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Figure 1: Illustration of three perspectives for remote collaborative teleoperation using virtual supernumerary limbs (VSLs): (a) 
Host user physically walking with VSLs attached to their back; (b) Shared Embodied View: the guest shares the host’s position 
with independent head rotation; (c) Embedded Anchored View: the guest views from the host’s head location through a 
stabilized virtual window; (d) Out-of-body View: the guest independently navigates a drone-like external viewpoint using a 
handheld controller (the drone serves as a visual metaphor for the decoupled virtual camera). 

Abstract 
Remote VR teleoperation with supernumerary robotic limbs enables 
distant users to operate in another’s local space. While a shared 
frst-person view aids hand-eye coordination, locking the guest’s 
camera to the host’s head can degrade comfort, embodiment, and 
coordination. Based on a formative study (N=10) using a virtual 
supernumerary robotic limbs confguration to stress-test coordina-
tion, we propose guest-driven perspective switching from a shared 
frst-person baseline (Shared Embodied View) to two alternatives: 
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(a) a stabilized view with guest-controlled rotation (Embedded 
Anchored View), and (b) a fully decoupled third-person view 
(Out-of-body View). We ran a user study with 24 pairs (N=48), 
who switched between the baseline and proposed views as task de-
mands changed. We measured performance, embodiment, fatigue, 
physiological arousal, and switching behaviors. Our results reveal 
role-dependent trade-ofs: Out-of-body View improves navigation 
efciency and reduces errors, while Embedded Anchored View 
supports embodiment. We conclude with guidelines: use Embedded 
Anchored View for hand-centric adjustments, Out-of-body View 
for navigation and object placement, and ensure smooth transitions. 

CCS Concepts 
• Human-centered computing → Virtual reality; Empirical 
studies in HCI; User studies. 
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1 INTRODUCTION 
“When you drift with someone, you feel like there’s nothing to talk 
about.” This evocative quote from Pacifc Rim [1] describes the deep 
mutual understanding achieved through the fctional mental pro-
cess that allows two users to co-pilot a single machine by sharing 
bodily sensations, intentions, and thoughts. It captures the promise 
of shared bodily control and sensorimotor synchrony. Though fc-
tional, such scenarios are becoming increasingly plausible thanks to 
advances in telepresence and virtual reality (VR), enabling two in-
dividuals to act through a shared body, whether physical or virtual, 
in tightly coordinated ways [116, 151, 155]. 

Emerging robotic platforms, such as the humanoid Neo [2], sug-
gest a future where remote operators inhabit complex physical 
bodies. However, controlling locomotion while simultaneously per-
forming precise manipulation can place high cognitive demands 
on a single operator [126]. Shared control is emerging in these sce-
narios, for instance, Multiple Operator, Single Robots (MOSR)[35]. 
A natural emergence of this is co-embodiment, splitting control 
between a host and a guest, for instance, between navigation and 
manipulation. This, in turn, raises a central design question: view-
point coupling, that is, how tightly a guest user’s camera is linked to 
the host’s head and body motion, which directly afects how fuidly 
the pair can collaborate. In most VR systems, the remote frst-person 
view is tied to the local user’s head; small head movements therefore 
propagate to the shared camera, destabilizing near-body control 
and blurring role boundaries [22, 156]. Simultaneously, advances in 
AI-based 3D scene reconstruction and world models are making it 
feasible for teleoperators to work inside navigable virtual replicas 
of real environments [56, 74, 77, 107, 142]. In such digital twins, 
anchored or “drone-like” viewpoints can be realised virtually, even 
while the robot remains grounded in the physical world. Therefore, 
studying shared viewpoint control in VR ofers a way to probe how 
co-embodied collaborators should manage perspectives for future 
telepresence systems. In this work, we focus on viewpoint man-
agement and shared visualisation, rather than simulating specifc 
robot kinematics or control hardware. 

In this paper, we developed a collaborative VR scenario in which 
two users, a host and a guest, share control over the same virtual 
body. To examine viewpoint management under demanding con-
ditions, we augment this body with virtual supernumerary limbs 
(VSLs). We use this multi-limb confguration not as the sole tar-
get application, but as a challenging testbed that maximizes over-
lap in the near-body workspace, so that insights about viewpoint 
coupling can generalize to less complex shared-control scenarios. 

A formative study with fve participant pairs identifed four em-
pirical patterns: (1) prolonged visual coupling during locomotion 
co-occurring with guest discomfort and blurred self-location; (2) 
limited perspective fexibility aligning with grasping errors; (3) VSL 
control instability during the host’s head position changes; and (4) 
role ambiguity leading to host pauses. Motivated by these observa-
tions, we adopt a task-contingent approach: the host remains in a 
standard HMD frst-person view, while the guest may switch their 
viewpoint on demand to align coupling with navigation versus 
near-body phases. 

Building upon these insights, we implemented three perspec-
tives for the guest: (i) Shared Embodied View, our design baseline, 
which co-locates the guest’s camera with the host’s head position. 
In this confguration, the guest’s head position is locked to the host, 
and moving the guest’s head does not change the viewpoint location 
but only rotates the view direction independently. (ii) Embedded 
Anchored View shows a stereoscopic portal near the host, stream-
ing a steady frst-person view for the guest; and (iii) Out-of-body 
View, a world-anchored, fully decoupled 6-DoF third-person cam-
era for spatial awareness. Operationally, the host remains in Shared 
Embodied View throughout. The guest can switch between Shared 
Embodied View and either Embedded Anchored View or Out-of-
body View, and our study investigates two guest-driven switching 
strategies: Shared Embodied View ↔ Embedded Anchored View 
and Shared Embodied View ↔ Out-of-body View. 

We then conducted a controlled, within-subjects study with 24 
pairs of participants (N=48) to examine how perspective modes 
afect task performance, embodiment, workload/fatigue, physiol-
ogy, and guest switching. Results show that Out-of-body View 
yielded fewer errors in the Factory task with comparable comple-
tion times, while participants switched to Embedded Anchored 
View more frequently for precision-demanding subtasks. Guests 
reported higher subjective workload and fatigue in Out-of-body 
View, although HRV indicated lower physiological stress; partic-
ipants tended to use Embedded Anchored View for precision 
phases and Out-of-body View for navigation. 

Hence, this research ofers the following key contributions: 

• Empirical diagnosis. A formative study diagnosed two 
systemic breakdowns, coordination friction and guest dis-
orientation, arising from fxed frst-person coupling in co-
embodied multi-limb VR control. 

• System & evaluation. We introduce guest-driven perspec-
tive switching and evaluate two regimes (Shared Embod-
ied View↔Embedded Anchored View Shared Embodied 
View↔Out-of-body View) in a controlled within-subjects 
study (N=48), measuring performance, workload / fatigue, 
embodiment, physiology, and switching behaviour. 

• Design implications. We derive guidelines on when to use 
Shared Embodied View, Embedded Anchored View, and 
Out-of-body View to manage viewpoint coupling and sup-
port comfort, coordination, and embodiment in co-embodied 
multi-limb VR. 

https://doi.org/10.1145/3772318.3791433
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2 RELATED WORK 
In this section, we contextualize our research within existing lit-
erature on perspective control, remote embodiment, and supernu-
merary robotic limbs. We highlight key insights and identify the 
knowledge gaps our study aims to address. 

2.1 Perspective Control 
Viewpoint selection signifcantly impacts remote collaboration and 
coordination, infuencing both task performance and user experi-
ence. Here, we distinguish coordination from collaboration. Coor-
dination stands for the alignment of actions and timing between 
collaborators, whereas collaboration refers to the broader process of 
jointly working toward a shared goal, including planning, decision-
making, and mutual understanding [46]. Prior research has explored 
the efects of diferent perspectives on remote interactions and their 
impact on coordination. Galvan et al. [40] demonstrated how al-
ternating between frst-person and third-person perspectives can 
leverage the unique advantages of each viewpoint without sig-
nifcantly harming body ownership of the virtual body. Similarly, 
Komiyama et al. [80] constructed a system that allows users to freely 
switch between frst-person and third-person views in a remote 
work setting, enabling precise task execution through frst-person 
images while maintaining situational awareness via third-person 
viewpoints. Saraiji et al. [116] introduced a wearable system where 
a teleoperator controls two robotic limbs remotely, using an HMD 
to observe the environment from a shoulder-mounted perspective, 
highlighting the importance of viewpoint selection for skill-sharing 
and collaboration. 

However, viewpoint discrepancies between collaborators remain 
a signifcant challenge, particularly in object-focused tasks where 
precise spatial alignment and gesture interpretation are crucial. Na-
gai et al. [94] explored 360-degree wearable cameras, allowing users 
to observe and communicate with an entire environment from a 
remote location, potentially enhancing collaborative spatial aware-
ness. Similarly, Jones et al. [71] highlighted the inherent limitations 
of handheld perspectives in mobile video chat, as collaborators 
struggled to perceive shared scenes clearly due to instability and 
narrow visual felds. Fussell et al. [38] found that scene-focused 
camera angles outperformed head-mounted perspectives in physi-
cal task coordination, as they provided better visibility of the shared 
workspace. Further, Tang et al. [128] showed that diferent perspec-
tives optimize diferent task demands, with shared perspectives 
aiding textual reading, while asymmetric perspectives facilitate the 
creation of shared and personal workspaces. 

Beyond egocentric and third-person views, prior work proposed 
techniques like Worlds-in-Miniature (WIM) [125], which ofers a 
scaled-down, allocentric replica of the environment, later adapted 
for real-world control [119]. Go-Go [110] enables non-linear arm 
extension to reach distant objects. These methods expand the design 
space for remote perspective control and inform our investigation 
of dynamic viewpoint switching. 

In summary, prior work shows that fexible viewpoint control 
can improve spatial awareness and collaboration in VR and telepres-
ence. However, we still know little about how dynamic, user-driven 
perspective switching shapes coordination, embodiment, and fa-
tigue when two users co-embody a single avatar and jointly control 

multiple limbs in a shared virtual environment. Our study intro-
duces adaptive guest-driven switching between Shared Embodied 
View, Embedded Anchored View, and Out-of-body View, to 
probe the trade-ofs in control fuency, comfort, and visual stability 
under collaborative embodiment. 

2.2 Embodiment in Collaboration 
In this paper, we distinguish between “self-embodiment”, which 
describes a user’s ownership/agency over their own avatar (com-
monly measured with AEQ [41, 152]), and “remote/co-embodiment” 
or “social presence”, which describe mutual awareness of a part-
ner. These constructs are related but distinct. In our evaluation, we 
quantify self-embodiment and user experience. 

Self-embodiment relates to a user’s ownership, agency, and self-
location with respect to their own avatar. Remote embodiment 
refers to visual proxies that convey a collaborator’s bodily state 
and support awareness and coordination. Our study quantifes 
self-embodiment while using lightweight partner cues to aid refer-
ence. Research has explored methods where multiple users share 
control over a single avatar, using techniques like the weighted-
average co-embodiment method, which distributes control percent-
ages between participants [37, 48, 79]. Studies show that increasing 
control weight improves users’ sense of agency, enhancing task 
coordination [79]. This method has been efective in contexts like 
VR-based rehabilitation, where even users with less control feel en-
gaged [42, 72]. Further work in multi-operator single robot (MOSR) 
systems examined how multiple users control a robot, later evolv-
ing to include shared control in VR environments with a focus 
on frst-person perspectives and multisensory feedback, afecting 
psychological aspects like intention alignment [60, 68, 75]. The phe-
nomenon of “enfacement”, where users perceive a merged identity, 
highlights the immersive potential of shared control [118]. 

Complementary to these control-centric approaches, efective 
collaboration also depends on how partners are represented and 
perceived, i.e., embodiment cues that support mutual awareness, 
reference, and non-verbal coordination. Partner embodiments span 
a spectrum from minimal surrogates such as the Telepointer [45], 
through visualisations of partner hands [57, 58, 129, 140, 151], 
arms [28, 122, 127, 128], and feet [4], to full-body AR/VR telep-
resence avatars [91, 100, 105]. These representations improve joint 
attention, reference establishment, and social presence. When ges-
tures alone are insufcient for object reference, raycasting and local 
scene reconstruction ofer stable referents [29, 98]. 

While remote embodiment is known to support collaboration, its 
interplay with dynamic perspective control remains underexplored 
in co-embodied VR scenarios. We examine this relationship in a 
co-embodied avatar, focusing on how shared-viewpoint schemes 
shape coordination and embodied experience. 

2.3 Supernumerary Robotic Limbs 
Research on supernumerary robotic limbs (SRL) has investigated 
various ways of augmenting human bodily capabilities [55, 111, 115, 
134, 153], including additional robotic legs [104], fngers [55], and 
arms [134]. Our study focuses specifcally on virtual supernumerary 
limbs (VSLs), aiming to expand user capabilities within virtual 
reality environments. 
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Initially, SRLs emerged from industrial contexts, designed to 
assist workers in demanding physical tasks such as construction 
and assembly operations [101–103]. Over time, the scope of SRL 
research broadened signifcantly, encompassing novel designs such 
as robotic tails to assist balance [90, 93], and extra limbs facilitating 
complex manipulations [30, 111, 132, 145]. For instance, Maekawa 
et al. [90] presented a wearable robotic tail that enhanced stability 
during physically challenging tasks. Control strategies for SRLs 
have consistently been a central research theme, with multiple intu-
itive mechanisms proposed to facilitate efcient limb manipulation. 
These include methods like remapping existing body movements 
(e.g., utilizing foot or shoulder gestures)[115, 117, 121], and employ-
ing brain-computer interfaces (BCI) for direct neural control[106]. 
While promising, many of these approaches depend heavily on 
fxed control mappings, which restrict adaptability to dynamic and 
varying task conditions. Further, comprehensive user evaluations 
remain scarce, as most studies are limited to concept validations 
involving single-user scenarios [115, 133, 134]. In collaborative 
contexts, sharing body control between two users introduces ad-
ditional demands, such as division of roles, viewpoint negotiation, 
and real-time coordination, that fxed mappings do not address. 

In summary, SRLs and VSLs demonstrate substantial potential, 
while most prior evaluations emphasize single-user prototypes with 
fxed mappings. We complement prior work by studying guest-
driven switching from Shared Embodied View to Embedded An-
chored View or Out-of-body View, improving coordination, ef-
ciency, and comfort when two users co-control one body. 

3 FORMATIVE STUDY 
To surface early-stage challenges in shared-body collaboration dur-
ing locomotion, we conducted a diagnostic formative study focused 
on the limitations of a fxed shared frst-person view, which is 
commonly adopted in prior work [116, 154]. 

3.1 Method 
We recruited fve dyads (� = 10), each composed of a host and 
a guest, all with prior VR experience but no exposure to shared-
control systems. This ensured that participants were not distracted 
by the novelty of VR itself or its basic controls, allowing us to bet-
ter isolate usability challenges specifc to shared-body interaction. 
Both participants were immersed in the same virtual environment 
via head-mounted displays. The host was embodied as a full-body 
avatar augmented with a pair of Virtual Supernumerary Limbs 
(VSLs) attached to their back. The guest shared the host’s frst-
person view via a camera rigidly anchored to the host’s head posi-
tion. While the guest could not change the camera’s spatial location, 
they retained independent control over view orientation through 
head rotation. This confguration, which we term the Shared Em-
bodied View, served as the baseline design condition (Figure 2). 
Task and Procedure: Participants performed a simplifed collabo-
rative task designed to surface visual, operational, and embodiment 
challenges specifc to shared-body teleoperation with VSLs. The 
task involved the joint transport of small boxes across a 2–3 meter 
space. The guest used VSLs to grasp objects from a table; after a 
successful grasp, the host navigated to a placement zone. Before 

a b c

Figure 2: Formative study confguration showing (a) the sta-
ble frst-person perspective from the host, (b) the guest’s 
co-located but independently rotatable view illustrating vi-
sual instability, and (c) the avatar embodiment with VSLs 
used for near-body manipulation. 

the main trials, each pair had a short familiarisation period to prac-
tise grasping and transporting boxes using the VSLs. They then 
completed two 5-minute recorded trials. The short duration was 
intended to foreground early-stage coordination breakdowns and 
discomfort, rather than capture long-term adaptation efects. We 
collected observational notes, head rotation logs, VSL activity traces, 
and think-aloud comments [50, 51]. Post-trial, participants were 
briefy interviewed on discomfort, control issues, and coordination 
experiences [25]. 
Measures and Analysis. To identify breakdowns in shared-body 
coordination under fxed frst-person coupling, we used three diag-
nostic indicators: (i) prolonged head rotations by the host (lasting 
>10 s), which are known to induce discomfort in the guest [123, 130]; 
(ii) grasping errors (misses or drops per attempt) to assess VSL 
precision [3, 99]; and (iii) self-reported loss-of-control from the 
guest and observed host pauses as markers of coordination break-
down [52]. Two authors independently coded observation notes and 
interview/think-aloud transcripts using these three indicators as 
deductive anchors. Discrepancies were resolved through discussion, 
and related codes were grouped into macro-level themes following 
refexive thematic analysis [11, 12, 136]. We triangulated qualita-
tive excerpts with synchronized system logs (e.g., head rotation, 
VSL activity, locomotion events) to support interpretation [17, 24]. 
Given the small sample size (� = 10), we report dyad-level cover-
age, representative excerpts, and cross-modal log co-occurrence to 
inform design, not to claim generalizable causality [92]. 

3.2 Findings 
3.2.1 Guest Control Drops Without Perspective Flexibility 
(5/5 dyads). Guests reported losing spatial orientation when the 
host was moving. We defne this as disorientation during host move-
ment that coincides with grasping errors. Participants remarked, 
“I kept losing where the arms” (guest, P04) and “felt like the hands 
lagged behind what I wanted to do” (guest, P08); hosts noticed this 
too (“When I started walking, he said ‘wait’,” host, P03). Grasping 
errors often occurred shortly after the host began moving, accord-
ing to system logs—suggesting a close relationship, though not a 
causal one. These fndings highlight the need for a viewpoint mode 
that maintains stable, body-centered alignment during fne motor 
tasks, allowing guests to invoke it as needed for precise control. 
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View 
Shared Embodied View 
Embedded Anchored View 
Out-of-body View 

Camera Anchoring 
Host-anchored 

Decoupled-anchored 
World-anchored (free-foating) 

Orientation 
Guest head (independent) 

Guest head (linked) 
Guest head / controller 

Translation 
No 
No 

Yes (6-DoF) 

Render 
Full-screen 

Stabilized portal 
Full-screen 

Table 1: Diferences across views along two axes: position anchoring and view control. Host always stays in Shared Embodied 
View; the guest switches between Shared Embodied View and one alternative per condition. 

3.2.2 Hosts Stop Moving Due to Role Confusion (3/5 dyads). 
Following prior work on detecting stillness in movement trajecto-
ries and HMD logs [9, 137], we identifed host pauses as periods of 
minimal movement lasting several seconds during ongoing tasks. 
Hosts often attributed these pauses to uncertainty about whether 
continued movement would interfere with the guest’s manipulation. 
Participants remarked, “I kept stopping, unsure if moving would 
disrupt them” (host, P03) and “I waited here until he fnished” (host, 
P05), with guests corroborating this dynamic (“I needed to say ‘don’t 
move”’ guest, P06). These co-occurrences suggest hesitation rooted 
in unclear role boundaries, rather than deliberate coordination. 

3.2.3 Prolonged Shared View Causes Cybersickness (5/5 
dyads). When the guest shared the host’s frst-person view, ex-
tended walking or turning by the host often coincided with verbal 
reports of dizziness, disorientation, or difculty controlling the 
arms. Participants described feeling dizzy or unsure of their loca-
tion after several seconds of walking or turning, e.g., “long turns 
made me dizzy” (guest, P02), and “I [kept] losing where the arms 
[were], and felt nauseous” (guest, P06). Discomfort did not arise 
from sudden turns alone, but more often from sustained motion 
lasting over 10 seconds, even when the motion was low in intensity. 
In the system logs, these episodes overlapped with sustained head 
rotations or locomotion events. Grasping errors were also more 
likely to occur shortly after such movement sequences. Although 
we make no causal claims, this repeated co-occurrence points to 
a possible mismatch between visual motion and control stability 
during prolonged shared viewing. 

3.2.4 Camera Shifs Disrupt Guest’s VSL Control (4/5 dyads). 
When the guest shared the host’s camera view, sudden or sharp 
head turns by the host often disrupted the guest’s ability to control 
the virtual arms. Participants described losing targeting accuracy or 
feeling disoriented during these transitions, such as “Hard to keep 
control when everything shifts” (guest, P06) and “every turn jolted 
my aim” (guest, P02). Triangulating with locomotion logs, these 
breakdowns frequently occurred within short windows after host 
heading-change events, evidence of time-adjacent co-occurrence 
rather than causality. 

3.2.5 Summary of Findings. Our formative study revealed re-
curring difculties with a fxed shared frst-person view. First, guests 
often lost track of hand position during precise actions, especially 
when hosts moved their head mid-task, leading to grasping errors 
and hesitation. At the same time, hosts frequently paused move-
ment, unsure whether the guest was in control, refecting ambiguity 
in coordination roles. Second, shared locomotion episodes where 
the host moved while the guest remained visually coupled caused 
discomfort, disorientation, and disengagement for the guest. These 

issues clustered into two under-explored challenge areas: (C1) co-
ordination breakdowns during precision tasks, and (C2) discomfort 
and control loss from shared movement. System logs confrmed 
that most errors clustered around host motion: about 71% of logged 
errors (45/63) occurred within 4 s of walking onset or a sharp head 
turn. These fndings highlight the need to restore guest perceptual 
agency and reduce coordination friction during task transitions. 

4 DESIGN AND IMPLEMENTATION 
To address the issues surfaced in our formative study, we designed 
two guest-driven perspective modes that directly target the ob-
served challenges. In C1, coordination broke down during precise 
manipulation due to ambiguous visual control. To address this, we 
introduce the Embedded Anchored View, which grants the guest 
independent rotational control of the viewpoint. This stabilizes the 
visual frame during fne-grained tasks and helps clarify interac-
tion roles. In C2, guests experienced discomfort and disorientation 
caused by involuntary shared locomotion. To address this, we imple-
mented the Out-of-body View, a third-person, freely positionable 
camera that decouples the guest’s perspective from the host’s body, 
easing spatial confusion and supporting higher-level navigation de-
cisions. The specifc distinctions between these perspective modes 
are summarized in Table 1. 

4.1 Embedded Anchored View (C1) 
We implemented Embedded Anchored View as a body-anchored 
yet independently rotatable viewpoint, as shown in Figure 4 (a). The 
system renders a stabilized egocentric feed as a stereoscopic portal, 
positioned at a fxed ofset from the host and oriented toward the 
host’s head-camera direction. This provides visual stability while 
preserving directional control. We also apply light IPD tuning and 
frame smoothing to support accurate manipulation. 

Previous research has demonstrated improved depth perception 
and task accuracy with slight inter-pupillary distance (IPD) ad-
justments in VR [47, 97]. Thus, we slightly reduced the guest’s 
efective IPD within the EAV window to enhance binocular depth 
cues, facilitating precise grasping and alignment tasks. 

Moreover, as rapid host movements can disrupt the guest’s refer-
ence and degrade VSL stability [19], we employed Unity Smooth-
Damp stabilization (exponential smoothing) on EAV camera updates 
to soften host jitter. This preserves a steady body-anchored refer-
ence during host motion, improving comfort and control precision. 

Finally, to reinforce role clarity, we emphasized visual embodi-
ment cues known to reduce hesitation in collaboration [81]. While 
the shared avatar is visible in all modes, Embedded Anchored 
View shows a steady 3D window that keeps the host’s hands, arms, 
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a b

Figure 3: Illustration of the Embedded Anchored View and Out-of-body View. (a) The guest user’s viewpoint is spatially 
aligned with the host’s viewpoint but rendered as a video-like window. (b) The guest user independently controls a virtual 
drone camera with 6 degrees-of-freedom (6-DoF), enabling fexible positional and rotational adjustments independent of the 
host’s movements (the drone serves as a visual metaphor for the decoupled virtual camera). 

and VSLs visually locked to the body with correct in-front/behind 
relationships, making the control locus near the body unambiguous. 

4.2 Out-of-body View (C2) 
Out-of-body View provides a fully decoupled, world-frame third-
person camera with 6-DoF motion (rotation and translation), inde-
pendent of the host’s movement, as shown in Figure 4 (b). The guest 
controls the drone camera via joystick inputs. We apply smooth 
interpolation and bound speed/acceleration, with collision checks 
to prevent disruptive motion. 

To improve the guest’s spatial awareness and viewpoint fexibil-
ity, we implemented a 6-degree-of-freedom (6-DoF) virtual drone 
camera. The guest controlled positional (forward, backward, lateral, 
vertical) and rotational (pitch, yaw, roll) movements using intu-
itive VR joystick inputs. Smooth camera transitions were ensured 
through spherical linear interpolation (Slerp) and linear interpola-
tion (Lerp), enhancing visual comfort and spatial understanding. 

Stabilizing VSL control during host’s movements required a 
stable spatial reference frame. Thus, we implemented the drone 
camera in a fxed world coordinate system, independent of host 
movement [78]. Additionally, real-time collision detection and spa-
tial constraints via Unity’s raycasting prevent visual disruptions 
and maintain stable associations with the shared environment and 
avatar [13]. 

4.3 Perspective Switching Mechanism 
In our system, Shared Embodied View is the default host-centric 
view and serves as the baseline from which other perspectives are 
invoked. To overcome limitations of this fxed shared view [8, 16], 
we implement a guest-driven perspective-switching mechanism that 
lets users fuidly alternate between views based on task demands. 

This mechanism allows the guest to transition from Shared 
Embodied View to a condition-specifc alternative view using VR 
controller input, which activates or deactivates dedicated Unity 
camera components. To preserve comfort and spatial context, each 
switch is rendered with short cross-fades, input debounce, and 
on-screen indicators. The design enables the guest to time per-
spective transitions to task needs: invoking Embedded Anchored 
View’s stabilization, body-aligned portal for fne manipulation, or 

Out-of-body View’s fully decoupled third-person view for spatial 
planning. This mechanism directly supports user agency, reduces 
prolonged visual coupling, and maintains stable VSL control dur-
ing host movement—addressing the challenges identifed in our 
formative study. 

4.4 VSLs Independent Control and Stabilization 
Formative fndings indicated that VSL control became fragile under 
host locomotion and heading changes. We therefore decouple VSL 
actuation from host head/body transforms and drive VSL poses in 
a world-referenced frame initialized when the host is stationary. 
Using Meta Quest 3 tracking, we monitor head orientation and 
translation, and fag short-window spikes in angular velocity or 
position delta as “signifcant motion.” When fagged, a stabilization 
mode engages: VSLs are either held in place or eased back to a 
predefned neutral pose via Unity SmoothDamp to avoid abrupt shifts. 
Guest input immediately disables stabilization and enters active 
control to preserve precision and responsiveness. This mechanism 
mitigates motion-induced disruptions without altering the host’s 
baseline view and applies uniformly under Shared Embodied View 
and Embedded Anchored View (the diference is rendering only). 

4.5 Implementation Details 
We developed the system in Unity 2022.3.7f1 and deployed it on 
two Meta Quest 3 headsets. Both users share one anthropomorphic 
avatar in VR: the host navigates and controls the primary arms, 
and the guest operates the back-mounted VSLs. Each headset was 
tethered via USB to a dedicated PC on the same local network, 
achieving latency below 5ms [32]. Multiplayer synchronization 
used Photon Unity Networking with a locally hosted Photon Server 
to minimize network hops. The host and guest were located in 
separate rooms to preserve a remote collaboration context while 
enabling natural voice communication via audio only. Perspective 
control, VSL manipulation, and task logic were integrated into 
the Unity scene. On-screen indicators show the current mode. A 
logging module records head kinematics, perspective switches, VSL 
commands, and grasp events. 
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Figure 4: Guest perspectives organized as an Anchor–View 
matrix relative to the host. (a) Locked Egocentric: same an-
chor, same view; guest camera is rigidly locked to the host’s 
head pose and view. (Shown for comparison; not studied, as 
it grants the guest no agency and renders them a passive ob-
server under full host control). (b) Shared Embodied View: 
same anchor, diferent view; guest shares the host’s position 
but rotates the camera independently. (c) Embedded An-
chored View: diferent anchor, same view; guest remains 
independently positioned but views a stabilized window of 
the host’s egocentric feed. (d) Out-of-body View: difer-
ent anchor, diferent view; guest drives a free-foating 6-DoF 
drone camera, decoupled from the host. 

5 EXPERIMENTAL METHOD 
We ran a within-subjects experiment to examine how two guest-
controlled view-switching conditions shape user strategies and 
collaborative behaviors when operating VSLs with a shared-body 
avatar. Both tasks required tight coordination between the host and 
guest, emphasizing precision, timing, and role-dependent experi-
ence in dynamic VR scenarios. 

To align with our revised research scope, we address the follow-
ing RQs: 

• RQ1: How do Embedded Anchored View and Out-of-
body View afect subjective workload, fatigue, and physio-
logical responses during collaboration? 

• RQ2: How do Embedded Anchored View and Out-of-
body View infuence self-embodiment (AEQ) for hosts and 
guests? 

• RQ3: How do Embedded Anchored View and Out-of-
body View afect task performance (completion time, errors) 
in dynamic shared-body collaboration when switching is 
initiated from the Shared Embodied View? 

• RQ4: When and why do guests switch between Shared Em-
bodied View ↔ Embedded Anchored View or Shared Em-
bodied View ↔ Out-of-body View as task demands evolve, 
and how are these switches associated with performance 
and experience? 

5.1 Experimental Conditions and Procedure 
5.1.1 Experimental Conditions. We tested two conditions: Shared 
Embodied View↔Embedded Anchored View and Shared Em-
bodied View↔Out-of-body View. In both conditions, tasks began 
in Shared Embodied View; the guest could switch to the condition-
specifc alternative, while the host remained in Shared Embodied 
View throughout. Each session comprised two task runs. Task type 
and condition order were fully counterbalanced across participant 
pairs to mitigate learning efects and fatigue, ensuring each pair 
experienced one run per condition. 

5.1.2 Participants. We recruited 24 participant pairs (48 partici-
pants; 24 female, 24 male; M=22.8 yrs, SD=3.2 yrs; no color vision 
defciencies). This sample size aligns with common practice in HCI 
research involving collaborative VR systems [14]. All participants 
had prior experience with VR [21]. 16 participants reported regular 
VR use, while 32 primarily engaged with VR for entertainment. 
Each participant pair consisted of a host and a guest. 

5.2 Experimental Tasks 
5.2.1 Transportation Task. The frst task simulated a mobile ma-
nipulation scenario commonly encountered in collaborative work 
and human-robot collaboration environments [23, 112, 139, 141], 
as shown in Figure 5 (a,b). In each trial, the participant pair (host 
and guest) started from a designated starting location. Their goal 
was to collaboratively transport colour-coded boxes placed cen-
trally on a table into corresponding target bins distributed across 
a virtual room approximately 6×8 meters in size, populated with 
static obstacles such as tables, walls, and barriers. The host navi-
gated the virtual environment freely by physically walking in the 
tracking space, ensuring balance, obstacle avoidance, and efcient 
positioning, while the guest remotely controlled the VSLs using 
VR controllers, pressing specifc buttons to grasp and release boxes 
accurately, a role distribution consistent with prior collaborative 
robotics studies [39, 146]. To enforce joint action, the boxes were 
designed to be large enough to require two hands to lift and carry, 
mimicking the size and weight of bulky real-world objects. While 
two hands stabilized the load, the remaining two were required to 
interact with the environment by pushing aside obstacles or lifting 
spring-loaded bin covers, creating situations in which all four hands 
had to operate simultaneously. 

This task required continuous collaboration: the host needed 
to provide optimal positioning for the guest’s manipulation tasks, 
whereas the guest had to adapt to continuous perspective shifts 
caused by the host’s movement. The design intentionally intro-
duced continuous demands for spatial navigation and fne-grained 
manipulations, enabling systematic investigation of the impacts 
of dynamic viewpoint control, cognitive load, and collaborative 
efciency in shared-body remote teleoperation scenarios. 
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Figure 5: Task overview: Transportation and Factory. Panels (a–b) depict the Transportation task: (a) colour-coded boxes placed 
on a central table; (b) matching colour-coded bins distributed throughout the VR environment. Panels (c–d) depict the Factory 
task: (c) geometrically distinct holes on a wall panel as precise insertion targets; (d) collaborative insertion of objects (e.g., 
cubes) into the corresponding holes. 

5.2.2 Factory Task. The second task required participants to per-
form precision object manipulation and insertion tasks collabo-
ratively, emphasizing precise spatial coordination and multi-limb 
synchronization [144], as shown in Figure 5 (c,d). In each trial, par-
ticipants simultaneously controlled the avatar’s four hands (two 
controlled by the host and two by the guest) to insert four geomet-
rically distinct objects (e.g., cubes, cones, spheres, and cylinders) 
into corresponding matching holes on a virtual wall panel. Each 
insertion required precise alignment and steady positioning to suc-
ceed; insertion errors included misalignment, improper orientation, 
or unsuccessful attempts. The host controlled the avatar’s loco-
motion and two primary arms, while the guest controlled the two 
extra arms. Clear visual feedback indicated successful insertion. 
To encourage multi-limb synchronization, we designed a timed 
batch-insertion task. All four target holes were always available, 
and participants were asked to complete all insertions before the 
trial time limit expired. The pick-up area and insertion panel were 
spatially separated, encouraging participants to carry multiple ob-
jects per trip when possible. Using all four hands in parallel helped 
reduce walking, minimize idle time between insertions, and im-
prove overall efciency. While not strictly required, coordinating 
all four hands became the most efective strategy for completing the 
task on time. The task specifcally aimed to evaluate how dynamic 
perspective-switching infuenced precision tasks requiring fne mo-
tor coordination, collaborative synchronization, and role-specifc 
embodiment under varying viewpoints. 

5.3 Experimental Data Collection 
To evaluate task performance and switching strategies, we collected 
quantitative data covering subjective embodiment, workload and fa-
tigue, performance metrics, physiological responses, and qualitative 
data through interviews and think-aloud protocols. 

5.3.1 Qalitative Data. We recorded audio and video during the 
think-aloud session and post-task semi-structured interviews as 
qualitative data. 

5.3.2 Performance Measures. Task performance metrics included 
completion time, error rate, and perspective-switching behaviors. In 
the Transportation Task, we recorded completion time (from grasp 
initiation to successful bin placement) and errors (failed grasps, 
drops, or wrong-bin placements). In the Factory Task, we measured 

insertion time per object and recorded insertion errors, which in-
cluded both translational misalignments (incorrect positional of-
sets relative to the target hole) and rotational misalignments (incor-
rect orientation of objects relative to the required target orientation). 
Participants received no performance feedback during trials. 

5.3.3 Subjective Feedback. We administered three standardized 
questionnaires: 

The Avatar Embodiment Questionnaire (AEQ) measured self-
embodiment, consistent with prior work on VR embodiment [41]. 
Following prior SRL-in-VR work that administers AEQ in a pre/post-
adaptation schedule [6], we followed the same timing logic and 
extended it to our two perspective-switching strategies by collect-
ing one pre-adaptation AEQ under Shared Embodied View and 
two post-adaptation AEQ: one after Shared Embodied View→ 
Embedded Anchored View and one after Shared Embodied View 
→ Out-of-body View. 

NASA Task Load Index (NASA-TLX) assessed perceived work-
load (mental, physical, temporal, efort, performance, frustra-
tion) [49]. Visual Analog Scale for Fatigue (VAS-F) measured subjec-
tive fatigue across 18 dimensions [120]. While established measures 
of cybersickness such as the Simulator Sickness Questionnaire 
(SSQ) [75] are available, in this frst study we focused on workload 
(NASA–TLX) and fatigue (VAS–F) as our primary subjective indi-
cators of discomfort in shared viewpoints, to limit questionnaire 
burden and align the scales with our task demands. We acknowledge 
the absence of a dedicated cybersickness instrument as a limitation 
and see it as an important addition for future work. 

5.3.4 Physiological Data - Heart Rate Monitoring. We continu-
ously recorded heart rate data using a Polar H10 chest strap [135], 
known for accuracy and minimal interference with VR [83, 114]. 
Specifcally, we analyzed heart rate variability (HRV) and peak 
heart rate during intensive task phases and critical perspective-
switching events to quantify physiological correlates of subjective 
experience [5, 59]. RR-interval series were preprocessed following 
psychophysiology recommendations [85]. We removed artefact-
contaminated/ectopic intervals, interpolated only short gaps, and 
computed RMSSD in sliding windows during active task periods 
(full parameters in Appendix A). Heart rate variability (HRV) was 
computed using the time-domain RMSSD index (root mean square 
of successive diferences between adjacent NN intervals). Higher 
values indicate lower physiological stress. 
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5.3.5 Procedure. We adopted a fully within-subjects, repeated-
measures design over two consecutive days. Each dyad experi-
enced both collaborative tasks (Transportation and Factory) and 
both switching regimes (Shared Embodied View→ Embedded An-
chored View and Shared Embodied View→ Out-of-body View). 
Tasks were split across days such that each day focused on one 
task, and task order was balanced across dyads (half started with 
Transportation on Day 1 and Factory on Day 2, and the remainder 
received the opposite order). Within each task, the order of the 
two switching regimes was also balanced across dyads so that each 
regime appeared equally often in the frst and second position. For 
each task, the number of targets, spatial layout, and time limits were 
held constant across perspective conditions; only the guest’s view-
point control difered, making task difculty comparable between 
Embedded Anchored View and Out-of-body View. 

Participants frst completed a demographics form, received a 
study briefng, and provided informed consent. We then intro-
duced the switching modes, control mappings, and role division: 
the host managed avatar locomotion and native arms and remained 
in Shared Embodied View; the guest controlled the virtual super-
numerary limbs (VSLs) and initiated perspective switches, which 
occurred only between Shared Embodied View and Embedded 
Anchored View or Out-of-body View. 

Participants completed a 5-minute familiarization session in 
Shared Embodied View to ensure fuency before entering the main 
conditions. We then administered the Avatar Embodiment Ques-
tionnaire (AEQ) to establish pre-condition embodiment. Following 
prior SRL-in-VR work [6], we administered AEQ after each condi-
tion to obtain post-adaptation scores. This enabled both pre–post 
contrasts and condition-level comparisons of self-embodiment. 

Each daily session began with fve minutes of calming music 
(“Zen mode soundtrack” [10]) to minimize participant fatigue, fol-
lowing a similar approach used in prior research examining sensory 
conficts and cognitive fatigue in VR [89]. Short breaks were of-
fered between blocks as needed, and although we did not model 
learning or fatigue efects explicitly, we did not observe obvious 
performance degradation over time. Within each daily session, par-
ticipants performed the assigned task twice, once under each of the 
two perspective conditions (Embedded Anchored View and Out-
of-body View), with the presentation order of these conditions also 
counterbalanced. During task execution, the host controlled the 
avatar’s locomotion and physical arms, while the guest operated the 
VSLs. Verbal communication was encouraged to allow participants 
to articulate strategies and decisions. 

At the end of both perspective conditions, participants removed 
their VR headsets and completed the NASA Task Load Index, 
the Visual Analog Scale for Fatigue, and the AEQ. The study re-
ceived ethics clearance from the Human Research Ethics Committee 
(HREC) of the University of Sydney (2019/553). 

5.4 Data Analysis 
We analysed questionnaire, performance, and physiological mea-

sures using linear and generalised linear mixed-efects models. For 
approximately normal continuous outcomes (e.g., AEQ factors, 
NASA–TLX, VAS–F, completion times) we used Gaussian mod-
els with identity link; for counts and binary outcomes (e.g., errors, 

trial success) we used Poisson or binomial models with log/logit 
links. Unless noted, models included fxed efects of Perspective 
and, where applicable, User Role and Task, and random intercepts 
for participant and dyad plus random slopes for within-subject 
factors when supported by the data. Model diagnostics (residuals, 
Q–Q plots, overdispersion) and full formulas are reported in Sup-
plementary Materials. Results in the main text are summarised as 
estimated marginal means (EMMs) with 95% confdence intervals, 
standardised efect sizes, and �-values for planned contrasts. 

To characterise the sensitivity of our design, we conducted a 
G*Power [33] analysis. For the planned within-subject contrasts 
between Embedded Anchored View and Out-of-body View 
(� = .05, power = .80), our sample of � = 48 provides sensi-
tivity to paired-samples efects of approximately �� ≈ 0.41. For 
the AEQ analysis with three Perspective levels (SEV, EAV, OOB), a 
repeated-measures ANOVA approximation (correlation among re-
peated measures � = .50, � = 1.0) yields a detectable within-subject 
main efect of � ≈ 0.20. For between-role comparisons (Host vs. 
Guest; � = 24 per role), an independent-samples approximation 
indicates 80% power to detect efects of roughly � ≈ 0.80 at � = .05. 
6 RESULTS 
We report quantitative and qualitative fndings addressing our four 
research questions (RQs). RQ1 investigates how perspectives im-
pact subjective workload, fatigue, and physiological responses. RQ2 
explores the efects of visual perspectives on embodiment. RQ3 ex-
amines how diferent perspective strategies afect task performance, 
including completion times and error rates. RQ4 analyzes strategic 
switching behaviours in response to evolving task demands. 

Because of the within-subjects design with repeated measures, 
we used Generalized Linear Mixed Models (GLMMs) to account 
for random efects. We refer to EAV and OOB as the two dynamic 
switching conditions (Shared Embodied View→Embedded An-
chored View, Shared Embodied View→Out-of-body View). For 
all RQs except RQ2, we focus inferential statistics on EAV vs. OOB; 
SEV is plotted as a baseline but excluded from planned pairwise 
comparisons unless noted. Results are presented as estimated mar-
ginal means (EMMs) with 95% confdence intervals (CIs). Full model 
details are available in the Supplementary Materials. 

6.1 Physiological Responses Measures (RQ1) 
Complementing our subjective fndings (RQ1), we report physio-
logical data (HR, HRV) summarized in Figure 6. GLMM analyses 
revealed signifcant efects of Perspective, Task, and Role on both 
peak heart rate and HRV (RMSSD), including Perspective × Task and 
Perspective × Role interactions for peak heart rate (e.g., Perspective 
main efect for hosts in the Transportation baseline: � = −23.0 bpm, 
95% CI [–25.4, –20.6]; Perspective×Task: � = 16.2 bpm, 95% CI [13.3, 
19.0]; Perspective×Role: � = 22.1 bpm, 95% CI [19.2, 24.9]). 

Peak Heart Rate. Participants exhibited signifcantly elevated 
peak heart rates in Out-of-body View compared to Embedded 
Anchored View during the precision-oriented Factory task. This 
efect was more pronounced for guests (���� = 102.6 bpm, 95% CI 
[100.2, 104.9]; ��� = 87.3 bpm, 95% CI [85.0, 89.7]; Δ� = 15.3 bpm, 
� < .05). For hosts, Factory showed a small but reliable elevation 
under Embedded Anchored View relative to Out-of-body View 
(��� = 115.4 bpm, 95% CI [113.0, 117.8]; ���� = 108.6 bpm, 95% 
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Figure 6: Physiological responses for hosts and guests under Embedded Anchored View and Out-of-body View across two 
diferent tasks. (a) HRV (RMSSD), a time–domain index of heart-rate variability. (b) Peak heart rate (bpm) by role and task. 
(c) Event-triggered heart rate aligned to perspective switches from the Shared Embodied View to the target view (Shared 
Embodied View → Embedded Anchored View or Shared Embodied View → Out-of-body View). * indicates p < .05 and ** 
indicates p < .01. 

CI [106.2, 110.9]; Δ� = 6.8 bpm, � < .05). In the navigation-focused 
Transportation task, hosts showed signifcantly higher peak heart 
rates in Embedded Anchored View (��� = 118.4 bpm, 95% CI 
[116.1, 120.8]) than Out-of-body View (���� = 95.4 bpm, 95% 
CI [93.1, 97.8]; Δ� = 23.0 bpm, � < .05), while guests showed 
no reliable diference (��� = 90.4 bpm, 95% CI [88.0, 92.7] vs. 
���� = 89.4 bpm, 95% CI [87.1, 91.8]; Δ� = 1.0 bpm, � > .05). 

Heart Rate Variability (RMSSD). We observed a signifcant 
Perspective × Role interaction (� = 5.0 ms, 95% CI [0.4, 9.6]). For 
guests, RMSSD was higher in Out-of-body View (� = 42.5 ms, 95% 
CI [40.2, 44.8]) than in Embedded Anchored View (� = 35.7 ms, 
95% CI [33.4, 38.0]; Δ� = 6.8 ms, � < .05), indicating lower physi-
ological stress in the observer perspective. For hosts, RMSSD was 
also higher in Out-of-body View than in Embedded Anchored 
View (���� = 27.3 ms, 95% CI [25.0, 29.6]; ��� = 25.4 ms, 95% CI 
[23.2, 27.7]), although the magnitude of the diference was modest. 

Event-triggered heart-rate analyses confrmed a signifcant im-
mediate increase when switching from Embedded Anchored View 
to Out-of-body View (+11.1 bpm, 95% CI [9.0, 13.2], � < .01), 
highlighting the anticipatory cognitive demand associated with 
viewpoint adjustments. 

These physiological results corroborate our subjective fndings, 
showing that Out-of-body View reduced physiological stress and 
arousal compared to Embedded Anchored View, particularly for 
guests. This supports RQ1 by highlighting how observer perspec-
tives can mitigate workload during collaboration. 

6.2 Workload and Fatigue Analysis 
This analysis addresses RQ1 by comparing subjective workload and 
fatigue between Embedded Anchored View and Out-of-body 
View across task and role conditions, as shown in Figure 7. GLMMs 

revealed signifcant Perspective × Task and Perspective × Role 
interactions for workload (NASA-TLX). During the Factory task, 
both hosts and guests reported higher workload in Out-of-body 
View compared to Embedded Anchored View (�<.05 for hosts, 
�<.001 for guests; Δ=12.03, 95% CI [8.02, 16.04] for hosts; Δ=17.35, 
95% CI [13.27, 21.43] for guests; hosts: Out-of-body View = 57.60 
± 5.87, Embedded Anchored View = 45.57 ± 4.29; guests: Out-of-
body View = 54.58 ± 5.06, Embedded Anchored View = 37.23 ± 
5.30). For the Transportation task, no reliable workload diference 
was observed for guests (�>0.10; Δ=4.77, 95% CI [0.95, 8.58]; Out-
of-body View = 48.95 ± 5.66, Embedded Anchored View = 44.18 ± 
4.52), whereas hosts reported signifcantly higher workload in Out-
of-body View than Embedded Anchored View (�<.05; Δ=4.82, 
95% CI [4.82, 4.82]; Out-of-body View = 53.17 ± 5.16, Embedded 
Anchored View = 48.35 ± 4.95). 

For subjective fatigue (VAS-F), guests reported signifcantly 
higher fatigue in Out-of-body View than Embedded Anchored 
View during both Factory (�<.05; Δ=3.25, 95% CI [0.05, 6.45]; Out-
of-body View = 22.65 ± 4.99, Embedded Anchored View = 19.40 
± 2.67) and Transportation (�<.001; Δ=2.67, 95% CI [0.25, 5.09]; 
Out-of-body View = 27.22 ± 4.97, Embedded Anchored View = 
24.55 ± 5.11). For hosts, we observed signifcantly higher fatigue 
in Embedded Anchored View than Out-of-body View during 
Transportation (�<.05; Δ= − 16.46, 95% CI [-19.84, -13.08]; Embed-
ded Anchored View = 42.67 ± 4.92, Out-of-body View = 26.21 ± 
3.71), and a marginally higher fatigue during Factory, although the 
efect did not reach signifcance (�>0.05; Δ= − 12.96, 95% CI [-15.29, 
-10.63]; Embedded Anchored View = 37.77 ± 3.35, Out-of-body 
View = 24.81 ± 4.99). 

Together, these results support RQ1 by showing that Out-of-
body View can increase perceived workload and fatigue for guests, 
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whereas hosts experience more fatigue under Embedded Anchored 
View, particularly in navigation-intensive tasks. This highlights a 
role-dependent divergence in how perspective afects burden. 

Fatigue (VAS–F). For guests, fatigue was higher in Out-of-body 
View than in Embedded Anchored View in the Factory task 
(�<.05; Δ=3.25, 95% CI [0.05, 6.45]), and showed the same direction 
without reaching signifcance in Transportation (�>0.10; Δ=2.67, 
95% CI [0.25, 5.09]), consistent with Fig. 7(b)(c). For hosts, fatigue was 
higher in Embedded Anchored View than in Out-of-body View 
during Transportation (�<.05; Δ= − 16.46, 95% CI [-19.84, -13.08]), 
and showed no reliable diference in Factory (�>0.10; Δ= − 12.96, 
95% CI [-15.29, -10.63]), matching Fig. 7(a)(d). 

6.3 Embodiment Questionnaire Analysis (RQ2) 
RQ2 examines how perspective-switching strategies shape subjec-
tive embodiment. AEQ ratings were collected immediately before 
and after each perspective-switch condition, following standard 
practice in VR embodiment research [6]. Factor scores were com-
puted as the mean of their constituent items:Í 

Item Scores 
Factor Score = 

Number of Items per Factor 
. 

We analysed factor scores with linear mixed-efects models 
(lme4 [7]; lmerTest [84]), including fxed efects of Perspective, User 
Role (host vs. guest), and Embodiment Factor, and by-participant 

random intercepts with random slopes for within-subject fac-
tors. Degrees of freedom for fxed efects were estimated via the 
Kenward–Roger method [76]; omnibus tests are reported as Type-
III � statistics, and post-hoc pairwise contrasts were computed with 
emmeans [86] using Tukey adjustment [54]. 

We observed a main efect of Perspective (� < .001) and Embod-
iment Factor (� < .01), and a Perspective×User Role interaction 
(� < .001). Post-hoc comparisons aligned with Fig. 8: across fac-
tors, Shared Embodied View yielded the highest embodiment, 
Embedded Anchored View was intermediate, and Out-of-body 
View was lowest. For guests, body ownership and presence were 
higher in Shared Embodied View than in Out-of-body View 
(�SEV = 4.47, �� = 0.97 vs. �OOB = 3.52, �� = 1.04; both Tukey 
� < .001). corresponding to a large standardised mean diference 
of approximately � = 0.94, 95% CI [0.34, 1.53]. For hosts, agency 
was higher in Shared Embodied View than in Embedded An-
chored View (�SEV = 4.26, �� = 0.94 vs. �EAV = 3.72, �� = 1.01; 
Tukey � < .001); corresponding to a moderate standardised mean 
diference of approximately � = 0.60, 95% CI [0.37, 0.82]. 

These fndings answer RQ2 by showing that self-embodiment is 
perspective- and role-dependent: Out-of-body View reduces both 
presence and ownership, particularly for guests, while Embedded 
Anchored View improves embodiment relative to Out-of-body 
View, but remains lower than the Shared Embodied View. 
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6.4 Task Performance Analysis (RQ3) 
Here, we answer RQ3 by examining task performance metrics 
across diferent perspective modes. Task completion times and 
error rates were analyzed using GLMMs with gamma and Pois-
son distributions respectively (random intercept for participant 
ID). Results are summarized in Figure 9 (a,b). Participants com-
pleted the Transportation task signifcantly faster in Out-of-body 
View (� = 15.5, s, �� = 1.2) than in Embedded Anchored View 
(� = 22.6, s, �� = 1.7; � = 6.64, � < .001). with the GLMM indi-
cating an estimated time ratio of ≈ 0.69, 95% CI [0.55, 0.84] (i.e., 
about 31% faster in Out-of-body View). In contrast, completion 
times for the Factory task did not difer reliably between perspec-
tives (� = .07). In the Factory task, signifcantly fewer errors were 
observed in Out-of-body View (� = 3.4, �� = 0.5) than in Em-
bedded Anchored View (� = 4.4, �� = 0.6; � = −2.49, � < .05). 
The Transportation task yielded no statistically reliable diference 
in error rate. 

In answering RQ3, our results suggest that the observer perspec-
tive (Out-of-body View) ofers performance advantages under 
diferent demands: faster navigation in dynamic tasks (Transporta-
tion) and fewer errors in precision tasks (Factory). 

6.5 Perspective Switching Behaviors (RQ4) 
To address RQ4, we examined how participants strategically 
switched perspectives during tasks. As shown in Figure 9(c), only 
guests could initiate perspective switches. Following prior work 
in collaborative HRI/VR [15, 96, 124], each trial was segmented 
(from logs) into three phases: precision (near-body manipulation), 
navigation (locomotion/wayfnding), and remote response (reacting 
to host movement or environment events). 

• Navigation phase: host locomotion (>1.5s continuous mo-
tion), no active VSL control from guest. This phase aligns 
with “approach” in handover models [15]. 

• Precision-focused subtasks: stationary host, active VSL 
grasp/place attempts by guest. These represent the “manipu-
lation” phase typical in object transfer tasks [96]. 

• Remote-response events: short guest-initiated viewpoint 
switches in response to unexpected host movement (e.g., 
rotation, misalignment). These refect reactive perspective 
adjustments during miscoordination or disorientation [82]. 

We modeled switch frequency with a GLMM (Poisson; random in-
tercepts for participant), revealing strong modulation by task phase. 
Guests switched predominantly to Embedded Anchored View 
during precision subtasks (� = 4.20, �� = 0.30, 95% CI [3.61, 4.79], 
�<.01), and to Out-of-body View during navigation (� = 4.89, 
�� = 0.31, 95% CI [4.28, 5.50], �<.05). For remote-response moments, 
guests again preferred Out-of-body View (� = 3.17, �� = 0.32, 
95% CI [2.54, 3.80]; �<.05 versus other views). Switching while 
in Shared Embodied View was rare (median ≈ 1 across phases), 
indicating little perceived need to change away from the baseline 
shared frst-person view except when task demands shifted. 

These fndings answer RQ4 by showing that guests adaptively 
switch perspectives based on phase-specifc demands, preferring 
Embedded Anchored View for close manipulation and Out-of-
body View for navigation and rapid corrections. This indicates that 
switching behaviors are tightly coupled to functional needs and 
task context. 

6.6 Qualitative Findings 
We conducted an inductive thematic analysis [11] to explore partic-
ipants’ experiences with VSLs operation and perspective-switching 
during collaborative tasks. This analysis aimed to identify inter-
action strategies, user preferences, and challenges in managing 
viewpoint shifts and VSLs control. Two independent coders ana-
lyzed interview transcripts, achieving good inter-rater reliability 
(Cohen’s Kappa, � = 0.78). 
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Following Braun and Clarke’s framework [12], we initially famil-
iarized ourselves with the data by reviewing interview transcripts 
and noting key insights. During initial coding, we labeled relevant 
segments related to strategies, cognitive load, viewpoint prefer-
ences, spatial awareness, and collaborative challenges. Independent 
coding was followed by joint discussions to consolidate these codes 
into initial themes. 

Iterative refnement grouped codes into four broader themes: “Vi-
sual Decoupling and Embodiment”, “Prior Experience and Perspec-
tive Adaptation”, “Strategies for Managing Perspective Switching”, 
and “Emergent Communication through Gestures”. These themes 
structured our understanding of participants’ adaptive behaviors, 
cognitive demands, and collaboration strategies during dynamic 
perspective switching in VSLs supported VR teleoperation. 

The following sections detail these themes, illustrating partic-
ipants’ approaches to viewpoint control, collaboration strategies, 
and adaptations to dynamic teleoperation demands. 

6.6.1 Role-asymmetric Embodiment Trade-ofs. As previously in-
troduced, Visual Decoupling refers to the guest’s adoption of an inde-
pendent external perspective (Out-of-body View), decoupled from 
the host’s visual alignment. Initially, based on prior research [41], 
we hypothesized that visual decoupling would negatively impact 
users’ sense of embodiment due to the visual and proprioceptive 
mismatch. However, hosts overwhelmingly reported an enhanced 
sense of embodiment when their remote partners adopted the Out-
of-body View, emphasizing a feeling of freedom and control over 
their movements. 

Several hosts explicitly mentioned that they felt less inhibited 
when their partners were not visually coupled to their head move-
ments. For example, one participant stated: “I felt comfortable mov-
ing naturally without constantly worrying” (host, P17). Specifcally, 
hosts were concerned that their own head movements or sudden 
turns could cause visual instability or discomfort for their remote 
partners, which often made them overly cautious and hesitant dur-
ing collaboration. When freed from these concerns, they reported 
increased confdence and spontaneity in their movements, con-
tributing to a stronger sense of ownership over the shared body. 

In contrast, guests generally reported reduced self-embodiment 
in the Out-of-body View, often describing a sense of detachment: 
“felt like watching myself from outside” (guest, P19). This was attrib-
uted to the lack of visual alignment with their avatar’s frst-person 
perspective, which made it harder to associate with the embodied 
body. One guest described: “When I was not seeing through the 
avatar’s eyes, it didn’t feel like it was me moving.” We interpret 
this divergence as a role-dependent trade-of: for hosts, the removal 
of visual coupling alleviated their self-imposed constraints and 
enabled greater natural movement and self-ownership; for guests, 
the visual decoupling created psychological distance and disrupted 
the integration of the avatar into their body schema. These asym-
metrical embodiment efects reveal that Out-of-body View can 
simultaneously enhance host autonomy while disrupting guest self-
identifcation with the avatar. Consistent with this interpretation, 
RMSSD-based HRV did not show large role-specifc divergences 
across perspectives, suggesting that these embodiment trade-ofs 
are primarily driven by visual coupling and perceived responsibility 
rather than gross diferences in physiological arousal. 

6.6.2 Importance of Gaming Experience over VR Experience. Par-
ticipants with extensive gaming experience adapted more rapidly 
to Out-of-body View than those with mainly non-gaming VR 
backgrounds. Several participants linked this to prior fuency in 
third-person or drone-style games. One noted, “This view feels just 
like controlling a game character in third-person games” (guest, P8), 
while another commented, “I like playing games. The drone one felt 
like a game” (guest, P10). These users consistently described Out-
of-body View as intuitive and familiar, citing spatial awareness 
and mental models shaped by gaming. 

In contrast, participants with strong VR experience but limited 
gaming backgrounds struggled more with the externally detached 
spatial perspective. One such participant shared, “I kept getting 
disoriented” (guest, P15), attributing their discomfort to the lack of 
visual alignment and direct embodiment. These fndings suggest 
that gaming, rather than general VR use, better equips users to op-
erate within non-egocentric, third-person viewpoints, as common 
in the Out-of-body View condition. 

These contrasting patterns highlight that prior gaming expe-
rience, particularly with third-person perspectives, plays a more 
critical role than general VR familiarity in shaping users’ ability to 
navigate detached viewpoints like Out-of-body View. 

6.6.3 Strategic Minimization of Perspective Switching. Though we 
initially hypothesized that frequent perspective switching would 
improve task performance, several participants (N =6) reported de-
liberately minimizing their switches to maintain focus and reduce 
mental fatigue. As one guest explained, “I found fewer switches 
kept me focused” (P3). These participants described a strategy of 
limiting perspective changes to key task transitions, citing benefts 
such as reduced cognitive load and sustained concentration. 

In contrast, a smaller group adopted a high-frequency switching 
strategy, believing it improved their situational awareness. One 
such participant remarked, “I needed diferent perspectives to man-
age diferent tasks better” (guest, P11). Although these users ac-
knowledged the added cognitive efort and occasional disorien-
tation, they perceived the benefts of enhanced task visibility as 
outweighing the costs. 

Together, these divergent strategies highlight individual difer-
ences in managing cognitive resources and suggest that perspective-
switching preferences may depend on thresholds for mental load 
and spatial tracking. Consistent with this, our HRV analysis 
(Sec. 6.1) shows perspective-dependent diferences between trials 
with more versus fewer switches, suggesting that these strategies 
are associated with diferences in physiological efort. 

6.6.4 Emergence of Natural Gesture-Based Communication Strate-
gies. A spontaneous, non-verbal communication strategy emerged 
in some participant pairs (N=18), particularly those who relied heav-
ily on Out-of-body View. “I use robotic arm gestures to explain” 
(guest, P30). These pairs developed gesture-based conventions to 
complement or replace verbal instructions, often describing this as 
more efcient and natural than speech alone. 

However, not all dyads adopted this strategy. “We kept mis-
understanding each other, so we stuck with verbal instructions” 
(guest, P14). Some participants found gestures ambiguous or lacked 
confdence in their clarity. Thus, while gesture-based interaction 
emerged organically under visual decoupling, it was not universal. 
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Taken together, these fndings suggest that gesture-based com-
munication strategies may emerge organically, shaped by spatial 
alignment, mutual visibility, and the degree of interpersonal trust. 

7 DISCUSSION 
Our study examined how guest-driven perspective switching 
(Shared Embodied View↔ Embedded Anchored View, Shared 
Embodied View↔ Out-of-body View) strategies infuence perfor-
mance, embodiment, workload, and adaptive user behaviors in col-
laborative VR teleoperation. Results revealed clear task-dependent 
performance advantages (RQ1), distinct role-specifc embodiment 
preferences (RQ2), and notable efects on workload and physiologi-
cal responses (RQ3). Additionally, we identifed strategic viewpoint-
switching patterns aligned with evolving task demands (RQ4). 

7.0.1 Reducing Workload and Physiological Strain through Perspec-
tive Design (RQ1). Our fndings clearly demonstrate that perspective 
choice signifcantly infuences subjective workload and physiologi-
cal strain. The Out-of-body View efectively reduces users’ per-
ceived fatigue (VAS-F) and workload (NASA-TLX) during dynamic 
tasks, confrmed by elevated RMSSD and reduced heart rate. Con-
versely, despite enhancing embodiment, the Embedded Anchored 
View unexpectedly increased cognitive and physiological burden, 
likely due to continuous visual stabilization demands. These results 
extend previous fndings [73] by providing integrated subjective 
and physiological evidence. Our study highlights a key design trade-
of between spatial embodiment and physiological comfort, sug-
gesting designers dynamically balance perspectives, prioritizing the 
Out-of-body View during intensive tasks and carefully managing 
usage duration of the Embedded Anchored View. Additionally, 
as several guests reported avoiding perspective switches to stay 
focused (Section 6.6.3), we propose intelligent guidance mecha-
nisms to help minimize unnecessary switching. Future work should 
evaluate such mechanisms in realistic settings. 

7.0.2 Balancing Embodiment and Spatial Awareness: Role-specific 
Considerations (RQ2). Our fndings reveal signifcant role-specifc 
diferences regarding embodiment and spatial awareness across 
perspectives. Hosts experienced heightened agency and ownership 
primarily within the Shared Embodied View, benefting from a 
coherent frst-person grounding, whereas Embedded Anchored 
View aided fne control near the body. Guests reported stronger 
embodiment in the Shared Embodied View, but preferred the 
Out-of-body View for better spatial awareness and stable control 
during navigation. This extends prior work [36], explicitly iden-
tifying distinct user needs based on collaborative roles. Critically, 
we found a clear design tension: the Out-of-body View enhanced 
spatial cognition but diminished guest’s sense of embodiment and 
increased perceived efort in some tasks, consistent with prior stud-
ies highlighting the impact of visual–body mismatches [20]. To 
mitigate this trade-of, we recommend adaptive, role-specifc view-
point strategies to dynamically balance embodiment and spatial 
awareness. Future work should validate role-dependent efects in 
more complex, real-world scenarios. 

7.0.3 Optimizing Collaborative Performance through Adaptive Per-
spective Switching (RQ3, RQ4). Our results demonstrated clear task-
dependent advantages for each perspective mode. Specifcally, the 

Out-of-body View signifcantly improved performance in navi-
gation tasks compared to the Embedded Anchored View (RQ3), 
confrming prior insights regarding third-person benefts for spatial 
awareness [43, 61]. However, unlike previous studies, we explicitly 
quantifed these perspective efects across diverse collaborative 
scenarios. Role-specifc embodiment diferences emerged, with host 
users reporting greater agency and ownership in the Shared Em-
bodied View, and guest experiencing stronger embodiment in the 
Shared Embodied View but better spatial orientation in the Out-
of-body View (RQ2), extending previous research [37]. Moreover, 
our subjective and physiological data indicate a trade-of: Out-of-
body View was associated with lower physiological stress for guests 
(higher RMSSD) but higher subjective fatigue/workload in certain 
contexts (e.g., higher NASA–TLX in Factory, and higher host work-
load during Transportation), while Embedded Anchored View 
supported near-body stability without the same spatial overview. 
Qualitative analysis also identifed strategic user-driven viewpoint 
switching aligned with dynamic task demands (RQ4). 

7.1 Implications for the Design of Collaborative 
Teleoperation Systems 

Our fndings provide clear practical implications for designing col-
laborative VR teleoperation systems, emphasizing adaptive perspec-
tive selection to balance performance, user comfort, and cognitive 
load. Specifcally, the Out-of-body View improves spatial naviga-
tion and reduces cognitive strain, while the Embedded Anchored 
View enhances precision and embodiment. We specifcally high-
light previously overlooked cognitive and physiological costs asso-
ciated with frequent viewpoint switching, recommending adaptive 
guidance to address these trade-ofs. Our practical guidelines are 
outlined in the Table 2. 

Consider future high-stakes settings where space is con-
strained but expert intervention is critical, such as tele-supported 
surgery [95, 113] or in-situ aircraft maintenance [53, 69]. A lo-
cal generalist could maintain the mobility and support functions 
while a remote specialist “inhabits” the same body for specialized 
tasks manipulation, relying on an Embedded Anchored View-
like stabilized view that supports tasks that needs precision. In 
such cases, periodically switching to the Out-of-body View may 
help maintain spatial awareness and reduce strain, making inter-
faces proactively recommend viewpoint transitions based on task 
demands. In sports coaching, such as dynamic rugby drills, the 
Out-of-body View can efectively reduce discomfort during rapid 
movements, while detailed skill training benefts from stabilized 
visual feedback provided by the Embedded Anchored View. De-
signing seamless, context-aware switching interfaces can minimize 
cognitive load, improving coaching efectiveness. Similarly, in indus-
trial safety contexts, adaptive perspective selection can signifcantly 
enhance hazard detection and precise manipulation tasks. Rapid, 
intuitive perspective switching combined with context-sensitive 
hazard alerts can optimize both safety and efciency. 

Finally, although our study operates in a purely virtual environ-
ment, the perspective trade-ofs we identify are directly relevant to 
emerging teleoperation systems built on AI-based 3D world models 
and digital twins [77, 142]. As AI-based 3D world models and digital 
twins mature, remote operators will work inside persistent virtual 
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Table 2: Design Suggestions for Perspective Switching and Embodiment Cues. Rows marked † are directly grounded in our 
study fndings, whereas rows marked ‡ are forward-looking design opportunities extrapolated from these fndings. 

Adaptive Viewpoint Recommendations 

Design Focus Main Finding Design Suggestions 

Task-based Adaptive Switching† (Section 7.0.3) Out-of-body View aided navigation; in 
precision phases guests preferentially 
chose Embedded Anchored View; fre-
quent switching increased cognitive load 
for some. 

Automatically recommend optimal view-
points based on real-time task context. 
Provide minimal yet clear alerts for view-
point transitions. 

Intelligent Switching Cost Alerts‡ (Section 7.0.1) Users were unaware of cognitive costs in-
curred by frequent viewpoint switching, 
leading to unnecessary cognitive strain. 

Introduce subtle, predictive visual or au-
ditory indicators informing users about 
switching costs; ensure alerts are concise 
and unobtrusive. 

Role-Specifc Embodiment Optimization 

Embodiment Interfaces† (Section 7.0.2) 

Embodiment Reinforcement Cues† (Section 7.0.2) 

Hosts benefted when guests used an-
chored views; guests needed fexible 
views (Shared Embodied View or Out-
of-body View) 
Users experienced reduced embodiment 
due to inconsistent avatar-body align-
ment cues, especially during transitions. 

Provide diferentiated interfaces and dis-
tinct embodiment cues tailored to host 
and guest. Clearly diferentiate avatar 
alignment visuals. 
Implement dynamic real-time IK-based 
visualizations of limb alignment. Use se-
lective limb highlighting to reinforce em-
bodiment and user agency. 

Visual Stability and Emergency Response 

Visual-Stability Enhancement† (Section 7.0.1) 

Rapid Emergency Switch‡ (Section 7.1) 

Rapid or frequent viewpoint transitions 
caused visual instability and discomfort, 
negatively impacting user comfort and 
performance. 
Situational hazards required rapid spa-
tial reassessment; delayed perspective 
switches negatively impacted safety and 
performance. 

Utilize adaptive smoothing techniques 
during perspective transitions; dynami-
cally adjust smoothing intensity accord-
ing to user physiology (e.g., HRV). 
Design intuitive rapid perspective-
switching gestures or single-click 
mechanisms for emergency use; ensure 
clear visual afordances minimize false 
activations. 

replicas of physical workspaces, moving through the scene inde-
pendently of the robot’s physical camera pose [74, 77, 107, 142]. In 
such systems, Out-of-body View-like views can be implemented 
as world-locked virtual cameras, while Shared Embodied View 
and Embedded Anchored View correspond to avatar-locked and 
portal-like views. Our results suggest that these interfaces should 
expose multiple coupled and decoupled viewpoints aligned with 
task phases, and manage switching costs through predictive cues 
or semi-automatic camera positioning, even when specifc robot 
kinematics are abstracted away. 

7.2 Limitations and Future Work 
Our study was conducted within a controlled laboratory environ-
ment, which may limit the generalizability of fndings to real-world 
scenarios characterized by more unpredictable factors and com-
plex interactions. Additionally, our participant pool predominantly 
consisted of university students, who might possess relatively uni-
form demographic characteristics, familiarity with VR systems, and 
cognitive strategies. Future research should include a broader and 

more diverse participant population, along with testing under more 
ecologically valid conditions, to better assess the robustness and 
applicability of our perspective-switching approach. 

We also did not administer the Simulator Sickness Questionnaire 
(SSQ), relying instead on workload (NASA–TLX), fatigue (VAS–F), 
and HRV as proxies for discomfort in shared viewpoints. We inter-
pret these discomfort-related fndings as subjective and physiologi-
cal strain rather than a standardized measure of simulator sickness, 
because SSQ was not collected. Future work should incorporate 
standardized cybersickness measures to facilitate fner-grained com-
parison across VR studies. We did not run an a priori power analysis 
for our mixed-efects design; a conservative dyad-level sensitivity 
check (paired comparison, two-sided �=.05, � =24) suggests the 
study is powered (∼80%) to detect efects around � ≈ 0.60, so smaller 
efects may be underpowered. A further limitation concerns the 
formative study: its short interaction duration (two fve-minute 
trials) primarily surfaces early coordination breakdowns. Longer 
usage periods may reduce role confusion and improve synchroni-
sation as partners adapt to one another. In extended pilot testing, 
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we observed similar adaptation efects, with guest users becoming 
more anticipatory of the host’s movement patterns over time. 

While VR provided an accessible [87, 88, 138] and controlled en-
vironment for investigating perspective switching interactions in 
shared-body teleoperation scenarios involving VSLs, we acknowl-
edge that our fndings remain speculative regarding applicability 
to physical robotic implementations. Although previous research 
suggests transferability from virtual to real-world systems [6, 70], 
the specifc dynamics of perspective-switching behaviors and col-
laborative interactions identifed here may difer signifcantly when 
physical robotic limbs and real-world constraints are introduced. 
Therefore, our results should be validated through future studies 
using physical prototypes before generalizing these insights to 
practical teleoperation applications. 

From an implementation perspective, recent toolkits for rapid 
wearable sensing and on-body feedback prototyping [31, 143, 150], 
together with fast fabrication pipelines for instrumented textiles 
and 3D-printed sensors and actuators [18, 26, 27, 44, 108, 109, 131, 
147–149], make it increasingly practical to integrate proximity-
aware sensing and lightweight pre-cue or hazard signaling into 
future SRL mounts or garments, complementing rapid perspec-
tive switching with anticipatory safety cues rather than relying 
on vision alone. More broadly, prior work on interactive AI and 
wearable/on-body systems suggests that trust is calibrated through 
legible system state and low-cost opportunities to reclaim con-
trol rather than maximal autonomy [32, 34, 62–67]; in our setting, 
guest-driven perspective switching serves as a similarly lightweight, 
reversible mechanism for negotiating control boundaries as task 
demands shift. 

8 CONCLUSION 
We explored dynamic, guest-driven perspective switching in shared-
body VR teleoperation with virtual supernumerary limbs (VSLs). 
Building on a formative study that identifed locomotion- and 
coordination-related challenges under fxed frst-person viewing, 
we implemented two switching conditions: Shared Embodied 
View↔Embedded Anchored View and Shared Embodied View 
↔Out-of-body View. A within-subjects study (N=48) showed that 
Out-of-body View supports navigation and reduces errors, while 
Embedded Anchored View is preferred for near-body manipu-
lation phases, with hosts reporting stronger agency. Completion 
times showed no reliable diference across views, but Out-of-body 
View yielded fewer errors in the Factory task. Together, these fnd-
ings yield practical, role- and phase-aware design guidelines for 
optimizing collaborative performance, comfort, and embodiment 
in mobile shared-avatar VSL systems. 
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A Physiological Data Processing Details 
Signal source and export. Heart activity was recorded con-
tinuously with a Polar H10 chest strap. We logged the device-
provided inter-beat interval (IBI/RR) stream via Bluetooth Low 
Energy throughout each trial and exported the timestamped RR 
series for ofine processing. Analyses were performed on normal-
to-normal (NN) intervals derived from the RR stream. 

Artefact handling and NN reconstruction. RR series were 
preprocessed following recommended HRV workfows [85]. We 
removed (i) biologically implausible intervals and dropouts (e.g., 
extremely short/long RR values indicating missed or extra detec-
tions) and (ii) transient artefacts identifed as outliers relative to 
local beat-to-beat dynamics. Short gaps created by artefact removal 
were linearly interpolated to preserve continuity for window-based 
HRV estimation, while longer discontinuities were excluded from 
HRV computation. All HRV metrics reported in the paper were 
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computed only from contiguous NN segments that satisfed the 
minimum window-length requirement described below. 

Windowing for HRV. HRV was computed over active-task 
periods using contiguous analysis windows of at least 60 s (mini-
mum duration per window), consistent with common practice for 
time-domain HRV when task segments are short [85]. When a trial 
segment exceeded 60 s, we computed HRV on consecutive windows 
and then aggregated to one value per participant × condition by 
averaging across valid windows within that segment. 

RMSSD computation. We used RMSSD as the primary time-
domain HRV index: vut 

�∑−11
RMSSD = (� ��+1 − � �� )2 . 

� − 1 
�=1 

RMSSD was chosen because it is widely used in psychophysiology, 
is comparatively robust to slow trends in heart rate, and refects 
short-term vagal modulation [85]. Higher RMSSD values indicate 
lower physiological stress/arousal. 

Peak heart rate and event-triggered analysis. Peak heart 
rate was extracted within the same active-task segments as the max-
imum observed heart rate during the segment. For event-triggered 
analyses, we time-aligned the heart-rate stream to perspective-
switch timestamps from system logs and summarized heart rate 
in a short post-switch window; these event-level summaries were 
then modeled as a function of switch direction (e.g., Embedded 
Anchored View→ Out-of-body View vs. Out-of-body View→ 
Embedded Anchored View) and role. 
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