-world scenarios [31]. Furthermore, avatar realism
has been highlighted as an important factor for the use of digital
representations in the workplace [47].

Most research on realism in immersive virtual environments is

drawn from VR [18], but in MR, where elements of the real world
are integrated into the scene, realism could take on additional sig-
nificance. DeMarbre et al. [11] posited that visual coherence of
virtual content in MR environments can contribute to presence. We
extend this literature by exploring how the interplay of acoustic re-
alism and avatar realism affects co-presence and other aspects of
user experience in this emerging medium.

2.2 Spatial Audio and Room Acoustics in Virtual Envi-
ronments

Audio plays a critical role in the creation of immersive virtual en-
vironments. Although presence and MR/VR research has predomi-
nantly emphasized visual cues, there is a growing thread of research
examining audio’s influence in this domain [24, 30, 35]. In partic-
ular, spatialization and reverberation of sound are two key auditory
elements that can enhance the immersive quality of virtual experi-
ences.

Spatial audio incorporates localization acoustic cues that lead
users to perceive sound as coming from specific locations in a three-
dimensional environment. In addition to enhancing feelings of pres-
ence within a virtual environment [24], spatial audio can also re-
duce the mental effort needed to process social information [61].
Compared to monaural audio, which has no directional cues, spatial
audio can help direct attention to social cues, improving the identi-
fication and comprehension of co-located speakers [44, 73]. Addi-
tionally, spatial audio has been associated with improved memory,
increased perception of turn-taking, and greater social connected-
ness [44, 46].

Room acoustics is a dimension of audio that allows virtual sound
to feel as though it is a part of a listener’s environment, thereby en-
hancing plausibility, or the perceived realism of the sound. This
is achieved by modeling the behavior of sound waves as they in-
teract with a physical or virtual space, including reflections, sur-
face absorption, and reverberation, or the persistence of sound after
it produced due to reflections [7]. Incorporating room acoustics
can improve the perception of externalization, where sound is felt
as though it is coming from outside of a listener’s head. Specifi-
cally, reverberant audio has been associated with greater external-
ization compared to anechoic audio, or audio lacking reverbera-
tion and echoes [2]. Past research also suggests that adding room
acoustics to virtual environments can lead to greater presence [35]
and enhance the plausibility of auditory augmented reality [42, 2].
Despite the aforementioned value of room acoustics in virtual en-
vironments, understanding its effects is an underexplored area of
research compared to spatial audio.

Research on audio quality, co-presence, and social presence is
mixed. A study by Immohr et al. [27] had participants engage in a
free conversation task in-person and in immersive VR under spatial-
ized and non-spatialized audio conditions and found no significant
differences in social presence. Similarly, RoSkopf et al. [54] did not
observe significant differences in social presence when comparing
binaural audio to a loudspeaker in VR. At the same time, there ex-
ists evidence to suggest that audio quality may improve co-presence
[13]. For example, Shin et al. [60] found that 3D sound in a pre-
recorded 360-video of a live concert contributed to higher social
presence scores compared to 2D sound. Nowak et al. [44] observed
differences in social presence among women between spatial and
non-spatial audio during a video conference call.

Altogether, this body of research underscores the potential of
audio to enhance social experiences, while also revealing an op-
portunity for further study in understanding its role in fostering co-
presence within collaborative MR environments. Building on this
foundation, we explore this phenomenon by comparing the experi-
ence of an anechoic audio environment to a reverberant one.



2.3 Crossmodal Audiovisual Interaction

In contrast to audio-only technologies, audiovisual environments
exist at the intersection of two primary sensory modalities. While
both auditory and visual cues enhance immersion [51] and provide
distinct perceptual information, the senses that they engage are con-
nected and can have an influence on each other. For example, vi-
suals can affect the spatial processing of sound (i.e., spatial ven-
triloquism) and sound can affect the temporal processing of visuals
(i.e., temporal ventriloquism) [65]. Hence, the cross-modal influ-
ences of audiovisual stimuli can have an impact the quality of user
experiences [65].

There is evidence to suggest that audio quality can impact the
perceived quality of visual fidelity [63, 29] and vice versa [57].
Storms and Zyda [63] investigated the effects of audiovisual in-
teractions on a computer monitor by manipulating the quality of
both the visual and auditory displays. They found that pairing high-
quality audio with high-quality visuals improved the perceived vi-
sual fidelity compared to visual-only presentations. In contrast,
pairing low-quality audio with high-quality video reduced percep-
tions of audio quality compared to audio-only presentations. Simi-
larly, Schmitt et al. [57] reported that diminishing visual fidelity in
a video call also lowered the perceived quality of the audio stream.
Joly et al. [29] documented the advantages of high-quality audio
in television, showing that lower-quality video paired with non-
degraded audio was perceived as higher quality than when audio
was absent. Collectively, this work suggests that while low-fidelity
visuals can impair perceptions of audiovisual quality, high-fidelity
audio can enhance the perception of this combined experience.

It is also possible the visual representation of an avatar could in-
fluence expectations for how an avatar sounds. The greater the pho-
torealism of an avatar, the higher the expectation is for behavioral
realism, or how naturalistic an avatar behaves [25]. Whereas previ-
ous research has primarily investigated behavioral realism through
the nonverbal capacities of avatars (e.g., eye gaze, head movements,
arm movements, and facial expressions) [1], much less has explored
the role of audio-based dimensions of realism.

This body of literature highlights the complementary nature of
audio and visual sensory stimuli, however, there is limited research
exploring this interaction in collaborative MR environments. Fink
et al. [14] investigated the interplay between simple versus rich
avatars with monaural versus spatial audio in a remote MR session.
While no significant differences in subjective co-presence were re-
ported between these conditions, most participants preferred rich
avatars combined with spatial audio over the other combinations.
Yang et al. [71] found that using spatial audio for a remote collabo-
rator’s voice during a search task helped improve performance com-
pared to when using non-spatial audio. In a non-collaborative con-
text, Weidner et al. [67] observed no significant interaction effects
between avatar rendering style and audio spatialization on gaze be-
havior in an MR storytelling experience. We extend existing work
by exploring the impact of room acoustics in audiovisual, social

3 RESEARCH QUESTIONS AND HYPOTHESES

The primary goal of this exploratory study aims to address the fol-
lowing research question: how does high-fidelity audio influence
co-presence and associated experiential outcomes during avatar-
mediated conversations in MR? (RQ1) In line with this inquiry, we
propose the following hypotheses:

* H1. MR environments with room acoustics will yield greater
co-presence during avatar-mediated conversation compared to
anechoic environments.

* H2. MR environments with room acoustics will yield greater
co-location during avatar-mediated conversation compared to
anechoic environments.

¢ H3. MR environments with room acoustics will yield greater
interaction believability during avatar-mediated conversation
compared to anechoic environments.

* H4. MR environments with room acoustics will yield greater
satisfaction during avatar-mediated conversation compared to
anechoic environments.

We also formed a secondary research question to explore how the
relationship between room acoustics and co-presence varies based
on participants’ immersive tendency and personality trait scores
(RQ2). Immersive tendency is one’s propensity towards feeling
immersed in virtual environments and can effect how much people
focus and engage with stimuli [32, 70]. Personality is described as
“psychological qualities that contribute to an individual’s enduring
and distinctive pattern of feeling, thinking, and behaving” [5]. Past
research has shown that individual differences in these two traits
can influence co-presence in immersive contexts [10, 28, 45], yet
less is known how it can moderate the relationship between audio
quality and co-presence.

4 METHODS

We conducted an Advarra IRB-approved, exploratory experiment
to investigate the impact of audio fidelity on co-presence and com-
munication in social MR environments. The methods are detailed
in this section.

4.1 Participants

Sixteen dyads, consisting of 32 participants were recruited for this
ethics board approved study located in the United States. Four of
these participants engaged in a pilot version of the study.

Participants, who self-identified as men (n = 12) and women
(n = 20), were between the ages of 18 and 75+ (njg3_24 = 3,
nys5 34 =5, n35_44 = 12, nys5_s54 = 6, nss_es4 = 3, nes-74 = 1,
n750r01der = 1, declined to respond = 1) and identified as Amer-
ican Indian / Alaska Native (n = 2), Asian/Asian American (n =
6), Black/African/African American (n = 6), Latin/Hispanic (n =
1), White/Caucasian (n = 13), multiple racial/ethnic groups (n =
3), or preferred to specify (n = 1; “Mix”). Prior experience with
MR/VR, gaming, and avatars in MR/VR are highlighted in Table 1.
In regards to prior familiarity with their study partner, 13 partic-
ipants knew their partner for less than 6 months, 3 for 6 months
to a year, 2 for 1-3 years, and 14 for more than three years. 11
never communicated with their partner prior to the study, 1 rarely
communicated with their partner, 2 communicated monthly, 6 com-
municated weekly, and 12 communicated daily. Participants were
compensated $75 for each hour of participation, which usually took
two to three hours.

4.2 Audio Conditions

Our within-subjects experiment involved two audio conditions un-
der which participant voices were rendered and presented through
their avatars:

¢ Anechoic Audio Condition: Served as the control, repre-
senting the audio fidelity traditionally available in MR calls
at the time of the experiment. Audio was anechoic, lacking
any room acoustics.

¢ Reverberant Audio Condition: Represented our higher fi-
delity audio setting that incorporated room acoustics by sim-
ulating reverberation based on the spatial layout of the par-
ticipant’s room. Specifically, the underlying simulation is a
bi-directional path tracing (BDPT) informed by the geometry
of the space [6].

The reverberant audio condition computed a ray-traced
energy-time curve at a low sample rate (~50 Hz), then used



Table 1: Participants’ prior experience with virtual and mixed reality,
video games, and avatars.

Category Response Option
I have never used VR or MR technol- 3
ogy.

VR/MR Experience I have very minimal experience with 9
VR or MR technology (e.g., did a
demo).

I have some experience with VR or MR 15

technology (e.g., tried a friend’s head-
set).

I have a lot of experience with VR or 1
MR technology, but do not own a head-
set.

I have a lot of experience with VR or 4
MR technology and I own and use a VR

headset.

New gamer 2

Casual gamer 20
Video Game Experience Hardcore or serious gamer 2

Pro gamer 1

Non gamer 7

I have never used an avatar to represent 12
myself in VR or MR.
Thave very minimal experience using an 10
avatar to represent myself in VR or MR
(e.g., did a demo).

I have some experience using an avatar 10
to represent myself in VR or MR (e.g.,
tried multiple VR experiences as an
avatar).

Avatars in VR/MR
Experience

this to estimate parameters for an ambisonic multiband rever-
berator. Early reflections were rendered as prioritized delay
taps to first-order ambisonics, with up to four significant re-
flections per source based on intensity. Late reflections were
handled by the artificial reverb algorithm, and all audio was
processed in frequency bands and rendered in the spherical
harmonic domain, enabling efficient application of directional
effects and head-related transfer function (HRTF) spatializa-
tion for all sources through a single multichannel convolution.

Both audio conditions included voice directivity, were spatial-
ized, and their renderers featured distance dependent direct sound
attenuation that enabled 6DoF navigation. Each dyad experienced
both conditions in a randomized, counterbalanced order to mitigate
ordering effects.

We used geometry-informed BDPT in our reverberant audio con-
dition to prioritize a scalable reverberation approach that could
plausibly be used in real-world MR applications. One limitation
of this approach is that there may have been some degree of diver-
gence from actual acoustic measurements of the spaces. Transition-
ing experimental audio algorithms into production requires careful
consideration of computational scalability and resource constraints.
Ray-traced acoustic rendering becomes particularly computation-
ally demanding when supporting full 6DoF user movement, neces-
sitating trade-offs between simulation fidelity and performance re-
quirements. Scalable implementations must therefore balance com-
putational efficiency with acoustic accuracy, often sacrificing some
degree of veridical simulation to meet real-time constraints.

Audio levels were perceptually calibrated by three experimenters
through live avatar conversations and iterative adjustments of play-
back until consensus was reached. At that point, the same level was
set for all participants, with data from those who experienced un-
even levels prior to calibration excluded from quantitative analysis.
In the process, it was considered that both the relative level of the
two renderers should be perceptually equivalent, and that the ab-
solute level should be consistent with the vocal effort of the remote

caller. This method was chosen due to the large number of variables
that could influence instrumental calibration (e.g., differences in
microphone distance and renderer-specific attenuation curves that
change with 6DoF movement).

4.3 Hardware

Participants used Meta Quest 3 standalone headsets (2064 x 2208
pixel resolution per eye, 110.00° horizontal FOV, 96.00° vertical
FOV, 2 RGB cameras with 18 PPD, six degrees of freedom (6DoF)
inside-out tracking) and two hand controllers.

Audio was presented to participants over the Meta Quest 3’s in-
tegrated stereo speakers. We opted for using the headset’s built
in speakers rather than headphones to reflect the default and more
widely used audio configurations of consumer MR.

4.4 \Virtual Environment and Avatars

Sessions were hosted in a passthrough MR environment where par-
ticipants were represented by photorealistic self-avatars. Partici-
pants generated these avatars by taking a series of photos of them-
selves from various angles and facial expressions. The process
by which a photorealistic avatar can be created with only small
amounts of data includes a conditional representation that can ex-
tract person-specific information at multiple scales from a high res-
olution registered neutral phone scan, and a novel universal avatar
prior that has been trained on high resolution multi-view video cap-
tures of facial performances of hundreds of human subjects [4].

Avatars were generated using a Universal Gaussian Decoder.
This is a neural network-based decoder used in the Codec Avatar
pipeline to generate photorealistic, drivable 3D avatars. Unlike
person-specific decoders, UGD is trained on a large, diverse dataset
of identities, poses, and expressions, enabling it to generalize across
many people and body types. Its output is a set of Gaussian
splats — compact, view-dependent primitives that encode geom-
etry, color, and other appearance features for rendering avatars in
real time [66, 37].

Although the avatars did not reflect participant facial expres-
sions due to hardware constraints, head and hand movements were
tracked and rendered to their avatars. Avatar motion was tracked
using a specialized diffusion-based synthesizer model designed for
driving body motion in avatars using only hand tracking signals. It
is an adaptation of the broader cloud-based Avatar Regression Dif-
fusion architecture, optimized for scenarios where full-body track-
ing is unavailable — such as cloud-based execution or devices lack-
ing body-tracking sensors.

4.5 Physical Environments

We used two different physical environmental stimuli (a bedroom
and a conference room; See Figure 1) to represent two different
contexts in which remote MR calls might take place with different
acoustic properties and to incorporate stimulus sampling into our
study design [52]. Participants were randomly assigned to one of
the two rooms, within which they experienced both audio condi-
tions. Rather than having each participant experience both rooms,
we employed a design intended to reflect real-world use cases,
where users typically engage from a singular physical context.

The first room was a bedroom with a 25 m?> mock-up apartment
furnished with a bed and bedside tables. The second room was an
office room of approximately 35 m? with a large conference table
placed in the center. In both rooms, the floors were covered with
carpet, the walls were prominently made of plaster, and a dropped
ceiling was present. Each room also featured a large window cov-
ering most of one wall. In the bedroom, this windowed wall was
slanted inward, as shown in Figure 1.

The frequency-dependent reverberation time (RT60) of both
rooms was computed using several measurements from different
source-receiver locations and is shown in Figure 2. Both rooms



exhibited significant deviations at low frequencies, likely due to
strong modes. Additionally, while the bedroom showcases a rel-
atively standard frequency-dependent RT60 profile, with higher
RT60 at mid frequencies, the office shows the inverse pattern, with
the shortest RT60 at mid frequencies.
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Figure 2: Average reverberation Time (RT60) of the two experiment
rooms (thick lines) computed via T30 extracted from several source-
receiver measurements (thin lines).

4.6 Tasks

While in MR, participants engaged in two conversation tasks under
each audio fidelity condition. First, participants worked together
on a survival problem. After reading through a hypothetical sur-
vival scenario set either on the moon, in a desert, and/or the ocean
[22, 33], participants were instructed to come to a consensus on
ranking a list of items from most to least important for survival.
This task was selected for its ability to facilitate naturalistic conver-
sation between dyads and its utility in past research on social pres-
ence and turn-taking [44]. Separate survival scenarios were used in
the different audio fidelity conditions, in a randomly assigned order.
Second, participants played a game of charades, where they took
turns physically acting out phrases while their partner tried to guess
them. This task was selected to showcase location and proximity
cues in audio by encouraging physical movement. Altogether, par-
ticipants spent 10-12 minutes engaging in MR conversation tasks
under each audio condition.

Prior to these conversation tasks, participants also completed two
audio primer tasks. This methodological choice was guided by pi-
lot testing, which revealed that, through post-task interviews, audio
differences went unnoticed or were misattributed to unrelated fac-
tors, possibly due to the engaging nature of the task. Informing
participants ensured that audio entered their perceptual awareness,
enabling more sensitive comparison across conditions.

Participants were given instructions on considerations for when
deciding if voices sound realistic and in the same room (e.g., “take
into consideration what it feels like to be around and in the same
area as them compared to when you’re talking on the phone or
over a video call”). During the headphone audio primer, which
took place prior to going in-headset, participants listened to two
practice audio clips (monaural and stereo audio record with in-ear
microphones) designed to highlight these distinctions on a pair of
headphones. These clips were not part of the main experiment’s
audio conditions but served as training to help participants better
discern audio differences. During the headset audio primer, par-
ticipants experienced both audio conditions briefly in-headset right
before starting the conversation tasks. Under each condition, par-
ticipants took turns walking around the room while the other read
a set of sentences out loud [55]. Participants were not explicitly
asked about their perception of audio during the primer activities.

4.7 Procedure

Upon arrival at the study location, one of the experimenters pro-
vided participants with basic information about the study and the

consent form. After completing their consent forms, participants
created their avatars by taking a series of photos. While the avatars
were generating (around 45 minutes), participants completed a pre-
survey to collect demographic and individual difference informa-
tion, engaged in their headphone audio primer task, and individ-
ually worked on the survival problem that would be discussed in-
headset. For any remaining time before avatars finished generating,
participants spent time on a filler task (e.g., sudoku).

Once their avatars finished generating, participants were given
an overview of their in-headset task and directed into two separate
rooms, each with an experimenter. After putting on the MR headset,
participants experienced both audio conditions in a headset audio
primer task. Participants were not informed what the audio condi-
tions were. Next, in the first audio condition, participants spent 10-
12 minutes engaging in two conversation tasks: the survival prob-
lem and charades. Afterwards, participants completed the first part
of their survey. Participants repeated these conversation tasks in the
second audio condition and completed the remainder of their sur-
vey. Finally, participants engaged in a group interview about their
experience. The entire duration of the study lasted two to three
hours.

4.8 Data Collection

During each study session, we collected: (1) survey data and (2)
group interview recordings.

4.8.1 Survey Data

All participants completed a pre-survey before their in-MR activi-
ties and a post-survey after each of the different conditions. In ad-
dition to collecting demographic and prior experience information,
our pre-survey included items that measured the following individ-
ual differences:

Immersive Tendency. Immersive tendency was measured by
eight items adapted from Witmer and Singer [70] rated on 5-point
Likert scales. Sample items include “How good are you at block-
ing out external distractions when you are involved in something?”
and “Do you ever become so involved in a daydream that you are
unaware of things happening around you?”

Personality. We measured the Big-5 personality traits (Open-
ness, Conscientiousness, Extroversion, Agreeableness, and Neu-
roticism) using the Ten-Item Personality Inventory (TIPI) [19].
This inventory consisted of two items for each personality, each
rated on a 7-point Likert scale (1 = Strongly disagree, 7 = Strongly
agree).

Our post-survey measured the following constructs for each au-
dio condition:

Co-presence. Co-presence was measured using four items
adapted from Herrera et al. [25]’s scale. Participants rated their
level of agreement (1 = Strongly disagree; 7 = Strongly agree) with
each statement: “I felt like I was face-to-face with my partner,” “I
felt like I was in the same room as my partner,” “I felt like my part-
ner was aware of my presence,” and “I felt like my partner was
present.”

Co-location. A more specific measure of co-location was incor-
porated into the survey. Participants responded to the item, “Did it
seem like you were in the same or different place as your partner’s
avatar?” on a 5-point Likert scale (1 = Definitely in different place;
5 = Definitely in the same place)

Interaction Believability. Interaction believability was mea-
sured through a 7-point Likert scale response (1 = Very dissimilar;
7 = Very similar) to the item, “How similar or dissimilar was your
interaction to a face-to-face real-life interaction?”

Humanness. The humanness of how their partner’s avatar
looked, moved, and sounded was measured by three items on a
5-point Likert scale response (1 = Not at all human-like, 5 = Ex-
tremely human-like): “To what extent does your partner’s avatar



look like a human?” “To what extent did your partner’s avatar
move like they were a human?” and “To what extent does your part-
ner’s voice sound like a human?”

Satisfaction. Satisfaction was measured using two items on a
7-point Likert scale (1 = Strongly disagree; 7 = Strongly agree):
“How satisfied or unsatisfied were you with the interaction with
your partner’s avatar?” and “How satisfied or unsatisfied are you
with the calling experience?”

Perceived Turn Taking. Perceived turn-taking was measured
using six items on a 7-point Likert scale (1 = Strongly disagree; 7
= Strongly agree), adapted from prior work [59, 44]. Sample items
include “I found it easy to participate in the conversation” and “I
was able to take control of the conversation when I wanted to.”

At the end of the survey, participants were asked in a free-
response question to describe any differences they observed in the
audio between the different conditions and explain how these audio
factors affected their experience.

4.8.2 Group Interview Recordings

Upon completion of the in-MR activities and post-survey, partic-
ipants took part in a group interview about their experience in
the conference room. Interviews were semi-structured, consisting
of pre-written and occasionally improvised questions. Interviews
lasted around 10-15 minutes and were audio recorded.

4.9 Data Analysis

Differences in Likert-scale questionnaire responses between the
two audio conditions were analyzed using Wilcoxon signed-rank
tests with Bonferroni correction applied to control for multiple
comparisons. Interaction effects of individual differences were ex-
amined using linear mixed-effects models predicting co-presence
as a function of audio condition. Due to technical issues (e.g., im-
balanced audio volume), 10 participant’s data points were dropped
from the scope of this analysis. Furthermore, the 4 participants who
comprised pilot study participants were excluded from this quanti-
tative analysis.

Interview data and qualitative data of all participants were ana-
lyzed using open inductive coding and exploratory analysis. Draw-
ing on the qualitative HCI practice guidelines proposed by McDon-
ald and colleagues [39], we adopted a method focused on identify-
ing recurring topics pertinent to our inquiry and then linking them
to form broader themes. Consistent with these guidelines, themes
were not required to correspond to the most frequently occurring
codes but rather emphasized those most relevant and significant to
the present inquiry [39].

5 RESULTS
5.1 Analysis of Quantitative Questionnaire Data

Co-presence scores were relatively high across both the anechoic
(M =5.21, SD = 1.21) and reverberant (M = 5.14, SD = 0.936)
audio conditions. However, there were no significant differences in
co-presence between these two conditions (V =49.5, p = 1.00).

To further investigate factors that might influence co-presence,
we examined the interaction between audio condition and individ-
uval differences. The interaction between audio condition and im-
mersive tendency in predicting co-presence was not significant, b =
0.069, SE = 0.646, t(16) = 0.108, p = .916, with a small effect size
(R2=10.000, 95% CI [0.000, 0.136]). In contrast, when considering
personality, the interaction between audio condition and extraver-
sion was significant, b = -0.307, SE = 0.140, t(16) = -2.189, p =
.044, with a small effect size (R2 = 0.036, 95% CI [0.000, 0.234]),
indicating that the effect of condition on co-presence ratings varies
depending on participants’ levels of extraversion (See Figure 4).
Specifically, participants with lower extraversion seemed to gain
more co-presence from room acoustics, while highly extraverted

participants experienced less of this benefit. At the same time, pre-
dicted scores of co-presence were greater in the anechoic version
for more extraverted individuals.

Interaction: Audio Condition x Extraversion

Audio Condition

Anechoic

= == = Reverberant

Predicted Co-Presence Score
£

3 4 5 6 7
Extraversion

Figure 4: Plot of the interaction between audio condition and ex-
traversion.

Results showed no significant differences in co-location (V =
24, p = 1.00), interaction believability (V = 22.5, p = 1.00), hu-
manness (V = 20.5, p = .930), satisfaction (V = 28, p = 1.00),
or perceived turn-taking (V = 93, p = 1.00) between the ane-
choic and reverberent audio conditions. It is also worth noting
that the mean scores for perceived turn-taking (Mgpechoic = 5.56,
SDanechoic = 0.840, Myeverberant = 560, SDyeverperans = 0.632) and
satisfaction (Mapechoic = 5-11, SDanechoic = 1.29, Myeverberant = 5-36,
SDeverberant = 1.16) were relatively high. Therefore, anechoic au-
dio did not impair nor improve conversation dynamics and satisfac-
tion with their experience in this context.

Following the primary analyses, we conducted further ex-
ploratory examination of the sub-dimensions of humanness and
report these results descriptively: humanness—look (M,echoic =
2.83, SDanechoic = 0.92, Myeververant = 2-94, SDyeverberans = 1.00),
humanness—-move (Mupechoic = 2-33, SDanechoic = 0-84, Myeverperant
=2.72, SD,everberan = 1.02), humanness—sound (M_pechoic = 433,
SD gnechoic = 0-69, Myeververant =4-28, SDyeverberant = 0.75).

5.2 Thematic Analysis of Qualitative Data
5.2.1 Audio Facilitates Co-Presence

Feelings of co-presence during participants’ MR session were sup-
ported by audio quality. Participants noted that the audio quality
provided “the feeling that the other person is in the same room”
(Session 5) and helped them feel “like there was a physical pres-
ence in that room or on that call” (Session 3). A pilot study par-
ticipant noted that hearing the room interact with the sound made
them feel like they “were somewhere, somewhere together” (Ses-
sion 2). Audio also conveyed social information that facilitated co-
presence; participants across two sessions highlighted that they en-
joyed being able to hear each other laugh.

5.2.2 Perception of Audio Quality Differences Varied

Overall, participants found the audio quality to be good across both
conditions. They described it as “as very much human like” (Ses-
sion 14), “very live” (Session 4), and “better than most of the calls
that I take” (Session 10). However, preferences between the ane-
choic and reverberant conditions varied. First, there were a number
of participants who could not tell a difference between the two au-
dio conditions. They expressed that it “sounded the same” (Session
10), “blended in [their] mind as being equivalent” (Session 6), and
that they “both [seemed like] they were flawless” (Session 7). The



Table 2: Comparison of Variables Between Anechoic and Reverberant Audio Conditions

Anechoic

Reverberant

Variable =18 =18 V-Statistic p-value p-value (Bonferroni)
M SD M SD
Co-presence 5.21 1.21 5.14 0936 49.5 0.806 1.00
Co-location 3.11 1.23 3.06 1.21 24 0.903 1.00
Interaction Believability ~ 3.94 1.80 4.56 1.46 22.5 0.194 1.00
Humanness 317  0.649 331 0.754 20.5 0.155 0.930
Satisfaction 5.11 1.29 5.36 1.16 28 0.405 1.00
Perceived Turntaking 556 0.840 560 0.632 93 0.760 1.00
Co-presence Interaction Believability Perceived Turn-Taking Satisfaction Co-location Humanness
7 5
_ - -
Cga - B e
o 5 X - - B Lv—/ X X!
IS} 3 X X X
SR \ i
. ’ ’ | T
2
2
1 1
Anechoic  Reverberant Anechoic  Reverberant Anechoic  Reverberant Anechoic  Reverberant Anechoic  Reverberant Anechoic  Reverberant

Audio Condition

Figure 3: Box plots visualizing the co-presence, interaction believability, perceived turn-taking, satisfaction, co-location, and humanness scores

across both audio conditions.

combined effects of the audiovisual environment, conversational
nature of the tasks, and overall excitement surrounding the novelty
of the experience introduced multiple layers of stimuli, which at
times diverted attention away from the audio. For example, partic-
ipants expressed focusing on “communication” (Session 9), “pro-
cessing the visual” (Session 1), “the task at hand” (Session 13),
“the motion” (Session 7), or that they generally were not paying
attention to the audio (Session 4 and 12).

Among participants who could discern differences between the
audio conditions, while most preferred the reverberant audio, there
were still some participants who preferred the anechoic audio. Par-
ticipants who preferred the reverberant audio felt like it “captured
more [of] the environment” (Session 3), was “more clear” (Ses-
sion 15), “more comfortable” (Session 7), and “less sterile” (Ses-
sion 2). On the topic of co-presence, one participant expressed that
under the reverberant audio condition, it “felt like [their partner’s
voice] was in the same room” (Session 13).

Participants who preferred the anechoic audio condition de-
scribed it as “more concise” (Session 14), “more immersive” (Ses-
sion 8), and “more clear” (Session 12). When describing differ-
ences between the audio conditions, one participant expressed that
”[the reverberant condition] seemed like that one was more real-
istic than the [anechoic condition]... [The anechoic condition] felt
more like virtual reality. Like she stayed in the same place the whole
time in my ear.” They preferred the lack of externalization and liked
that it made it sound like their partner was closer.

5.2.3 Context Matters for Room Acoustics in MR

Interview responses also reveal that context could play a role in
preference for room acoustics. Participants in Session 13 described
situations where hearing echoes would make a difference compared
to situations where it would not be necessary. One participant said
more realistic audio mattered in situations including “hanging out
in something social” or watching the Olympics and [getting] “fo

hear the same echoes as people in like stands or stadiums.” The
other said, “I can see how this could be useful and where spaces
matter and where you really need to soak up what’s around you.”
However, they said for situations where they were just receiving
instructions to perform a task or engaging in more of a static activ-
ity, such as chess, then audio that sounded like a phone call would
be preferred. Virtual performances were also cited as a situation in
which room acoustics would matter, with one participant describing
“I would imagine that having some sort of real life audio feedback
that sounds like a room of audience members might be an enhanced
experience” (Session 15).

Another participant expressed that neurodiversity could play a
role in room acoustic preference as well. They expressed, “I just
don’t think that echo was a good idea. Like I said, I'm on the spec-
trum and noise and colors and stuff. I don’t process them the same
way other people do” (Session 9). Therefore, sensitivities to audi-
tory stimuli could impact how participants experience audio quality.

6 DiscussiON

In this exploratory experimental study, we investigated the role of
room acoustics in shaping feelings of co-presence during avatar-
mediated conversations in MR. Although our findings did not sup-
port our initial hypotheses, we provide preliminary evidence sug-
gesting that personality may moderate the relationship between
room acoustics and co-presence. Specifically, our finding reveals
the benefit of room acoustics on feeling together with another per-
son in MR may vary based on how extroverted a user is. We ex-
plored extraversion as an individual difference based on past re-
search highlighting that individuals with more positive attitudes
towards social interaction experience greater levels of social pres-
ence, a construct correlated with co-presence [28, 45]. Within the
context of our environmental set-up, room acoustics had a greater
benefit to co-presence when participants were more introverted.
Past research has shown that introverts are more sensitive to noise



and sensory input compared to extroverts [62, 16]. Provided that
the room acoustics in our selected environments were not overstim-
ulating, it is possible that the externalization of the audio, enabled
by the room acoustics, helped improve listening comfort [20] more
than in the anechoic condition and in turn, co-presence. There-
fore, even though our results found no significant differences in
co-presence between the anechoic and reverberant audio condi-
tions, individual differences between users may shape this dynamic.
However, these results should be treated as preliminary, given the
small sample size and their dependence on the acoustic characteris-
tics of the rooms selected for this study.

Given that participants experienced each audio condition for
long time blocks (around 10 minutes), it is possible that the similar
co-presence scores were linked to how they adapted to each acous-
tic setting over time. Due to the fact there were enough consis-
tent cues between the conditions (i.e, spatial audio, head tracking,
distance dependent sound attenuation), it might have made adapt-
ing to each audio condition easier, minimized the potential of per-
ceived differences, and led to an overall satisfactory experience.
Another explanation for these results and why a number of partici-
pants did not notice differences between the audio conditions may
be attributed to cross-modal influences [63, 57, 29]. The Colavita
visual dominance effect asserts that visual cues can dominate over
auditory cues in audiovisual environments [8]; accordingly, avatars
and passthrough visuals likely took prominence over audio cues.
Prior work has also shown that video resolution can play an impor-
tant role in shaping audio-visual quality [S1], suggesting that the
fidelity of the passthrough video, which remained the same across
conditions, might have impacted participants’ perception of audio.
In addition to focusing on visual qualities, their focus on the ac-
tive tasks might have further diverted attention away from audio.
Since participants generally perceived the audio quality as high in
both conditions, it is also possible that the communication medium
faded into the background, allowing participants to feel immersed
in the MR environment [68]. They could focus on their task at hand
without consciously noticing the audio.

Among participants who could perceive differences, many pre-
ferred the condition with room acoustics. Their explanations re-
vealed that incorporating room acoustics has the potential to make
audio feel less sterile and make people in MR calls feel more like
they’re in the same room together. But while some participants
found clarity in this reverberant audio condition, others found the
anechoic audio to feel more clear and preferred its lack of external-
ization. This provides further evidence that audio preferences are
not uniform across users. Future collaborative MR interfaces may
consider allowing users to toggle between audio settings based on
their preferences.

Our findings also highlight that, beyond who the user is, the what
and where of the audio context can play crucial roles in shaping the
experience of co-presence in mixed reality (MR). Qualitative data
indicate that user preferences for room acoustics vary depending on
the environment and activity. Specifically, users expressed a prefer-
ence for room acoustics in socially dynamic settings (e.g., hanging
out in a social setting, performing for an audience, or being in a sta-
dium) where environmental audio cues contribute meaningfully to
the sense of co-presence. However, for more static or task-focused
contexts, such as receiving instructions, anechoic audio was de-
scribed as more appropriate, likely due to its clarity. These findings
suggest there might not be a universal default for room acoustics in
MR environments. Instead, designers should consider the use case
and context when considering whether to incorporate room acous-
tics. Tailoring audio design to the situational needs of users may
help enhance co-presence and user experience in MR applications.

6.1 Limitations and Implications for Future Research

This paper presents an experimental protocol exploring how room
acoustics affects feelings of co-presence in social MR. While the
current protocol can help inform future research on this topic, there
are several noteworthy opportunities for subsequent work.

First, in future work we aim to explore how audio with more ac-
curate room acoustics may help improve feelings of co-presence. In
this study, we adopted a simulation-based approach to room rever-
beration to prioritize a design reflective of scalable real-world MR
applications. This approach did not include systematic calibration,
explicit measurement of the direct-to-reverberant ratio, or valida-
tion against measured acoustics in the space. In future work, we aim
to use binaural room impulse responses (BRIR) and BRIR extrap-
olation techniques, together with real-time convolution of the input
speech. This will more accurately capture the acoustic characteris-
tics of the environment. It is worth noting that BRIR convolution is
only practical in lab environments, due to the need of acoustic mea-
surements and its computation and memory requirements. An al-
ternative approach would involve taking measurements of the space
and trying to match the simulated acoustic parameters as closely as
possible. This could be done in a first phase of the experiment ses-
sion, using blind estimation of the acoustic properties with a head-
set [12] and iterative optimization of the acoustic materials in the
acoustic simulation [56].

Second, future studies could incorporate tasks that drive the
user’s attention more towards audio and include measures that are
more sensitive to audio as a modality. For example, this may in-
clude shorter and more direct tasks as well as using two-alternative
forced choice tests.

Third, we examined two physical contexts where MR-based
communication is commonly used: at home and at work. How-
ever, future research could explore different social and environmen-
tal contexts where room acoustics could make an even greater dif-
ference in feelings of co-presence. It is also possible that the con-
figuration of real and virtual sounds can shape the importance of
room acoustics. Specifically, blending auditory cues from both real
and virtual humans may increase user expectations for how realistic
the virtual voices should sound [26]. Future research should further
explore this dynamic.

Lastly, we highlight additional limitations of this study. Our re-
sults were impacted by the study’s small sample size. Future work
should explore the relationships presented in this paper with a larger
number of participants. Moreover, it is possible that our measure of
call satisfaction could have been sensitive to technical issues that
occasionally occurred during sessions (e.g., the application crash-
ing and having to re-open it).

Participants experienced both experimental conditions in one of
two physical rooms, balanced across participants and within ses-
sions. Acoustic differences between testing environments might
have introduced variability in participants’ reports that our statistic
analyses did not explicitly model. While this environmental set-
up was selected to reflect realistic usage, future work could more
systematically examine how environmental context may influence
responses across conditions.

Participants were primed to the audio condition, which may have
heightened attention to audio beyond typical incidental listening
conditions. This introduces a potential threat to ecological valid-
ity: effects observed under directed attention may not generalize to
naturalistic MR use where audio is processed incidentally. How-
ever, we note three mitigating factors. First, our dependent vari-
ables do not directly assess audio, reducing transparent demand
cues. Second, pilot testing demonstrated that without priming, au-
dio differences did not register on experiential measures, necessi-
tating the attentional guidance. Third, the predominantly null re-
sults across conditions are inconsistent with attention-driven re-
sponse inflation, suggesting participants reported genuine experi-



ences rather than perceived experimenter expectations. Nonethe-
less, future work should examine whether spatial audio effects on
social presence emerge under incidental listening conditions.

This study did not explicitly measure audio plausibility or au-
thenticity. We instead prioritized outcome measures, such as co-
presence, that were more directly aligned with the study’s research
questions. Because plausibility and authenticity represent high per-
ceptual thresholds [41] that are difficult to achieve under simulated
reverberation, these measures were beyond the scope of the present
work. Future studies, especially those employing measurement-
based room reverberation, may consider incorporating such percep-
tual evaluations.

7 CONCLUSION

Despite the critical role that audio plays in enhancing the immer-
sive and social experiences in MR, little work has explored how this
modality shapes feelings of co-presence in this medium. To address
this critical gap, we presented a study exploring how room acous-
tics impacts co-presence during avatar-mediated conversations in
MR. Participants created photorealistic avatars of themselves and
engaged in semi-structured conversation tasks under anechoic and
reverberant audio conditions. Results from this exploratory study
of audiovisual realism in MR shed a nuanced light on how room
acoustics can facilitate co-presence. There were no significant dif-
ferences between the two conditions in co-presence. However,
we presented preliminary evidence to suggest that who, what, and
where can influence when room acoustics best supports this experi-
ential outcome. We discussed implications for the design of future
social MR interfaces and shared insights to guide future audio re-
search in immersive, audiovisual environments.
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