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Fig. 1. Surrogate Avatar facilitates user mobility in symmetric telepresence conversations by strategically
positioning avatars in socially and environmentally suitable locations within their local settings. This
functionality is illustrated in a scenario involving User A and User B, depicted in the upper and lower row
images respectively. User A, dressed in white, interacts with User B’s avatar (B’). As User A moves within
the environment—from (a) standing at a table to (b) sitting on a sofa, then (c) standing again, and finally
(d) sitting at a desk—the avatar B’ adjusts its position accordingly. Concurrently, User B, shown in the
bottom images, dressed in black and seated at a desk, interacts with User A’s avatar (A’), which remains
seated opposite him for the duration of the conversation.
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We present Surrogate Avatar, an adaptive telepresence method that enhances user mobility and situated
co-presence in symmetric avatar-mediated communication. The system enables a remote user’s avatar to
autonomously position itself in socially and environmentally appropriate locations within the local user’s
space—based on spatial affordances, interactional norms, and environmental constraints—supporting fluid
interaction without requiring a shared environmental context. Through a formative study, we derived key
adaptation objectives and implemented them using a distributed optimization framework based on the
AUIT system. The framework distributes adaptation tasks across server and client to balance responsiveness
and computational efficiency. A user study involving both stationary and nomadic scenarios demonstrated
consistently high usability and presence, with some limitations observed under walking conditions. An
additional exploratory field study in a semi-structured public setting demonstrated the system’s viability
beyond controlled lab conditions. These findings motivate future designs of mobile telepresence systems
that dynamically adapt to spatial and conversational context while mitigating misunderstandings that can
arise from asymmetric environmental awareness and supporting privacy-sensitive interaction.

CCS Concepts: « Human-centered computing ¥ Virtual reality; Interaction paradigms; User studies.

Additional Key Words and Phrases: Mixed Reality Telepresence, Symmetric Telepresence, Nomadic Telep-
resence
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1 INTRODUCTION

Telecommunication technology has continually enhanced long-distance communication. While
telephones enabled audio conversations and mobile phones introduced mobility, recent advances
in head-mounted displays (HMDs) now allow immersive 3D co-presence. This progression
culminates in symmetric telepresence, where paired users simultaneously perceive each other
as avatars situated within their respective environments [20, 43]. This stands in contrast to
asymmetric telepresence, where one user establishes telepresence into the environment of
another [37, 39], typically in scenarios where a remote expert provides guidance or assistance to
a local worker.

In symmetric telepresence, basic co-presence can be achieved by placing the remote avatar
at a fixed location or maintaining a constant spatial relationship to the user. To enable more
immersive and socially coherent interaction, recent research has explored the concept of situated
co-presence, in which avatars are not only colocated but also contextually embedded within the
environment—such as by aligning with local furniture—to support attention, coordination, and
task relevance [10, 20, 43]. However, this approach often relies on a shared context, established
through predefined mappings between users’ environments, such as matched furniture layouts
or synchronized landmarks [10, 20, 33]. While shared context can facilitate communicative
alignment, it also introduces rigid spatial constraints that limit mobility and confine interactions
to predefined zones.

To address these limitations, we introduce the Surrogate Avatar system, which enables situated
co-presence Without requiring pre-established shared context. The system automatically positions
the remote avatar within the local user’s environment by continuously adapting to social and
environmental cues—such as maintaining face-to-face orientation, aligning with eye level, and
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avoiding occlusions. Surrogate Avatar supports more flexible, authentic interactions and greater
user mobility, albeit at the cost of forgoing environmental anchoring as a conversational aid.

This design decision reflects the nature of many remote interactions, which often begin without
a shared spatial frame of reference. Instead, relevant situational cues typically emerge gradually
as the conversation unfolds. For instance, an informal check-in may evolve into a goal-directed
discussion, prompting a transition from a context-independent setup to one that leverages
available environmental references [10, 20]. In some cases, effective cooperation may require
transitioning into an asymmetric telepresence mode, where one participant is fully situated in the
other’s environment to establish a unified context [37, 39]. These examples highlight that shared
context is not a static requirement but a dynamic, evolving aspect of communication. Telep-
resence systems should therefore support seamless transitions between context-independent
and context-rich modes, allowing users to adjust the degree of environmental grounding as
conversational demands shift. The Surrogate Avatar system supports this vision by serving as
the default interaction mode for symmetric telepresence. It provides adaptive, context-aware
avatar placement that does not depend on shared context and promotes spatial flexibility and
user mobility.

Our approach draws on foundational theories of proxemics [12] and F-formations [25], which
emphasize interpersonal distance and orientation as essential to socially coherent interaction.
These principles have informed spatial behavior in telepresence, VR, and AR systems [13, 19, 34].
We extend their application to symmetric telepresence, with additional emphasis on environ-
mental affordances—such as seating, obstacles, and line-of-sight—as factors influencing avatar
positioning. To capture the nuanced expectations users hold in these dynamic spatial contexts,
we conducted a formative study in which participants manually positioned remote avatars in
varied settings and explained their rationale.

Insights from this study were synthesized into a set of objective positioning rules and imple-
mented through a distributed adaptation framework inspired by the AUIT optimization algorithm.
To address the computational limitations of HMDs and the dynamic demands of avatar control,
our system delegates low-frequency, compute-intensive tasks (e.g., avatar positioning) to a
remote server, while handling high-frequency, latency-sensitive tasks (e.g., avatar orientation)
locally—ensuring responsive and lifelike avatar behavior.

We evaluated the Surrogate Avatar system in a controlled user study, where participant pairs
engaged in conversations under both stationary and walking conditions. The goal was to assess
whether the system could maintain adaptive avatar placement across changing social and envi-
ronmental contexts. While the system generally supported coherent interaction, participants
reported reduced responsiveness and spatial alignment during walking, revealing limitations in
real-time adaptation. As the study lacked a baseline comparison, these findings offer preliminary
evidence of the system’s effectiveness. To further explore its practical applicability, we conducted
an exploratory field study in a semi-structured public setting. This test surfaced additional chal-
lenges and revealed nuanced user behaviors, underscoring the need for robust avatar adaptation
in less controlled, more dynamic settings.

This work makes three key contributions:
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The introduction of Surrogate Avatar, an adaptive method designed to enhance user mobil-
ity in symmetric telepresence by dynamically adapting avatars to the local environment,
ensuring their situated co-presence.

An implementation of a distribution adaptation framework that allocates periodic and
frequent adaptation cycles across server and client HMDs to ensure real-time avatar
adaptation and preserve avatar liveness.

A controlled lab study evaluating participant experiences with the Surrogate Avatar under
stationary and nomadic conditions, complemented by an exploratory field study in a
semi-structured public setting to identify additional challenges and behavioral nuances in
a less controlled, more dynamic setting.

2 RELATED WORK

This section reviews prior research relevant to our study, highlighting advancements and current
trends in telepresence, adaptation frameworks, and nomadic technologies.

2.1 Symmetric Avatar Telepresence

Early AR telepresence systems aimed to transport remote users into local physical environments
through real-time 3D capture and reconstruction. For example, these systems allowed users to
appear on a local sofa or near a table, complete with realistic occlusion, as viewed through AR
HMDs. However, such systems lacked the ability to support free movement after teleportation.
This limitation was addressed by Holoportation [29], which enabled high-quality teleportation
with free movement, ensuring smoother interaction by aligning virtual and physical spaces.
Room2Room [30] extended this line of work by enabling life-size projection of remote participants
directly into physical rooms through spatial augmented reality. Their system reconstructed
remote users in real time and projected them onto calibrated surfaces to maintain conversational
formations. However, Room2Room required dense instrumentation of rooms with projector-
camera units and manual labeling of seating affordances, limiting its scalability to dynamic or
mobile settings.

With the development of consumer-grade AR and VR HMDs, telepresence has become more
accessible. Platforms like Meta’s Horizon Workrooms, rather than focusing on detailed 3D
reconstruction, employ animated avatars to represent remote users. While this approach avoids
the need for expensive custom environments, it introduces new challenges. Variations in physical
spaces mean that directly copying a user’s movements to their avatar in a different environment
can lead to unnatural interactions and confusion. To address the challenge of differing physical
environments, one approach is to establish a common virtual space where geometric differences
between users’ respective environments are minimized. In this shared space, mapped within
their individual environments, users can meet and interact. This common space may be as simple
as a shared empty area or can be defined around specific objects such as matching chairs [30],
desks [14, 16], or whiteboards [10, 11]. Kim et al. [20] aimed to maximize this common space
by mapping shared object clusters across both environments. The benefit of this method is
that, when the common space is well-defined and geometric differences are minimized, face-
to-face communication can occur with minimal manipulation of avatars. However, such direct
communication remains restricted to the defined common space. To extend interaction beyond
this limited common space, alternative approaches focus on modifying avatar positions and
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poses to preserve the communicative intent, rather than attempting to directly map the physical
environments. Yoon et al. [43] proposed a learning-based method to position avatars in dissimilar
remote spaces. Wang et al. [41] introduced a "predict-and-drive" technique to create smoother
transitions for teleported avatars. Choi et al. [3] developed methods for retargeting locomotion
and object interaction in morphologically different spaces, while Kang et al. [17] addressed the
transmission of deictic gestures in spaces with different layouts. These approaches typically
assume some level of layout consistency across spaces to calculate avatar positions and maintain
the integrity of their communication intentions. Despite the varying methods for handling
dissimilar environments, previous works focus on avatar telepresence within rooms, where
knowledge of room layouts is necessary to support effective communication.

In contrast, our work introduces Surrogate Avatar, which removes the constraints imposed
by physical borders. While we also adjust avatar positions and poses, we achieve this without
considering the remote partner’s space layout. Previous methods that depend on spatial layouts
aim to preserve user-object relationships, typically focusing on object-centric scenarios, such
as discussions involving a whiteboard or simulating a situation where users share a virtually
connected living space. Our approach, however, removes the need for object-based interactions
and instead prioritizes facilitating communication, particularly for conversations that maximize
mobility and are independent of the physical environment.

2.2 Normadic Telepresence

Nomadic telepresence refers to the ability of telepresence technology to operate without being
restricted by specific locations. Previous research has primarily explored this concept within the
context of remote assistance, where a remote user can virtually inhabit the environment of a local
host. The local host in a nomadic telepresence setup can either be a mobile robot or a user. When
the host is a robot, the remote user experiences presence at the local site through the robot’s
capture capabilities [23, 32, 42]. Conversely, if the host is a (novice) user, the remote (expert)
user provides assistance at the local site, a setup known as remote assistance via asymmetric
telepresence. Systems like Loki [39] often rely on location-dependent assistance, where the
host remains fixed, and remote assistance depends on this fixed location. The main challenge
in asymmetric nomadic telepresence is to remove the local host’s location dependency while
preserving high-fidelity remote participation. A single head-mounted camera restricts the remote
participant’s view to the host’s perspective, limiting the sense of presence. To address this, a
360-degree panoramic camera can be used [18, 35, 44, 45], allowing the remote participant to
explore a full 360-degree view of the site, although still dependent on the host’s viewpoint.
Incorporating live 3D scene reconstruction [1, 37, 40] further enables the remote participant to
explore the site freely, independent of the host’s viewpoint.

Research on nomadic telepresence within the context of symmetric telepresence is limited.
Our work introduces a novel approach by concurrently adapting avatars both socially and
environmentally to users’ local environments during telepresence conversations. This initiative
represents a significant step toward advancing symmetric telepresence towards true nomadicity.

2.3 Adaptive Interfaces in XR

Adaptive Ul and avatar placement in XR are critical for creating immersive and user-friendly
experiences. As XR environments become increasingly complex and dynamic, the need for
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responsive systems that can adapt to varying contexts and user interactions grows. Effective
adaptation not only enhances usability but also ensures that interactions remain intuitive and
seamless. For instance, Oliveira and Araujo [28] developed a context-aware AR system that
dynamically adjusts its interface based on changing contexts by applying adaptation rules to
select appropriate Ul patterns. To enhance the usability of XR applications, creators need to
consider factors such as real-world geometry [9, 27] information density and cognitive load
[24], ergonomics [5], and layout consistency across environments [4]. Additionally, Belo et al.
[6] introduced an optimization framework called AUIT, which enables creators to experiment
with adaptation goals derived from custom usability factors for Ul placements. While these
previous studies primarily focus on the placement and adaptation of Uls, our research extends
the consideration to the placement of avatar positions and poses, emphasizing adaptation goals
related to environmental and social contexts with the aim of maintaining the quality of face-to-
face avatar conversations.

The adaptation of avatar positions and poses has been explored in various applications.
For example, redirected walking [38] allows VR users to navigate a virtual space larger than
the physical space through real walking, and avatar adaptation has been utilized to facilitate
symmetric avatar telepresence, as discussed in Section 2.1. These approaches [20] aim to define
a transfer function that maps between two spaces to maximize a shared virtual space. When
considering complex user-object interactions between spaces, this transfer function can be
learned through machine learning techniques, using adaptation data provided by users [43]. In
parallel, Li et al. [22] proposed an interactive AR storytelling system that adapts virtual character
behaviors and object placements to match scene semantics and user actions. Although their
focus is narrative delivery, their consideration of spatial and social coherence through real-time
adaptation resonates with our objective of enabling socially appropriate and context-sensitive
avatar placements.

This work explores an alternative symmetric telepresence system centered on mobility, with
the primary objective of ensuring high-quality face-to-face avatar conversations. Through a
body-storming interview, we identified key adaptation goals for avatar placement in various
environments during conversations. These goals were implemented using the AUIT framework
[6], which automatically suggests avatar placements to improve face-to-face interactions in
dynamic settings.

3 FORMATIVE STUDY

We extend proxemics [12] and F-formation theory [25] to symmetric telepresence, emphasizing
not only social spatial norms but also environmental affordances. To inform adaptive avatar
placement, we conducted a formative study in which participants manually positioned remote
avatars across various settings and explained their rationale. The findings revealed key spatial and
contextual factors that shape natural, situated co-presence, guiding the design of our adaptation
framework.

3.1 Apparatus

We developed a custom program to facilitate telepresence calls through augmented reality
(AR) headsets, enabling an experimenter to join the participant’s environment using avatar
telepresence for the study. This system was developed using Unity and deployed on Meta Quest
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Fig. 2. In the formative study setup, Experimenter #1, located in the control room, joined the participant
through an avatar representation in the participant's own environment. Concurrently, Experimenter #2
was physically present in the participant's environment to assist with the study.

Pro headsets, integrating Meta's Avatar System to capture realistic facial expressions and gestures.
Networking was managed using Photon Unity Network, while voice communication was enabled
through Photon Voice.

As depicted in Figure 2, participants equipped with AR headsets were able to visualize the
experimenter's avatar within their environment. They could adjust the avatar's position and
orientation using a controller. On the experimenter's side, a monitor interface displayed the layout
of the participant's room and the positioning of avatars. This setup enabled the experimenter to
observe and discuss the participant's choices regarding avatar placement.

3.2 Procedure

To enhance the diversity of environmental conditions, the study was carried out in the personal
workspaces and living spaces of the participants, who voluntarily o ered these settings for the
research. The selection of workspaces was tailored to support various activities, including sitting
at a desk, moving to a meeting table, and standing by a whiteboard. Similarly, the living spaces
were chosen to accommodate actions such as sitting on a sofa, standing at the edge of the room,
and walking around, thereby providing a range of interactive contexts for the study.

The study was facilitated by two experimenters: one operated remotely from the control room,
acting as the remote user in the telepresence system, while the other provided on-site support
to the participant. The on-site experimenter was responsible for setting up the experimental
environment using the Meta Scene Capture thavhich involved labeling furniture and de ning
room geometry to ensure accurate interactions between the avatars and the environment. Addi-
tionally, this experimenter handled participant brie ng, consent, demographic data collection,
and technical support. During the telepresence sessions, the remote experimenter, represented
by an avatar, guided the participants through various context switches that mimicked typical
telepresence interactions, such as sitting on di erent pieces of furniture or standing in speci ¢
areas of the room. Participants were tasked with adjusting the avatar's position to t each new
context, and they discussed their placement choices with the experimenter to optimize the
avatar's location within the virtual environment.

Lhttps://developers.meta.com/horizon/documentation/unity/unity-scene-build-mixed-reality/
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Fig. 3. Examples of avatar placement recorded from the participants' perspective include instances where
the avatar was positioned at various points of interest within the environment, such as next to a work
desk, beside a si ing area, or near an entryway to facilitate natural and contextually relevant interactions.

Following four context switches during which participants adjusted and discussed avatar
placements, a semi-structured interview was conducted. This interview aimed to gather detailed
insights from participants about their experiences with the avatar placement process. The entire
session, including the context switches and interview, lasted approximately 1.5 hours.

3.3 Participants

We recruited 10 participants from a local university, ensuring an equal gender distribution (5
male, 5 female) with an average age of 23.7 years (SD = 2.3 years). Among these participants, two
took part in both the work and living space scenarios, ve participated exclusively in the living
space scenario, and three only in the work space scenario. Nine participants had prior experience
with AR or VR technology, and two had participated in AR/VR-based remote meetings. None of
them were daily users.

3.4 Results and Discussion

Two authors analyzed the data, organizing it into 756 distinct segments and developing a frame-
work to highlight key factors essential for maintaining co-presence between the participant and
the avatar across di erent contexts. Examples of avatar placement recorded from the participants'
perspective are shown in Figure 3.

3.4.1 Avatar Visibility (AVRarticipants prioritized ensuring the visibility of the remote user's
avatar, focusing on avoiding occlusion by environmental elements such as walls, furniture,
and other barriers (N=10). All participants preferred to position the avatar directly in front of
them or within their eld of view. They also frequently adjusted the avatar's orientation to face
them, enhancing interpersonal communication. As P4 noted, "In this way, | can see your facial
expressions properly," underscoring the importance of visual cues in remote interactions. The
feedback emphasized that clear and unobstructed visibility of the avatar made conversations
feel more natural and engaging, whereas occluded or misaligned avatars diminished the sense of
presence and responsiveness.
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3.4.2 Task Visibility (TWVhen navigating their environment, participants often repositioned
the avatar near walls or corners to avoid obstructing their movement paths (N=10). During
concurrent tasks, such as working on personal computers or reading, they preferred to place
the avatar slightly to the side rather than directly ahead (N=5), allowing peripheral awareness
without distracting from their primary activity. As P6 noted, "If you stay right in front, | can't
concentrate on what I'm doing, but having you nearby feels reassuring." Participants emphasized
that overly prominent avatar placements could interfere with task focus, highlighting the need for
positioning strategies that maintain social presence while respecting users' attentional priorities.

3.4.3 Social Presence (3P sense of social presence, including co-presence and the feeling
of being together, signi cantly in uenced the placement of the remote collaborator's avatar.
Many participants chose to position the avatar close and facing them to enhance the sensation of
"communicating together" (N=7). When seated, participants often placed the avatar on a nearby
chair or sofa to simulate the avatar "being seated" as well (N=10). Maintaining a similar eye-level
between themselves and the avatar was also an important consideration; participants adjusted
the avatar's height to avoid hierarchical impressions and to foster a sense of mutual respect. For
instance, ten participants considered the remote user's feelings, with P4 stating, "If | place you
(avatar) lower than me, it makes me feel that I'm not respecting you," highlighting how relative
positioning and eye-level contribute to social presence during interactions.

3.4.4 Physical A ordance (PAarticipants tended to place the avatar where it matched the
physical a ordances of the environment, helping the avatar feel natural and integrated into the
physical context. For example, avatars were often positioned on nearby chairs to prevent them
from appearing to levitate, which participants found visually unnatural and socially awkward
(N=9). Several emphasized that grounding the avatar such as sitting on furniture or standing
rmly on the oor enhanced realism and supported the illusion of a co-located presence.
As P9 remarked, "It (the oating avatar) makes me feel like it is just a model rather than a
human," highlighting the negative impact of mismatched a ordances. These ndings suggest
that leveraging environmental a ordances is essential for sustaining the social believability and
embodied realism of remote avatars.

3.4.5 Continuity (C)As participants moved through various contexts during the study, they
considered the continuity of avatar placement during successive context switches (N=7). For
instance, when P8 began to walk around, they positioned the avatar on the left, consistent with
its previous placement on a chair to the left, avoiding unnecessary adjustments and ensuring
smoother transitions.

3.4.6 Alignment with Spatial Interaction Theordstably, these adaptation goals align with
established theories of spatial behavior. Speci cally, the objective to maintain appropriate dis-
tances re ects Edward Hall's proxemic zones], ensuring avatars occupy socially comfortable
spaces that facilitate interaction. Likewise, the emphasis on sustaining direct facing and exible
recon guration resonates with Marshall et. al's F-formation structuredy], which describe

how participants cooperatively manage spatial arrangements to maintain shared conversational
spaces. By embedding these spatial theories into our adaptation framework, we aim to sup-
port socially coherent and naturalistic co-presence even in dynamic and nhomadic interaction
scenarios.
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3.5 Summary

Building on participants' placement behaviors identi ed in the formative study, we operational-
ized these insights into a structured set of adaptation objectives and embedded them within a
multi-objective optimization framework based on the AUIT system, as detailed in Section 5. This
framework enables the surrogate avatar to dynamically balance competing spatial and social
demands in real time.

Speci cally, participants' emphasis on avatar visibility (AV) informed the User Field of View
and Environmental Occlusion objectives, ensuring that avatars remain clearly visible and unob-
structed within the environment. Social presence (SP), re ected in preferences for comfortable
distance, mutual eye-level, and facing direction, guided the Social Distance, Maintain Eye-Level,
and Head-toward-User objectives. The need for environmental grounding (PA) motivated the
Sitting A ordance and Avoid Levitation objectives, ensuring that avatars integrate naturally
into the physical context without visual inconsistencies such as oating or improper seating. To
support uid transitions during user mobility, the Continuity (C) theme informed the Spatial
Consistency objective, promoting stable and predictable avatar repositioning. In addition to these
user-driven objectives, we incorporated the Body-toward-Head objective to support posture
ergonomics and preserve avatar naturalness during dynamic interactions. While Task Visibility
(TV) was highlighted by participants as a potential concern, addressing it would require real-time
task recognition and attentional modeling, introducing a layer of complexity beyond the scope
of the current system. Therefore, task-aware adaptation is deferred to future work.

4 SURROGATE AVATAR IN SYMMETRIC TELEPRESENCE

Our system leverages an adaptation process derived from the Ad]IToplkit, originally de-
veloped to facilitate the creation of adaptive user interfaces for extended reality applications.
The conventional AUIT framework is primarily oriented towards the placement of static user
interfaces, necessitating adaptation primarily in response to changes in the user's environment
or shifts in focus within the current setting. We aim to extend the AUIT framework to en-
able dynamic and persistent adaptation of avatars that accompany the user as they navigate
within the environment. We selected the AUIT framework because of its high exibility for
multi-objective optimization. Unlike prior frameworks that often rely on xed sets of adaptation
rules tailored to speci ¢ environments (e.g., prede ned chair mappings or xed collaboration
zones) R, 7, 27], AUIT allows designers to exibly add, adjust, or reweight multiple adaptation
objectives, facilitating scalability across diverse conversational contexts. This exibility is cru-
cial for supporting situated and mobile telepresence, where environmental layouts and social
expectations dynamically change.

4.1 Design Challenges

Applying the AUIT framework to avatar adaptation introduces three distinct challenges:

(1) Objectives Tailoring for Avatar Telepresence Adapté&ianformative research has pin-
pointed speci ¢ challenges in maintaining appropriate social and environmental contexts during
avatar telepresence communications. These insights have been incorporated into the objectives
for avatar adaptation, introduced later. This customized set of objectives is designed to address
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the unique demands of avatar telepresence, ensuring that the avatar behaves in ways that are
contextually appropriate and socially engaging during tele-communication.

(2) Complex Spatial Behaviors and Dynamic Nature of Avatiailike static user interfaces,
avatars require continuous adjustments not only in their location but also in their body and
head orientations. This dynamic nature signi cantly increases the complexity of the adapta-
tion parameters, posing particular challenges for implementation on HMDs. Moreover, while
user interface elements can remain unchanged until triggered by a new adaptation condition,
avatars demand frequent updates to preserve a sense of liveliness, often necessitating high frame
rates (e.g., 90 fps). These requirements complicate the straightforward application of the AUIT
framework without modi cations.

(3) Adaptation for Stationary and Walking Statéscontrast to the AUIT's focus on station-
ary settings, our system ensures that the avatar remains continuously beside the user during
movements through the local environment. To prevent the avatar from erratically shifting loca-
tions along the user's walking path, we implement speci ¢ adaptations. For stationary users,
the avatar's positioning relies on the world coordinate system. Conversely, for walking users,
we adjust the avatar's alignment to the user's coordinates, ensuring smooth movement and
maintaining a stable, consistent companion.

To address the computational demands of real-time avatar adaptation especially under mobil-
ity constraints we implemented a distributed adaptation mechanism. While o oading computa-
tionally intensive tasks to the server is a common practice in interactive systems, this setup was
essential to balance responsiveness and complexity in our design. In this setup, parameters that
necessitate less frequent updates and involve more intricate computations, such as the avatar's
position needing broad search within the environment around the user while considering diverse
environmental contexts are processed on a remote server. This approach accommodates the
broad search space and diverse environmental contexts. In contrast, parameters requiring more
frequent updates, such as body and head orientations, are handled locally on the client HMDs
due to their simpler, one-dimensional calculations and less demanding objectives. Additionally,
our framework adjusts to both stationary and walking states of the user, ensuring smooth avatar
movement and a consistent presence by aligning with the user's coordinates during movement.
In the following sections, we rstintroduce the distributed adaptation framework and then detail
the implementations that address each of the three challenges.

4.2 The distributed adaptation framework

Figure 4 illustrates the network architecture of the distributed adaptation framework. When a
client pair (Client A and Client B) initiates a telepresence call via the server, a series of initial
setup processes are triggered. The server creates an adaptation thread encompassing an AUIT
component for each client for calculating the position of the remote avatar (e.g., Avatar B) in
the client's (e.g., Client A) local environment. The component requires the client's registration
of context objects capturing both environmental (e.g., spatial information about furniture) and
social contexts (e.g., the position of Client A) in their local environment. Concurrently, each
client operates a local AUIT component within their HMDs, which calculates the orientation of
the remote avatar, relying solely on social context data (e.g., the position of Client A).
Throughout the session, both clients continuously update their respective server-side AUIT
components with their current positions within the local environment. They also stream voice
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Fig. 4. The network architecture of the distributed adaptation framework.

and avatar postures from their HMDs to the server, which forwards this data to the remote client.
This enables the animation of hand motions and voice-activated facial expressions of the avatar.

The server-side AUIT component frequently recalculates and updates the appropriate positions
for the remote avatar based on the context data of the associated client and sends these updates
back to the client to adjust the avatar's position locally. Simultaneously, the client-side AUIT
component updates the orientations of the avatar. Put together, the render module in the client
HMD manages the rendering of the remote avatar through three distinct update cycles:

Continuous Updates: The remote avatar's hand motions and facial expressions are updated
continuously. This information is relayed from the remote client through the server.
Periodic Updates: The position of the avatar is updated every 200 milliseconds. These
updates are determined by the server-side AUIT component.

Frequent Updates: The orientations of the avatar are updated every 30 milliseconds, based
on calculations performed by the AUIT component running on the client's HMD.

4.3 The AUIT component

The speci cations of the AUIT components are distinct on the server and client sides. In the
following, we introduce the overall goal of each modules in the AUIT component, followed with
how they are set di erently for the server and the client. For the pseudocode of the server, the
client, and their respective objectives, please see the appendix.

4.3.1 The solver and evaluaiiine solver's function is to explore the parameter space to identify
the optimal parameter values that result in the lowest cost, as de ned by our objectives.

For illustration, consider the server-side con guration and its corresponding pseudocode,
where the goal of the adaptation is to determine the optimal avatar position. In this scenario,
the solver's parameter space encompasses the three-dimensional space of the environment. The
initial position of the avatar, denoted as current_pos, is set in front of the user if the avatar has
not yet been assigned a position. Once a parameter setting is in place, the evaluator calculates the
cost by computing a weighted sum of costs across all objectives, expressed as e(current_pos). The
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update process begins, which involves repeatedly verifying whether the quality of current_pos
meets the speci ed suitability threshold. If the cost function, denoted as e(current_pos), surpasses
this threshold, it signi es that current_pos is suboptimal and requires adaptation. The objective
is to adjust to a new position where the cost is below the threshold.

Adaptation involves tweaking the objectives. The process selects one objective at random
and adjusts current_pos towards a new position, new_pos, using the heuristic associated with
that objective. If e(new_pos) is found to be lower than e(current_pos), then current_pos is
updated to new_pos. If not, new_pos is discarded as it does not o er a cost reduction. This
objective tweaking is repeated up to 1500 times or until a current_pos is identi ed that meets the
suitability threshold, allowing the adaptation process to conclude early. If a suitable current_pos
is found, it is used to update the rendering of the avatar's position. If not, the current_pos remains
unchanged, and the system proceeds to the next update cycle.

We established the limit of 1,500 iterations to strike a balance between achieving high-quality
adaptations and maintaining reasonable computation cost. This threshold ensures that the solver
performs su ciently thorough searches within the parameter space while preventing excessive
processing that could delay system responses and impact user experience. In the client-side
con guration, the adaptation process focuses on determining optimal orientations for the avatar's
head and body. Here, the solver operates within a two-dimensional parameter space that includes
the directions the avatar's head and body are facing. To balance e ectiveness and e ciency, the
number of iterations for objective tweaking is set at 750.

4.3.2 The objectives and context objddts.objectives for avatar adaptation di er between the
server and client sides, tailored to the speci ¢ requirements of avatar positioning and orientation.
On the server side, objectives focus on environmental interaction and social appropriateness.
The objectives include:

Environmental Occlusion: Ensuring the avatar is not obscured by objects in the environ-
ment.

Social Distance: Maintaining an appropriate distance from other avatars or users to re ect
social norms.

User Field of View: Positioning the avatar within the user's visible area to ensure visibility.
Sitting A ordance: Placing the avatar in a position that suggests it can sit if the scenario
requires.

Avoid Levitation: Ensuring the avatar remains grounded and does not appear to oat.
Maintain Eye-Level: Aligning the avatar's eyes with the eye level of the user to facilitate
natural interaction.

Spatial Consistency: Ensuring the avatar's position remains stable without abrupt changes
from its previous location.

On the client side, the objectives are designed to enhance interpersonal engagement during
interactions with the user and include:

Head-toward-User: Orienting the avatar's head towards the user to simulate engagement
and attentiveness.

Body-toward-Head: Orienting the avatar's body in the direction of the avatar's head to
maintain a natural avatar posture
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Fig. 5. The objectives and the associated heuristic that dictate the adaptation algorithm implemented
respectively on the server and client sides.

The objectives for avatar adaptation, along with their associated optimization heuristics, are il-
lustrated in Figure 5. The pseudocode detailing the implementation of these objectives is provided
in Appendix. These objectives operationalize what we de ne as socially and environmentally
suitable locations. Social suitability is re ected in objectives such as Social Distance, Eye-Level,
and Head-toward-User, which aim to preserve norms of proxemic spacing, mutual orientation,
and interpersonal attentiveness. Environmental suitability is ensured by objectives like Sitting
A ordance, Avoid Levitation, and Environmental Occlusion, which anchor avatars to appropriate
surfaces, prevent unnatural oating, and avoid visual obstruction. These heuristics are grounded
in spatial interaction theories and informed by our formative study ndings, ensuring that avatar
placement aligns with both social expectations and environmental constraints.

Context objects, which include environmental and social contexts, are critical for calculating
the costs associated with various adaptation objectives in our system. The environmental context
details the spatial positions and characteristics of objects like chairs and tables, essential for
objectives such as Environmental Occlusion, Avoid Levitation, and Sitting A ordance. On the
other hand, the social context involves tracking data from the client, speci cally the position and
orientations of the head. This information is essential for objectives focused on Social Distance,
Field-of-View, Eye-Level, Head-toward-User, and Body-toward-Head, ensuring accurate social
interaction of the avatar within the user's personal space. The objective of Spatial Consistency
does not utilize any context object.
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Fig. 6. (a) The state diagram for detecting stationary and walking activities. (b) The weights applied in
adaptation respectively for stationary and walking activities.

4.4 Adaptation for Stationary and Walking States

Our system di erentiates between these stationary and walking states and creates corresponding
adaptive behaviors. When detecting users are in walking state, the adaptation shifts from the
world coordinate to the user's coordinate and the objective weightings tailored to the walking
state are employed.

4.4.1 Detection of stationary and walkiiig.adapt avatar behavior based on user movement,
we employ a straightforward state machine, depicted in Figure 6a, which determines whether
the user is in a stationary or walking state. In the Stationary state, the system continuously
monitors the distance between the user and a reference point de ned as the user's position
upon entering the Stationary state. If the user moves more than 1 meter away from this point, it
signals signi cant movement, prompting the system to update the state to Walking. Conversely,

in the Walking state, the system evaluates the user's speed every second. If the speed falls below
0.3 m/s, indicating the user has stopped or signi cantly slowed, the state reverts to Stationary,
and the system establishes the current location as the new reference point for this state.

4.4.2 State-specific objective weightiterh state has speci ¢ considerations, necessitating
tailored avatar behaviors. To address this, we implement state-speci ¢ objective weighting to
customize the avatar's behavior for each state. Detailed weightings are provided in Figure 6b.
For example, in the Walking state, the weight for the Sitting A ordance Objective is reduced to
zero, as sitting does not occur during movement. This released weight is then redistributed to
objectives that are more relevant to the walking state, promoting a balanced adaptation. The
con gurations for these weights were developed through extensive testing and evaluations to
ensure they accurately re ect real-world interaction dynamics. Additionally, objectives utilize
di erent cost function parameters depending on the user's state. For example, in the User Field
of View objective, placing the avatar in front of the user has a lower cost value in Stationary
mode, aligning with natural interaction. Conversely, in Walking mode, positioning the avatar
directly in front incurs a higher cost value to discourage placements that could obstruct the
user's forward path.
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4.4.3 Stationary and Walking: World vs. User Coordinate Sysitaims Walking state, the avatar

is anchored to the user's coordinates, maintaining a consistent spatial relationship with the user
and moving in tandem. As outlined in Figure 5, the objectives during the Walking state focus on
avoiding environmental occlusion and maintaining social engagement. This ensures that as the
avatar moves in alignment with the user, it remains visible and interacts appropriately within
the environment.

4.5 Implementation

We developed a symmetric telepresence system enhanced with surrogate avatars using Unity
2022.3.11LTS. The server was run on the Windows PC (Intel Core 17 11800H, 32GB RAM,NVIDIA
Geforce RTX 3070 Laptop), incorporating clients on Meta Quest Pro headsets for both users.
This setup leveraged the headsets' pass-through functionality to merge virtual and physical
environments e ectively. To represent the remote user's avatar, we utilized the Meta Avatar
system along with its inverse kinematics capabilities for accurate motion rendering.

For networking and data exchange, we implemented the Unity Transport Package, utilizing
UDP sockets to facilitate communication between the server and client. We incorporated the
Photon PUN 2 framework to manage multi-user networking and posture data transmission
e ciently. Additionally, Photon Voice was integrated to enable real-time voice communication
among users. The environment setup was captured and integrated using the Meta room setup,
enhancing the overall telepresence experience by aligning the virtual and physical spaces.

5 USER STUDY

This study aims to evaluate if our adaptation facilitates e ective telepresence conversations
across di erent contexts. Using a within-subject design with mobility as the central variable,
we compared user experiences in two scenarios: stationary and nomadic. In the stationary
scenario, participants stayed seated at a desk within an o ce. In the nomadic scenario, they
moved between sitting, standing, and walking in a room designed for movement. We assessed
system usability, spatial, and social co-presence among particip@usprimary hypothesis is

that if the adaptation appropriately positions the avatar, there will be no signi cant di erences in
measurements between the two scenarios.

5.1 Apparatus

The symmetric telepresence system described in Section 4 was employed. It included two Meta
Quest Pro headsets, each connected to a Server PC via Wi-Fi 5G 6e. To simulate conversations
under di erent environmental conditions, we established two distinct room setups, as shown

in Figure 7. The "Nomad" room, a spacious 7-meter by 7-meter area, was designed to represent
users in a nomadic mode, o ering ample space for movement and interaction. Conversely, the
smaller "O ce" room, measuring 2 meters by 3 meters, simulated users in a stationary mode,
mimicking a more con ned, typical o ce environment.

5.2 Task

The study was structured to simulate conversations between participant pairs under various
mobility conditions, combining a discussion task with a locomotion task.
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Fig. 7. In the User Study, on the le : the o ice room, measuring 2 meters by 3 meters, represents the
stationary scenario. On the right: the 7-meter by 7-meter nomad room embodies the nomadic scenario.

Discussion TasKhis involved a two-phase approach based on a modi ed desert problem. In
the preparation phase, participants individually considered a ranking question presented on
paper, forming their rankings and rationales within two minutes without discussing with their
partner. The collaborative discussion phase followed, where participants shared their thoughts,
exchanged ideas, and aimed to agree on a uni ed ranking. Locomotion task conducted during
the discussion task.

Locomotion TasKrailored to the speci ¢ conditions used in the study. In the stationary condi-
tion, participants in the O ce room were static, remaining seated throughout the discussions. In
contrast, in the nomadic condition, the Nomad room provided a more dynamic environment
where participants were required to be mobile. To ensure experimental control and consistency
across patrticipants, we deliberately employed a structured locomotion pattern in the Nomad
room. This design allowed all participants to experience comparable environmental transitions
and mobility states, enabling systematic evaluation of the system's adaptation performance under
controlled conditions. Speci cally, they followed a designated path that included sitting, standing,
and walking, as detailed in Figure 7. They engaged with features of the environment such as
sitting on sofas, standing at tables, and leaning against walls at four designated areas. The task
consisted of eight activities in total four sitting and four standing distributed across these
areas and connected by seven walking transitions. Participants were instructed to spend at least
two minutes at each activity location and to walk slowly during transitions.

5.3 Procedure

Two study protocols were implemented to ensure avatar anonymity and reliable posture tracking
in our study. (1)Avatar Anonymity:To prevent biases associated with avatar representation and
the labor-intensive process of customizing individual avatars, we implemented a protocol for
avatar anonymity. Participants were unable to meet in person or see their own avatars, allowing
the use of just four preselected avatars (two male and two female) from Meta's system, based
on the gender pairing of participants. This approach maintained the authenticity of the study
while simplifying the avatar setup process. [REliable Avatar Posture Tracki@ur system uses
Meta's Avatar Inverse Kinematics (IK) to derive body posture from head and hand tracking data
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