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Abstract. In real-world co-located collaboration each collaborator sees
the workspace from their own viewpoint. This can hinder collaboration
when collaborator A refers to a part of the workspace that collaborator B
cannot see due to occlusions. The usual solution is for B to move around
to assume a viewpoint similar to that of A. This is inefficient, as it takes
time and effort for B to move around, and it is also ineffective, as it dis-
rupts the natural collaboration flow. We introduce PeriViewMR, a mixed
reality (MR) approach that alleviates the viewpoint difference between
two collaborators to enable efficient and effective real-world co-located
collaboration. Both collaborators wear an MR headset in passthrough
mode. Collaborator A continues to see the workspace as usual, from
their own perspective. However, collaborator B sees a composite view
that seamlessly integrates their own near-field perspective with A’s far-
field perspective. This allows B to see where A is pointing, without mov-
ing. At the same time, B can turn towards A for a natural conversation.
PeriViewMR provides a multi-perspective stereoscopic visualization of a
real-world scene in real time. An initial within-subjects user study (N
= 27) showed that PeriViewMR significantly improved task completion
time and correctness. A follow-up study (N = 14) with authentic peer
collaboration showed a large accuracy improvement with good usability
and no cybersickness concerns.

Keywords: Real-world collaboration + Co-located collaboration -
Occlusion - MR interfaces - Stereoscopic continuous real-world -
Perspective sharing

1 Introduction

Consider two collaborators standing beside each other in front of a real-world
scene. This scenario is common in practical applications such as examining large
machinery, where technicians must inspect multiple components at once—one
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Collaborator A Collaborator B,

Fig. 1. Collaborators A and B are standing side by side, B right of A, facing the door of
an office, as shown in (a). B cannot see the person in front of the desk in the room, but A
can, as shown respectively in (b) and (c). PeriViewMR provides B with a visualization
of the scene projected onto the door frame that integrates the perspective of A as
shown in (d); the visualization shows B’s perspective up to a vertical plane, where it
switches from B to A with visual continuity at the bottom; using the PeriViewMR
visualization, B can see the part of the scene hidden behind the walls. The images are
actual frames from A and B’s MR headsets, running in passthrough mode.

may monitor control panels while another observes internal mechanisms through
an access port on the opposite side. Other use cases arise in safety-constrained
environments, such as power plants, chemical facilities, or construction sites,
where workers cannot freely reposition due to hazardous zones, moving equip-
ment, or confined spaces [10]. Similarly, accessibility scenarios benefit from per-
spective sharing: a wheelchair user collaborating with a standing colleague may
face occlusions from furniture or equipment at different heights, and physical
repositioning may be impractical or impossible. Emergency response scenarios,
where first responders must coordinate while maintaining safe positions behind
barriers, represent another domain where eliminating the need to move for visual
alignment provides substantial benefit. Collaborator A refers collaborator B to
an element of interest of the scene, i.e., a target. Since A and B have different
viewpoints, it can happen that B does not see the target due to occlusions. The
typical solution is for B to take a few steps towards A to assume a viewpoint as
close as possible to that of A, in the hope of seeing the target. The solution is
inefficient, as it takes time and effort for B to assume a viewpoint that approx-
imates that of A. Collaboration is also hindered by the fact that now A and B
are not in the natural side by side collaboration position that allows them to
alternate between looking at each other and looking at the scene. The solution is
particularly ineffective when the scene is dynamic and the target is only visible
for a short amount of time—B is highly unlikely to see such a transient target
that disappears by the time B is able to assume A’s viewpoint.

In this paper we introduce PeriViewMR, a mixed reality (MR) approach for
efficient collaboration in real-world scenes. PeriViewMR allows two collaborators
standing side by side to see each other as usual, by turning their head towards
each other, but also to see the scene from the same perspective when looking
forward, which avoids scene visualization mismatches due to occlusions. PeriV-
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tewMR works by providing collaborator B with a composite visualization that
shows the scene from their perspective up to a fixed virtual wall (the perspective
switching plane, placed during setup at a chosen distance from the collaboration
area), and then from the perspective of A beyond that. Collaborator A sees the
scene as usual, from their own perspective. Figure 1 illustrates our method. Col-
laborator B does not have line of sight behind the office wall to see the person
and the computer screen (b). A does have line of sight behind the wall through
the open door (¢), and if A refers to a target in this hidden region, B will not
be able to see it. The PeriViewMR visualization (d) shows the scene up to the
vertical plane from the perspective of B and then from the perspective of A
beyond that. This way, B can see any workspace target that A sees, while still
being able to turn to the left, for example to talk to A. The supplementary video
shows the visualization in motion.

PeriViewMR is implemented by having both collaborators wear video
passthrough MR headsets (e.g., Meta’s Quest 3 [32]). The images in Fig.1 are
actual MR headset frames. The role of the headset of collaborator A is to acquire
the scene from A’s perspective and to send it to collaborator B. The headset of
collaborator B acquires the scene from B’s perspective and merges the two per-
spectives. Technically, the perspective integration is achieved through projective
texture mapping: A’s video frame is projected onto the fixed perspective switch-
ing plane, which serves as a geometric proxy for the far-field scene. Since A
and B observe the same ground plane and share a common horizon, the per-
spectives align continuously along the ground, producing a seamless composite
when the ground at the plane location is approximately planar—an assumption
that holds in many scenes of practical interest. The composite visualization is
also stereoscopic, as the left eye perspective of A is composited with the left eye
perspective of B, and the right eye perspective of A is composited with the right
eye perspective of B.

We evaluated PeriViewMR in two Institutional Review Board (IRB)-
approved user studies. An initial study (N = 27) compared PeriViewMR to
the conventional walk-around approach across four controlled tasks testing per-
spective sharing, gesture recognition, dynamic workspace monitoring, and visual
continuity. Results show that PeriViewMR significantly outperforms the con-
ventional method in task completion times and reduces physical effort and time
pressure as quantified by NASA TLX [22]. A separate enhanced study (N =
14, 7 pairs) then evaluated PeriViewMR in authentic peer collaboration, where
both collaborators were participants rather than researchers. This study showed
a 30.5% point improvement in detection accuracy (49.5% vs 80.0%) with a large
effect size (Cohen’s d = 0.812), though the difference did not reach statistical sig-
nificance with the available sample. Across both studies, PeriViewMR achieved
“good” usability with average System Usability Scale (SUS) scores [9] of 75.3
and 72.7 [5], and did not raise cybersickness concerns, with average total SSQ
scores [24] of 8.3 and 18.4 respectively, modest relative to the range reported
across immersive visualization studies [7].
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2 Prior Work

PeriViewMR is an MR, approach for alleviating occlusions to make collabora-
tion more efficient. As such, we review prior work on MR-enabled collaboration
(Sect. 2.1), view and perspective sharing (Sect. 2.2), and MR occlusion manage-
ment (Sect.2.3).

2.1 MR Collaboration

MR has the ability of integrating virtual 3D representations into the physical sur-
roundings of its user. As such, one of the main applications of MR is in remote
collaboration [40], where it integrates remote collaborators and their environ-
ments, hiding the distance between them. One challenge is the real-time, 3D
acquisition of the collaborators and their environments. In order to allow the
local participant to change the viewpoint freely, the remote collaborators and
their environments have to be acquired not just in color, but also in depth [40].
A free viewpoint improves collaboration performance [45] and can increase the
sense of co-presence between the remote collaborating parties [29]. However,
depth acquisition is challenging, and so is reconstructing the scene from the
acquired data [1]. As such, acquisition is often simplified to video acquisition,
which is inexpensive, and which allows for good visualization of the 3D entities
captured, as long as the viewing direction is more or less aligned with the acqui-
sition direction [6]. Middle-ground solutions, between 3D and 2D acquisition,
rely on homographies [8], correspondences [38], or warping [27,28].

MR is also beneficial in the case in which the collaborators share the same
space. In such co-located collaboration [42], aligning the virtual spaces of individ-
ual collaborators consistently is an important challenge [31]. Co-located systems
can exploit the fact that collaborators already share a physical environment,
but they still have to address viewpoint-dependent occlusions and differences in
what each collaborator can see.

2.2 View and Perspective Sharing

View sharing is central to collaboration because collaborators need to establish
common ground about the objects, locations, and actions being discussed [11].
MR and AR systems often address this by inserting a collaborator’s view into
the user’s view [51], but such heads-up or picture-in-picture approaches create a
secondary frame that users must mentally register to the real workspace.

Prior work has explored perspective alignment, viewpoint sharing, and
related co-located AR/MR collaboration contexts, including Decoupled
Hands [21], viewpoint sharing in VR/AR collaboration [46], Vishnu for MR guid-
ance [25], systems for merging environments and preserving workspace aware-
ness [13,44], SPARC and ShiSha for shared perspectives in VR [23,43], co-located
augmented presentations [20], and multi-view relation visualization in MR [30].
PeriViewMR differs by integrating a collaborator’s live stereoscopic passthrough
stream into the user’s own passthrough view of the same physical workspace;
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rather than presenting an inset or relying on known virtual geometry, it uses
projective texture mapping [41] onto a world-locked planar proxy for a continu-
ous near-field /far-field transition.

2.3 MR Occlusion Management

Improving the visualization of a real-world scene can sometimes require the
removal, rather than the addition, of elements, through diminished reality
approaches [35,52]. Removing the occluder reveals the background of interest,
which is modeled with a collection of images [36] or with 3D geometry [3,37].
We do not take the approach of removing the occluder, but rather of integrating
a perspective where the target is known to be visible.

A prior study compared cutaway, X-ray, picture-in-picture, and multiper-
spective visualization for integrating a secondary real-world perspective [26].
Cutaway and X-ray require detailed scene geometry, while picture-in-picture is
familiar but discontinuous and low resolution. We therefore use a two-perspective
multiperspective visualization that integrates the collaborator’s secondary view
with the user’s primary view.

The PeriViewMR visualization is a simple multiperspective visualization.
Multiperspective images enhance the visualization provided to a user with 3D
scene samples to which the user does not have line of sight. The challenge is to
integrate the samples of multiple perspectives with visual continuity. Construct-
ing multiperspective visualizations of real-world 3D scenes is complicated by not
knowing the scene geometry. One prior method leverages a high-level geometric
proxy of an indoor scene to provide the user of an MR application with a mul-
tiperspective visualization that lets the user preview hidden parts of the scene,
thereby increasing scene exploration efficiency [50]. Other approaches avoid full
depth acquisition by using video, homographies, or view-dependent warping
when the viewing and acquisition configurations are constrained [6,8,28]. We
rely on the assumption that the ground is planar in the vicinity of the collabo-
rators, which allows merging their perspectives with visual continuity.

One prior system is particularly relevant to PeriViewMR. View Splic-
ing [48] addresses VR collaboration by splicing user and collaborator views
using a multiperspective “switch camera” that transitions smoothly between
viewpoints, with near geometry shown from the user’s viewpoint and far geom-
etry from the collaborator’s viewpoint. Like PeriViewMR, View Splicing aims
to let one user see the workspace from their collaborator’s perspective without
moving. However, View Splicing operates in purely virtual environments where
scene geometry is fully known, enabling precise multiperspective ray construc-
tion. In contrast, PeriViewMR operates on real-world scenes captured through
video passthrough, where 3D geometry is unavailable. We address this by using
projective texture mapping onto a planar proxy, achieving stereoscopic visual
continuity under the assumption of planar ground at the perspective switching
distance.
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3 Method

The overall goal of our method is to allow two collaborators standing side by side
in a real-world scene to be able to collaborate efficiently, without the challenges
posed by their different viewpoints. Specifically, when collaborator A refers to
an element of the workspace, i.e., a target, for example verbally, by pointing to
it with their hand, or by pointing to it with a physical laser pointer, collaborator
B should be able to see the target, from B’s current position, even if B doesn’t
have direct line of sight to the target. In other words, we want B to see around
any occluder that might obstruct their view to the target.

3.1 Design Concerns

The following design concerns were derived from the collaboration breakdowns
targeted by our system, from prior work on view sharing and occlusion manage-
ment, and from practical constraints of portable MR deployment. Each names
the study or observation it derives from:

— DC1: in-place occlusion avoidance. If collaborator A sees the target, then
collaborator B should see it as well, from their current position, without nav-
igating their viewpoint. This concern derives from the motivating breakdown:
walking to see costs time, breaks the side-by-side arrangement, fails for tran-
sient targets (Sect. 1), and is unsafe in constrained environments [10].

— DC2: natural interface for view selection. Collaborators should alternate nat-
urally between seeing each other and seeing the shared workspace through
head and body orientation, not through keyboard, mouse, or menus. This
concern derives from conversational grounding: to ground a reference, collab-
orators keep alternating attention between partner and workspace [11]; view
selection must not hinder that motion.

— DC3: natural communication between collaborators. Collaborators should be
able to talk to each other naturally, by turning their head to see each other,
including gestures and body language. This concern derives from what co-
location already gives: face-to-face speech, gesture, and body language pre-
cede any system, the setting surveyed in [42]; view sharing must leave them
untouched.

— DCY: visualization continuity. Collaborator B should be provided a continu-
ous visualization at the perspective boundary: physical points on and near the
ground-plane intersection with the switching plane should project to nearby
image locations. This concern derives from what an inset costs: a heads-up
window [51] gives the user two pictures of one scene, and every glance must
re-align them—the discontinuity the comparison of disocclusion interfaces
found [26]; a continuous boundary leaves one picture and nothing to re-align.

— DC(C5: stereoscopic. The collaborators should see the scene in 3D with appro-
priate depth cues, not in 2D. This concern derives from a task observation:
targets and occluders are separated in depth, and a monoscopic feed flattens
exactly that ordering.
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— DC6: portability and low cost. The collaboration approach should rely on
low-cost, portable equipment to allow versatile and widespread deployment.
This concern derives from a deployment observation: tripod cameras and
projection enclosures anchor collaboration to instrumented spaces; consumer
passthrough headsets do not.

3.2 PeriViewMR Design

Acquisition. To address the primary design concern DC1 of in-place occlusion
avoidance, collaborator B’s view of the real-world has to be augmented with
samples from a different viewpoint, i.e., including some samples to which A has
line of sight but B does not. The simple method for acquiring a real-world 3D
scene is with a video camera. If the camera is placed close to A’s viewpoint, it
will acquire many of the parts of the 3D scene A sees. The closer the camera to
A’s viewpoint, the smaller the chance that the camera misses a target seen by
A. A tripod mounted camera placed close to A captures the samples needed, but
portability is less than ideal. A head-mounted camera brings good proximity to
A’s viewpoint as well as portability, at the cost of physical encumbrance. MR
headsets in passthrough mode strive to solve this exact problem of capturing
their user’s view of the scene, and they also track the user’s view; furthermore
MR headsets are portable and inexpensive, and therefore they are a good solution
to our acquisition problem. Whereas the MR headset is needed for its tracked
camera matching collaborator A’s viewpoint, the display function of the MR
headset is not strictly needed, unless the collaborators want the benefit of an
AR application that augments the workspace with additional visual information.

Visual Interface Design. A natural interface for view selection through head
motions (DC2) requires head tracking, and stereoscopic visualization (DCY)
requires catering images with appropriate disparity to each of the user’s eyes.
The portability and low cost concerns (DC6) rule out room-scale projection
enclosures in which images are projected on physical walls and users collaborate
wearing stereo glasses. Again, like for collaborator A, having collaborator B wear
an MR headset is a good solution that addresses these design concerns, at the
cost of headset encumbrance.

Visualization Design. Collaborator B cannot rely exclusively on collaborator
A’s view of the scene. Imagine a solution where B’s headset shows the frame of
A’s headset. First, providing B with A’s first-person view instead of their own
is unacceptable due to cybersickness concerns, as the scene visualization of B
will not change based on their own head motions, but rather based on A’s head
motions. Even if A’s view is stabilized to respond to B’s head motions, B still has
to see some of the scene from their own viewpoint, at least in their proximity, such
that they can see A, to meet the natural communication requirement (DCS).
It follows that B has to see the scene from both A’s and B’s perspective. We
design the visualization such that collaborator B sees the scene from their own
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to the left, their collaborator A. (Color figure online) for a perfectly stable visualiza-

tion. b: when A translates to

A’, the projection of p moves

from g to ¢’ and of r from s to
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perspective up to a distance d, which is sufficient to encompass collaborator A,
and then from the perspective of A beyond d, which includes the workspace.

The A and B perspectives have to be integrated seamlessly in the visualiza-
tion provided to B, to meet the continuity requirement DCY4. Given two cameras
with known intrinsic and extrinsic parameters, their images can be integrated
with perfect continuity if the geometry of the 3D scene is known, using conven-
tional projection texture mapping. However, to meet DC6, we want to bypass
the real-time 3D acquisition of the real-world scene that could have intricate
geometry, surface reflectance properties and animation. All we need is a cut line
in collaborator B’s frame where to switch perspectives with continuity. Conse-
quently, we don’t need to know the geometry of the entire scene, but rather only
at the cut line. Finally, seamless integration of the two perspectives in the visual-
ization provided to B has to be implemented for each eye, for the visualization to
be stereoscopic (DC5). In other words, B should be provided appropriate depth
cues for the part of the scene they see from their own perspective, and also for
the part of the scene they see from A’s perspective.

3.3 PeriViewMR: Stereoscopic Continuous Real-World
Perspective-Sharing

Our PeriViewMR approach is illustrated in Fig.2. The conventional frame of
collaborator A is projected onto a finite vertical switching plane rectangle lying
on a world-locked perspective switching plane. The plane is a virtual wall placed
during setup, anchored to world coordinates, and fixed during the task. Its dis-
tance d is configurable for the environment, but collaborators must remain on
their side of the plane. This fixed placement gives B a stable perspective bound-
ary. Because the seam line lies on the ground where the vertical projection plane
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meets the floor, A’s projected view and B’s direct view depict the same phys-
ical points at the same image locations, giving C° continuity at the boundary.
PeriViewMR only requires planar ground at distance d; it does not require full
scene geometry. Smaller values of d bring A’s perspective closer but leave less
unmodified near-field view for B, while larger values preserve more of B’s natural
view but may push the transition beyond the workspace. In the current imple-
mentation, d is selected during setup and remains fixed during a task; adapting
d dynamically is left for future work.

Visualization Stability. Since collaborator A is standing, their view changes are
primarily view rotations, as they pan and tilt their head. In the idealized case
of a camera rotating about its optical center, yaw rotations (horizontal pan-
ning) preserve the projection of a fixed 3D point onto the perspective switching
plane (Fig. 3, a). A real headset is not perfectly ideal: yaw, pitch, and roll also
translate the left and right eye cameras slightly because the cameras are offset
from the head’s rotation center. These small translations change disparity and
can produce small shifts in the projected stream. Pitch and roll can also make
the shared stream feel tilted when A tilts their head, although the world-locked
switching plane prevents the boundary itself from moving in B’s space. A must
therefore look toward the workspace (within approximately £45° of the forward
direction shared with B) for meaningful perspective sharing; extreme rotations
capture scene regions irrelevant to B. The PeriViewMR visualization is affected
more substantially by translations of viewpoint A (Fig. 3, b). Figure4 illustrates
the small PeriViewMR frame changes when collaborator A translates their head
30 cm to the left, a generous upper bound on how much a human’s eyes translate
during ordinary panning. We conclude that the visualization is stable for collab-
orators who remain near their station and orient their head toward the shared
workspace, while larger movements require resetting or adapting the switching
plane.

Depth Cues. The same procedure is repeated for A’s left and right eye frames,
so the top region showing A’s perspective is stereoscopic rather than a flat plane
(Fig.5). These depth cues correspond to A’s binocular camera baseline rather
than B’s exact eye locations beyond the switching plane; they help B interpret
A’s visual evidence and pointing references, but they do not reconstruct full
scene geometry from B’s viewpoint. PeriViewMR projects the left and right eye
images onto a large switching plane rectangle and only renders pixels covered
by both streams, avoiding a stereo center with monoscopic edges. A monocular
comparison remains future work.

4 Implementation Overview

We implemented our system, PeriViewMR, in the Unity 3D game engine [47].
The process begins with a setup phase where the experimenter places a vir-
tual perspective switching plane into the workspace and defines a Meta spatial
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Fig. 4. PeriViewMR visualization stabil-
ity under collaborator A viewpoint trans-
lation. Collaborator A translates their
viewpoint 30cm to the left (from top
to bottom row). Vertical dashed lines
were added to facilitate top/down com-
parison. In the A frame (a and b), the
gap between the blocks increases due to
motion parallax (a to b). In the PeriV-
tewMR frame (¢ and d), the gap also
increases slightly, with the red block
moving little as it is close to the perspec-
tive switching vertical plane. The bot-
tom part of the PeriViewMR frame is
not affected by the view A change. (Color
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Fig. 5. Illustration of disparity between
PeriViewMR left- and right-eye frames,
corresponding to the scenario in Fig. 2,
with a 7cm interpupillary distance, and
parallel eye optical axes (no conver-
gence). The disparity is visualized with
magnified fragments of the left and
right frames blended together. The dots
point to the ghosting region that indi-
cates disparity. The farther green block
(a) has less disparity than the closer
red block (b), and disparity is continu-
ous across the perspective switching line
(illustrated with the dotted line in c¢).
(Color figure online)

figure online)

anchor [33]. Once placed, the plane remains stationary regardless of where the
collaborators move within the workspace. The anchor’s universally unique iden-
tifier (UUID) is uploaded to a cloud service for later retrieval. To initiate a
session, both headsets download the UUID, localize the shared anchor, and use
it as a common physical reference to align their coordinate systems. The Photon
networking service [16] then transmits local coordinates between the headsets
to continuously calculate their relative transform. In practice, the initialization
handshake is: (1) place the perspective switching plane, (2) create and upload
the spatial anchor UUID, (3) have both devices localize the same anchor, (4)
exchange headset transforms through Photon, and (5) visually check that the
projected switching boundary is stable in the expected workspace.

Once co-location is established, the view-sharing pipeline is activated. The
Meta Passthrough API [34] is used to acquire the raw left and right eye video
frames, along with camera intrinsics and extrinsics, from both headsets. These
camera streams are then transmitted bidirectionally between collaborators via
the Agora video streaming service [2]. The core of the technique is a stereoscopic
projective texture mapping algorithm that executes locally on each device. This
process is fully symmetric: collaborator B’s headset uses the stream and trans-
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form data from A to render A’s perspective beyond the perspective switching
plane, while collaborator A’s headset simultaneously performs the same compu-
tation using the stream from B. This allows both users to seamlessly transition
to the other’s point of view.

The system’s video-streaming latency was measured using the Agora internal
statistics API, yielding an average delay of 486.21 ms over WiFi with download
speeds of 452 Mbps and upload speeds of 503 Mbps. Prior research has shown
that delayed visual feedback affects collaborative physical-object tasks but can
remain usable for referential communication within sub-second delays [18]; recent
Social XR work similarly reports a 900 ms delay threshold for user acceptance in
volumetric communication [14]. Our measured latency was sufficient for the ver-
bal and finger-count referencing used in our study. However, fast hand gestures
or rapid manual actions could feel delayed or detached from the physical per-
son, and lower-latency streaming is an important engineering target for future
versions.

5 Evaluation

We conducted two IRB-approved studies. Study 1 evaluates the core visualiza-
tion in controlled researcher-participant tasks. Study 2 evaluates the approach in
an authentic peer-collaboration task where both collaborators are participants.

5.1 Study 1: Controlled Researcher-Participant Tasks
Methods

Participants. We recruited 27 participants from our department’s student pop-
ulation for the initial study (Tasks 1-4): 20 male, 7 female, average age 20.4
years. Most had prior VR experience (25/27 had used VR at least once; 19/27
had used MR headsets).

Study Design. We compared PeriViewMR (experimental condition, EC) to walk-
ing to establish line of sight (control condition, CC) using a within-subjects
design. Participants served as collaborator B, following instructions from col-
laborator A (a researcher). Condition order was counterbalanced, with half of
participants experiencing EC first and half experiencing CC first. Task order was
balanced using a Latin-square design. The within-subjects design allows finding
differences with fewer participants while controlling for individual differences.

Procedure. Each participant was involved for up to 60 min and compensated
with a gift card equivalent to 30 USD. A participant: (1) read, discussed with
the researcher, and signed a consent form; (2) filled out demographics via online
Qualtrics form accessed with QR code; (3) performed tasks in the first condition;
(4) answered condition-specific questionnaires; (5) performed tasks in the second
condition; and (6) answered questionnaires for the second condition. Collabora-
tor and participant stood side by side with 1.5 m between them. In the study, the
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perspective switching plane was fixed for all trials to keep the evaluation geome-
try consistent. The plane was parallel to the line connecting the two participants’
starting positions and offset 2m in front of them. This placed collaborator A and
B in the unmodified near-field while positioning the task workspace beyond the
perspective boundary. In EC, both wore Quest 3 headsets [32] in passthrough
mode, with answers entered via floating panel using a handheld controller. In
CC, neither wore headsets, simulating real-world collaboration; answers were
entered on a handheld tablet.

T1: Verbal Reference to a 3D Workspace. The first task tests PeriViewMR’s
ability to let participants see the workspace from their collaborator’s viewpoint
and identify workspace elements their collaborator references. A board with five
(digit, letter) pairs was positioned so participants could only see the left half from
their initial position (Fig.6). Without moving, participants could see the digit
but not its letter. The collaborator, located to the participant’s left, had line of
sight to entire pairs. The collaborator calls out a number and participants must
identify the corresponding letter. In CC, participants took steps to see the letter
pairing the called digit, then entered it on the tablet. In EC, participants used
PeriViewMR to see the letter pairing the digit and entered it via the headset
panel. After entering a letter, the collaborator called another number until all
five pairs were used.

T2: Pointing Reference to a 3D Workspace. This task investigated PeriV-
tewMR’s ability to let participants see the workspace from their collaborator’s
perspective and see their collaborator naturally by turning their head. The task
resembles T'1, but instead of saying numbers aloud, the collaborator shows num-
bers 1-5 using left hand fingers. This requires participants to see their collabo-
rator to know which number’s pair to find.

T3: Monitoring a Dynamic 3D Workspace. This task investigates PeriViewMR’s
ability to let participants monitor two workspace parts T4 and T simultane-
ously. Participants have line of sight to T’ but only collaborators see T4. Two
tablets were positioned at T4 and T (Fig.6). Participants view Ty directly
but not T4, which only collaborators see. T4 sits beyond the fixed perspec-
tive switching plane. Each tablet plays a 40s video showing random two-digit
numbers (11-19). Each number displays for two seconds. Usually tablets show
different numbers; occasionally they show the same number. Participants must
indicate numbers shown simultaneously by both tablets. Participants can miss
the first & matching pairs, then report the k + 1** pair. In CC, participants were
not required to return to their starting position after moving; they could choose
any physical position during the trial as long as T remained visible.

T4: Connecting Perspectives Continuously. This task investigates PeriV-
tiewMR’s ability to merge the participant’s perspective on the real-world scene
up to the fixed perspective switching plane with their collaborator’s perspective
beyond it, with good visual continuity. For this task, five lines were installed on
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the floor using colored adhesive tape, starting from the participant and extend-
ing beyond the plane (Fig.6). Each line has a letter label at the near end and
a number label at the far end. Participants can see the near end but not the
far end, including far-end labels. However, collaborators can see the far end,
including labels. The collaborator calls out a number from a line’s far end, and
participants must trace the line to identify the letter label at the near end. Par-
ticipants perform this task only in EC to stay within one hour total time and
avoid fatigue.

Data Collection. Objective metrics included task completion time (from stimulus
visibility to verbal response) and correctness. Task completion time used identi-
cal start triggers across conditions. Subjective metrics included NASA TLX [22]
for both conditions, and SUS [9] and SSQ [24] for EC only.

Data Analysis. We analyze the data using descriptive statistics (average, median,
standard deviation) shown graphically through box plots and numerically in
tables. Inferential statistics compare conditions using a significance level a =
0.05. For normally distributed continuous data, we use paired samples t-tests
appropriate for our within-subjects design. When normality assumptions are not
sustained, we use the non-parametric Wilcoxon signed-rank test [49]. Effect sizes
are calculated using Cohen’s d for paired-samples t-tests [15], and r = |z|/v/N for
Wilcoxon tests [39]. Following Cohen’s guidelines [12], effect sizes of |r| ~ 0.1,
0.3, and 0.5 indicate small, medium, and large effects respectively. The TLX,
SUS, and SSQ data are analyzed by computing overall and sub-scale scores
using procedures specific to each standard instrument.

Research Hypotheses. We formulated hypotheses covering four groups of Per:iV-
iewMR’s potential benefits:

- RH1-RH2, perspective access and collaborator awareness: PeriV-
tewMR allows B to see the workspace from A’s perspective and to see A
naturally by turning their head.
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- RH3-RHG6, task performance: PeriViewMR enables simultaneous moni-
toring, visual continuity, faster completion, and more accurate task comple-
tion for dynamic workspaces.

- RH7-RHY9, workload and user experience: PeriViewMR reduces physi-
cal and temporal task load, has good usability as measured by SUS, and does
not cause cybersickness as measured by SSQ.

Results. We present the results for each metric, task, and condition. Broader
interpretation is consolidated in Sect. 6.

Objective Metrics: Time and Correctness. Task completion times for the
four tasks and the two conditions are presented numerically in Table1, and
graphically in Fig.7. For tasks T'1, T2, and T4, where participants completed
multiple repeated measures, we first calculated the mean task completion time
for each participant. EC has shorter task completion times than CC for T1-T8,
and the differences are significant; T4 was EC-only. For T'1, T2 and T3 the data
is normally distributed; the Cohen’s d effect sizes of 2.22, 1.84 and 0.99 corre-
spond to the qualitative labels of “very large” (d > 1.2), “very large” and “large”
(d > 0.8), indicating practically meaningful differences between conditions.

Interpretation. The consistent time advantage across the directly compared tasks
indicates that eliminating the need to walk for line of sight provides a substantial
efficiency gain. These results support RH5.

Task completion correctness percentages showed that EC condition achieved
100%, 98.5%, 69.2%, 96.2%, and 71.1% for Tasks 1, 2, 3 (first pair), 3 (second
pair), and 4 respectively, while CC condition achieved 99.3%, 99.2%, 0%, 92.3%,
and was not applicable for the same tasks. For T1 and T2, CC also achieved
high accuracy, as the static workspace allows time to walk and find targets.

Interpretation. The high EC accuracy in T'1 can only be achieved by seeing the
workspace from collaborator A’s perspective, supporting RH1. Similarly, high
EC accuracy in T2 requires switching naturally between seeing the collaborator
and seeing their perspective on the workspace, supporting RH2. The high CC
accuracy for these static tasks is expected: participants have time to walk to the
needed viewpoint.

Task T3 involved a dynamic workspace with transient targets—pairs of iden-
tical numbers displayed briefly before disappearing. In CC, no participant (0%)
was able to find the first pair of matching numbers, as the pair disappeared by
the time they assumed a viewpoint showing both tablets. In EC, 69.2% of par-
ticipants found the first pair. Both conditions achieved higher accuracy on the
second pair (96.2% EC, 92.3% CC) as participants learned the task timing.

Interpretation. The 0% vs 69.2% first-pair detection gap demonstrates a qual-
itative capability difference: CC cannot support simultaneous monitoring of
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Table 1. Task performance time in seconds.

Task | Condition
Descriptive Inferential
Statistics Statistics
Avg | Median|Std.Dev | Test P EffectSize
T1 |CC 6.51 |7.08 1.89 Pairedt-test| < 0.001" | 2.22
EC 3.04 |2.88 0.86
T2 |CC 5.22 |5.59 1.39 Pairedt-test| < 0.0017|1.84
EC 3.06 |3.02 0.82
T3 |CC 12.59/11.42  |3.68 Pairedt-test| < 0.00170.99
EC 8.30 |6.94 4.86
T4 |EC 7.64 |7.21 2.94

Fig. 8. (a) Perfect continuity on the
ground across the ‘wall’. (b) VR sim-
ulator normal view. (¢) VR simulator
analysis: 2° error.

spatially separated, transient targets, while EC can. These results support
RH3 (simultaneous monitoring) and RH6 (accuracy advantages for dynamic
workspaces).

Task T4 achieved 71.1% accuracy (EC only). Participants took on average
7.64s to trace tapes from far to near end (Tablel), with some taking up to
16s. Theoretically, two perspectives should have perfect continuity along the
ground line where the switching plane intersects the floor (Fig.8a), but even
a 2° rotational error causes noticeable misalignment for thin, closely spaced
tracing lines (Fig.8c). We observed that this task was sensitive to one-time
initialization error from Meta’s spatial anchor system: some sessions achieved
near-perfect alignment while others exhibited small offsets. The error did not
appear to accumulate during use; it remained constant once the session began.

Interpretation. These results provide partial support for RH4. The 71.1% accu-
racy reflects a demanding practical case for the method: the tapes are thin,
close together, and intersecting, and the task is affected by passthrough resolu-
tion, spatial anchor alignment, and the projection assumptions of the switching
plane [33]. We therefore interpret T4 as evidence that the continuity mechanism
is useful but sensitive to initialization precision and fine visual detail, rather than
as evidence of perfect continuity in all setups (Fig.8).

Subjective Metrics: TLX, SUS, and SSQ. NASA TLX scores (Fig.9;
Table 2) show PeriViewMR has low task load levels on all sub-scales, with an
overall score of 1.8/10.0 for EC. EC showed lower average task load than CC
for physical demand, temporal demand, effort, frustration, and overall workload.
Significant EC advantages were found for physical demand Ph (EC: 1.3, CC: 3.1,
p < 0.001, » = 0.86) and time demand T (EC: 2.0, CC: 2.7, p = 0.012, r = 0.78).
Mental demand was slightly higher in EC (2.4 vs 1.7), though not statistically
significant (p = 0.169). The performance sub-scale P was inverted in Fig.9 and
Table 2 so that lower plotted values indicate better perceived performance; this
sub-scale favored CC (EC: 1.9, CC: 1.0, p = 0.025, » = 0.77), so we do not



368 Y. Gu and V. Popescu

EC Survey CC Survey
24132019 260818 1.7 3.1 27 1.0 3.0 1.3 2.2
10 o 10
*
1 100 75.3 3.9 7.9 10.8 8.3
8 X 8 T
T * T | 80
6 T ©° l 6 - ‘ o
o 60 o
o 8 . o
4 o o 4 S © R ° o °
o o
20 o 2
2 2 E &] l
# % é 0 2
0 0 SUS  Nausea Oculo- Disori- SSQ
M Ph T P EF O M PhT P EF O motor entation Total

Fig.9. Box-plots of the NASA TLX Fig.10. Task 1-4 box-plots and aver-
sub-scales and overall score: M-mental age values of participants’ answers to the
demand, Ph-—physical demand, T—-time SUS and SSQ questionnaires.
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scale (P) was inverted using the formula

10— P to ensure that all sub-scales follow

the interpretation that lower scores indi-

cate better outcomes. Asterisks (*) indi-

cate statistically significant differences

(p < 0.05).

interpret it as support for reduced workload. The frustration sub-scale showed
a large effect size (r = 0.77) despite non-significant p = 0.087.

Interpretation. The large effects on physical demand and time demand sup-
port the physical and temporal components of RH7. The slightly higher mental
demand in EC likely reflects the learning curve of a new visualization modal-
ity. The performance sub-scale result suggests that participants felt especially
confident in CC for the controlled static tasks, even though EC was faster and
reduced physical movement.

SUS scores averaged 75.3, placing PeriViewMR between “Excellent” and
“Good” according to Bangor et al.’s adjective ratings [5], supporting RH8. Based
on experimenter observation during the sessions and the Task 4 error analysis
above, the main usability challenges include spatial anchor misalignment and
the requirement that collaborator A must look at the target for B to see it in
the shared perspective. If A pans significantly away from the workspace, their
frame will not project useful content onto the perspective switching plane.

SSQ scores averaged 8.3 (Fig. 10), considered minimal for immersive visual-
ization applications [7]. At the study’s start, participants were instructed not
to fight through motion sickness symptoms and to remove the headset imme-
diately if needed, with assurance of compensation regardless of completion. All
participants completed the study without incident, supporting RH9.

5.2 Study 2: Authentic Peer Collaboration

While our initial study demonstrated PeriViewMR’s effectiveness in controlled
researcher-participant tasks, we conducted an enhanced study (N = 14) to eval-
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Table 2. Main study (Tasks 1-4) Table 3. Task 5 (Enhanced Study)
NASA TLX sub-scales and over- NASA-TLX subscale comparison.
all score. P was inverted (10 — P) EC=headset, CC=tablet. M =Mental,

so lower scores indicate better out- Ph =Physical, T = Temporal,
comes. M = Mental, Ph=Physical, P =Performance (inverted), E = Effort,
T = Temporal, P = Performance, F = Frustration.
E = Effort, F = Frustration, O = Overall.
Subscale| Condition
Descriptive Inferential
Subscale | Condition . . Statistics Statistics
Descriptive Inferential Avg | Median |Std. Test » Effect
Statistics Statistics Dev Size
Avg |Median| Std. | Test ? Bffect M cc 19 [50 |30 Paired 0.023" | —0.69
Dev Size t-test
tes
M cC 1.74/1.00 1.87 Paired 0.169 -0.39 EC 26 2.0 25
t-test . .
EC 9.44/2.00 174 Ph cc 1.4 /0.5 2.2 F:;l:‘d 0.149 |0.41
e 3.113. 59 i s 001" |0.86
Ph g; 1‘) ,13; 15 88 ? 5): Wilcoxon’s | < 0.001" [0.86 EC 30 15 31
. Sl - - T cc 72|75 1.9 Paired 0.002" | —1.03
T cC 2.74/3.00 2.16 Wilcoxon’s |0.012 0.78 t-test
EC 2.00/2.00 1.90 EC 3.7 4.0 35
P cC 1.04/1.00 1.16 Wilcoxon’s [0.025" 0.77 P cC 55 155 27 Paired 0.001° | —1.15
EC 1.85/1.00 1.99 t-test
E cc 3.00(2.00 [2.39 |Wilcoxon's |0.638  |0.49 EC 26 2.5 9.
EC 2.63/2.00 |2.15 E cc 5.9 7.0 2.7 Paired  |0.008"[—0.84
F cC 1.30{1.00 1.54 Wilcoxon’s |0.087 0.77 t-test
EC 0.78/0.00 1.12 EC 2.6 1.5 3.0
o ccC 2.15/1.83 1.49 Wilcoxon’s  {0.409 0.21 F cC 2.2 |15 2.5 Wilcoxon [0.168 |0.62
EC 1.84|1.67 1.03 EC 1.3 1 1.9

uate it in authentic peer collaboration scenarios. This follow-up addresses an
important question: do users benefit from perspective-sharing in real-world col-
laboration with actual peers rather than researchers?

Methods. We recruited 7 additional pairs (N = 14): 9 male, 5 female, average
age 22.9 years (SD = 4.1), with similar VR/MR experience levels. Each pair
completed one EC round and one CC round, with condition order counterbal-
anced as in Study 1. Both collaborators were participants; roles were assigned
by rock-paper-scissors and did not switch during the task. Participant A was the
primary responder, participant B was the support collaborator, and participants
could talk freely in both conditions.

The task was active collaboration through synchronized color-shape detec-
tion. Two target displays were positioned with spatial occlusion so that a single
person could not easily observe both simultaneously. Each display presented
changing shapes and colors at 2-second intervals. In EC, both participants wore
Quest 3 headsets because the view-sharing cameras and displays were headset-
based; B’s headset stream was shared to A through PeriViewMR and projected
onto a virtual room-scale rectangular wall/screen. In CC, participants used ver-
bal communication only, with B describing the colors and shapes on one display
so that A could identify matches. The tablet in CC was used only for entering
answers and did not provide view sharing.

A detection was recorded when the primary responder pressed the response
button, either in the headset interface in EC or on the tablet in CC. A response
was scored as correct only if both displays were showing the same shape and
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color at the time of the button press. Button presses made when the displays
did not match were counted as false positives. Subjective measures included SUS,
SSQ, NASA TLX, and a 13-item custom questionnaire assessing Collaboration
Quality (items 1-6) and Technology Acceptance (items 7—13) on 7-point Likert
scales.

Results. Detection accuracy was higher in EC (80.0%, SD = 11.6%) versus CC
(49.5%, SD = 29.3%), with a 30.5% point mean difference, 95% CI [—4.2, 65.2]
pp (Fig.11). A paired samples t-test showed this trend approached but did not
reach significance, t(6) = 2.148, p = 0.075, Cohen’s d = 0.812 (large effect). With
only 7 paired groups, the study was underpowered to detect this effect; a post-
hoc power analysis suggests approximately 12 pairs would be needed. Response
latency for correct detections showed no significant difference between conditions
(EC: M = 2.02s,SD = 0.258 vs CC: M = 1.925s, SD = 0.89s, paired t(6) = 0.317,
p = 0.762), indicating comparable response speeds across conditions. SUS scores
were significantly higher in EC (M = 72.7, SD = 20.5) versus CC (M = 55.5, SD
= 16.5), paired t-test p = 0.0285, Cohen’s d = 0.658 (medium effect). NASA-
TLX showed significant EC advantages in mental demand, temporal demand,
performance, and effort (Table3; Fig.12). Physical demand was higher in EC
than CC (3.0 vs. 1.4), but this difference was not statistically significant (p =
0.149), likely reflecting the weight and encumbrance of wearing and operating
current headsets during active collaboration.
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Subjective Measurements. Custom Questionnaire Results. Participants
rated access to the partner’s viewpoint highest (Q2, M = 6.1/7, SD = 1.2),
followed by coordination effectiveness (Q1, M = 5.6), ease of learning (Q9, M =
5.6), preference over traditional methods (Q7, M = 5.5), performance improve-
ment and work-usage intention (Q8/Q10, M = 5.4), confidence in accuracy (Q11,
M = 5.2), and real-work usage intention (Q6, M = 5.1). Focus maintenance, inte-
gration smoothness, and natural collaboration feel were moderate (Q3/Q5/Q12,
M = 5.0; Q4, M = 4.9), while interference with real-world interaction was low
(Q13, M = 3.9, reverse-scored), indicating generally favorable collaboration qual-
ity and technology acceptance.
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Motion Sickness. SSQ scores for the headset condition showed generally low
motion sickness symptoms: Nausea M = 7.5, Oculomotor M = 16.8, Disorienta-
tion M = 26.8, and Total M = 18.4 (SD = 25.6, Median = 5.6).

Interpretation. The enhanced study provides converging evidence that PeriV-
iewMR offers meaningful benefits in authentic collaborative scenarios. The 30.5%
point accuracy improvement (80.0% vs 49.5%) with a large effect size (Cohen’s
d = 0.812) supports RH6; the non-significant p = 0.075 reflects limited statisti-
cal power with seven pairs rather than a negligible effect. Reduced NASA-TLX
mental demand, temporal demand, effort, and inverted performance support
RHY7 for this collaborative detection task. This contrasts with Study 1, where
inverted performance favored CC, indicating that perceived-performance effects
depend on task context. The physical-demand direction shows that headset-
based collaboration can still introduce bodily cost because current headsets add
weight and encumbrance. Good usability (M = 72.7) supports RH8, and low
SSQ scores support RH9. The system appears most useful when spatial con-
straints create genuine collaboration bottlenecks: real-time observation across
separated locations, conflicting optimal viewing positions, or rapid switching
between information sources.

6 Discussion

Perspective Sharing and Common Ground. The controlled tasks show that
PeriViewMR can reduce the cost of establishing visual common ground [11]:
B can understand A’s references without walking to approximate A’s view-
point. Unlike prior work aligning hands, avatars, or virtual viewpoints [21,23,43],
PeriViewMR shares a live stereoscopic view of a real co-located workspace and
integrates it with B’s own near-field view.

When the Technique Helps Most. The strongest objective benefit appears when
the collaboration problem has a real viewpoint bottleneck. Static tasks give B
enough time to walk around, so the main benefit is speed and reduced physi-
cal demand. Dynamic monitoring is more demanding: by the time B physically
reaches a better viewpoint, the target can disappear. This explains the quali-
tative gap in T3 first-pair detection and the large Task 5 accuracy effect, even
though the latter did not reach statistical significance with seven pairs.

Stereoscopic Sharing and Its Trade-Offs. The stereoscopic stream gives B depth
cues for A’s far-field view, supporting interpretation of pointing and spatial
references. However, the depth is inherited from A’s captured eye streams rather
than reconstructed as full scene geometry for B. As a result, large differences in
A/B distance to the target, head roll, or large yaw-induced camera translations
can change the perceived depth and orientation of the shared region. These
effects are acceptable for the tasks we evaluated, but they define important
bounds for faster manual collaboration and close-range manipulation.
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System Bounds. PeriViewMR is best suited to side-by-side collaborators facing
the same general workspace, with a switching plane between the near-field com-
munication space and the far-field workspace that needs sharing. The fixed plane
gives B a stable spatial boundary, but it assumes collaborators stay on their side
of the plane and that A keeps the task-relevant region in view.

7 Limitations and Future Work

From an implementation standpoint, difficult access to the video passthrough
feed of current MR headsets contributes to latency and alignment error. Headset
co-registration could also be improved. The Task 4 tracing result shows that
fine visual continuity tasks are sensitive to anchor initialization, passthrough
resolution, thin visual features, and the projection assumptions of the switching
plane.

PeriViewMR’s visual continuity relies on the assumption of planar ground
at the fixed perspective switching plane. On irregular terrain (slopes, stairs,
grates) or when obstacles protrude through the plane (furniture, machinery, a
target straddling the boundary), visible seams may appear. The implementation
uses a fixed plane per task; adapting the distance d to the workspace, task,
or collaborators is future work, and dynamic movement must preserve visual
stability.

Beyond the fixed plane, B’s original far-field view is replaced by A’s per-
spective rather than augmented, a trade-off that may matter in safety-critical
environments. PeriViewMR is also optimized for collaborators positioned side-
by-side facing the same general direction. Performance may degrade at substan-
tially different heights, on opposite sides of an object, or under divergent facing
directions, as the integration assumes significant viewpoint overlap.

Our empirical evaluation also has limitations. Study 2 had only seven pairs
and was therefore underpowered for the observed accuracy effect. Our partic-
ipants were primarily university-affiliated, which may not represent end-users
in industrial, emergency-response, or accessibility settings. Finally, we did not
compare against a monocular version, so the contribution of stereo depth cues
remains future work.

PeriViewMR augments the user’s real-world view with scene color samples
acquired from a different perspective, and can be integrated with MR applica-
tions whose users already wear headsets. Headset encumbrance remains a barrier
to natural communication, but hardware face displays [4] and software headset
inpainting [17,19] are improving rapidly.

8 Conclusion

We have presented PeriViewMR, a mixed reality approach for alleviating view-
point differences between two side-by-side collaborators working on a real-world
scene. PeriViewMR lets a collaborator see the scene from their own perspective
up to a fixed distance and from their collaborator’s beyond it, with stereoscopic
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continuity at the boundary. A controlled study (N = 27) showed significant time
benefits and reduced physical and temporal workload versus walking to establish
line of sight. A second peer-collaboration study (N = 14, 7 pairs) showed a large
accuracy improvement in real-time collaborative monitoring, with good usability
and low cybersickness scores. These results suggest that live stereoscopic per-
spective sharing helps when co-located collaborators need common visual access
and repositioning is slow, disruptive, or impossible.
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