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IXR 2025 Chairs’ Welcome

It is our great pleasure to welcome you to the third workshop on Interactive eXtended Reality
(IXR’25). After the success of the inaugural edition of this workshop in 2022 and its second edition
in 2023, our purpose is to make this the premier forum for the presentation of research results and
experience reports on the topic of interactive extended reality (XR), including contributions in
terms of use cases, applications, novel protocols, and algorithms. Moreover, IXR’25 gives
researchers and practitioners a unique opportunity to share their perspectives with others
interested in the various aspects of XR and how to make it ready for the future.

The call for papers attracted submissions from Austria, Italy, the Netherlands, Poland, Spain, the
United Kingdom, and the United States. The program committee received 7 full technical paper
submissions. Each paper was reviewed by our Technical Program Committee, and a total of 6

submissions were accepted.

We encourage attendees to attend the keynote presentation. This valuable and insightful talk can

and will guide us to a better understanding of the future:

e  Towards Responsible Data-Driven Interactive and Immersive Media Experience understanding,
Niall Murray (who is currently at the Technical University of the Shannon)

Putting together IXR’25 was a team effort. We first thank the authors for providing the content of
the program. We are grateful to the program committee, who worked very hard in reviewing
papers and providing feedback for authors. Finally, we thank the hosting organization MM’25,
and our sponsor, ACM SIGMM. We hope that you will find this program interesting and thought-
provoking and that the symposium will provide you with a valuable opportunity to share ideas

with other researchers and practitioners from institutions around the world.

Irene Viola Silvia Rossi

IXR’25 General Chair IXR’25 General Chair
CWI, The Netherlands CWI, The Netherlands
Marta Orduna Maria Torres Vega
IXR’25 General Chair IXR’25 General Chair

Nokia, Spain KU Leuven, Belgium
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Towards Responsible Data-Driven Interactive and
Immersive Media Experience Understanding
Niall Murray

nmurray@research.ait.ie
Technological University of the Shannon: Midlands Midwest
Athlone, Westmeath, Ireland

Abstract

This talk will present an evolution of interactive and immer-
sive media experiences, from the perspective of how the user
experience is and has been evaluated. Such media experi-
ences have gained significant action in recent years across a
range of application domains, with a particular examples to
be discussed within the creative and cultural, education, and
health sectors. To understand the pragmatic and hedonic
qualities of such technologies, the user Quality of experience
(QoE) has become a crucial field of study. QoE aims to target
how various types of system, context and user factors influ-
ence the quality of user experience. In particular, the talk will
outline the use of various physiological, behavioural, inter-
action and performance based metrics towards a continuous
data-driven approach of implicit based user experience un-
derstanding. The talk will highlight some of the challenges
with existing approaches, and with an eye to the next steps
within this research field, it will propose how we should, in
a more responsible manner, use data captured from users to
understand their experience.

CCS Concepts: « Human-centered computing — Hu-
man computer interaction (HCI); Empirical studies in
HCI;

Keywords: Quality of Experience, Interactive Media, Ex-
tended Reality
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Integration of 3D FLS Displays with 3D Authoring Tools

Nima Yazdani
University of Southern California
Los Angeles, USA
nimayazd@usc.edu

Abstract

Authoring tools typically convert 3D animation data into 2D raster-
ized formats for display, a process that imposes computational
burdens, degrades depth fidelity, and complicates the recovery
of original 3D information. This paper presents the first known
direct integration of Blender, a widely used 3D animation tool,
with Dronevision (DV), a 3D multimedia display composed of syn-
chronized Flying Light Specks (FLSs). In addition to raster-based
pipelines, this integration enables real-time, high-fidelity illumi-
nation of 3D animations directly in physical space. Our system
leverages Blender’s piecewise animation model—comprising man-
ually placed keyframes and mathematically defined interpolation
functions—to generate spatiotemporal trajectories that are mapped
to the motion of autonomous FLS drones. We introduce the concept
of a display clock that is maintained by each FLS and synchronized
across all FLSs using a broadcast based protocol. Our techniques
have a fixed complexity independent of the number of FLSs. They
enable a DV to scale to millions and billions of FLSs.

CCS Concepts

« Human-centered computing — Visualization design and
evaluation methods; User studies; « Computing methodolo-
gies — Tracking; Motion path planning; « Computer systems
organization — Embedded and cyber-physical systems; « In-
formation systems — Multimedia content creation.

Keywords
Authoring Tools, Flying Light Speck, Dronevision, Blender, Keyframes
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1 Introduction

The Flying Light Speck (FLS) project (https://www.flslab.org) is
developing a new class of eXtended Reality (XR) systems that inte-
grates virtual artifacts into the physical world [17, 19]. An FLS is
a small drone equipped with an onboard processor, wireless net-
working capabilities, and one or more light sources with adjustable
color and brightness [18]. Utilizing decentralized localization al-
gorithms [2-4], a swarm of FLSs can autonomously self-assemble

This work is licensed under a Creative Commons Attribution 4.0 International License.
IXR °25, Dublin, Ireland

© 2025 Copyright held by the owner/author(s).
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and de-assemble to create dynamic, illuminated objects. This pro-
cess is analogous to rapid 3D printing. The resulting artifacts are
visible to the naked eye and facilitate haptic interaction with bare
hands [12, 13, 17]. Figure 1 shows a user interacting with an FLS
illuminated Jenga brick and a swarm of FLSs pushing back against
the user’s finger tip.
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Figure 1: A user pushing an FLS illuminated Jenga brick.

3D authoring tools such as Blender [11] will play a major role in
developing the artifacts illuminated by FLSs. Today’s tools typically
convert native 3D data into 2D rasterized formats for display on
standard computer screens, see Figure 2. This rasterization process
sacrifices depth quality and is not appropriate for 3D illumina-
tion. We address this by presenting an integration of Blender, a
3D authoring tool, directly with Dronevision (DV) [1, 33, 34], a
true 3D multimedia display. We envision DV as a 3D display for
desktops, enabling next-generation multimedia applications using
FLSs [17, 32]. See Figure 3. A key feature of this integration is its
ability to provide an animator with real-time visual feedback of
their changes using Blender by avoiding the noticeable delay! at-
tributed to the rasterization process. The DV will illuminate the
latest changes to the 3D content immediately and on-demand.

3D Authoring Tool

Animator A 2D Format

Rasterizing.. Z

Figure 2: Today’s state of the art; 2D rasterization.

!Rasterization is computationally expensive. To illustrate, consider rendering of a
highly detailed 3D animation, such as a complex particle system simulating falling
snow or rain. Each particle’s trajectory must be individually rasterized frame-by-
frame into a sequence of high-resolution images. This process demands significant
computational resources, including intensive CPU and GPU utilization, often leading
to extended rendering times that can span from several minutes to hours for short
sequences.
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Figure 3: Animator using a DV with a 3D authoring tool.

Rasterization and 3D illumination are complementary techniques
for different use cases. While rasterization is well-suited for 2D
displays, integrating Blender with Dronevision enables the real-
time illumination of 3D shapes and animations. This approach
eliminates computational delays and preserves all spatial and depth
information, avoiding the data degradation common in 2D screens
and rasterized formats. Our prior work [18] introduced a technique
for computing FLS flight paths to render a sequence of mesh files
illuminated at a prespecified rate, e.g., 24 files per second. This
paper builds on that foundation by showing how FLSs implement
the concepts of keyframes and interpolation functions directly.

The contributions of this paper are as follows:

e Anintegration of Blender animations with DV, a 3D multime-
dia display. We envision this integration as an alternative to
today’s rasterization on 2D screens and file formats. The DV
illuminations complement these rasterization. (Section 2.)

o A simple broadcast-based technique customized for DV to
maintain a synchronized display clock for each FLS. Its over-
head is in the form of memory (a few megabytes) required
from each FLS. It has a fixed overhead, enabling the DV to
scale to millions and billions? of FLSs. (Section 2.3.)

e An implementation using Blender’s keyframes and interpo-
lation functions. (Section 3.)

e An evaluation of clock drift and its impact on the FLS illu-
minations and how our technique addresses it effectively.
(Section 4.)

In addition to the above, we present related work in Section 5
and brief conclusions and future research directions in Section 6.

2 An Integrated Approach

This section presents the fundamentals of a 3D authoring tool,
a DV, and their integration in turn. We illustrate the integration
using an example and describe the resolution of a DV. We state the
clock synchronization problem formally. Subsequently, we present
a broadcast based solution to the clock synchronization challenge.

2 Achieving an immersive, room-sized DV may require billions of FLSs, resembling the
holodeck from Star Trek [19, 20]. It may consume a substantial amount of energy.

Nima Yazdani and Shahram Ghandeharizadeh

3D Authoring Tools: In modern authoring tools used for anima-
tion, the motion of objects is often controlled by curves, commonly
known as F-curves, that represent the variation of animated param-
eters such as position, rotation, and scale over time [16]. Instead of
modeling these changes with one continuous, complex function,
authoring tools such as Blender use a piecewise approach. This
approach builds the overall curve from two components: keyframes
and interpolation functions.

Keyframes are specific moments in time where the animator
manually sets the desired value of a parameter [29]. They serve
as anchor points that define critical states in the animation, such
as the start and end of a movement or a sudden change in direc-
tion, e.g., abrupt end to a scene. Interpolation functions are the
mathematical methods such as Bézier, linear, or constant functions
that automatically compute the values between keyframes [10, 24].
These functions ensure smooth transitions by filling in the gaps
between the manually defined keyframes.

While both components are integral to creating realistic and

controllable animations, they serve distinct purposes and do not
substitute for one another. Keyframes provide the precise, user-
defined targets that capture the creative intent, while interpolation
functions determine how the animation evolves between those
targets. Without keyframes, there would be no specific moments to
guide the motion; without interpolation functions, the animation
would lack the smooth transitions needed to connect these discrete
points effectively.
Dronevision, a 3D Display: Figure 3 illustrates the architecture of the
Dronevision (DV), a 3D display system [1]. At the base of the DV,
the FLSs are housed and prepared for deployment. The DV archi-
tecture contains a hub, a small computer. The hub hosts a process
named Orchestrator responsible for coordinating the swarm [18].
The Orchestrator has its own physical clock that is used as the global
system clock. It also serves as the display clock of FLSs illuminating
an animation. The Orchestrator continuously broadcasts its time
to all FLSs; those that are housed and charging on their launch
pads and those in the display volume illuminating an animation.
Each FLS listens to this broadcast and employs linear regression
to correlate the Orchestrator’s clock with its own local physical
clock, see Figure 5 and Section 2.3. This display clock ensures tight
temporal synchronization amongst the FLSs.

The volume of a DV is partitioned into display cells. A display
cell may be occupied by at most one FLS. It corresponds to the FLS
and its downwash [7, 9, 15, 27, 31], a region of instability caused
by its flight. Assuming an FLS is a quadrotor, a display cell may
be an ellipsoid [7, 9, 27] or a cylinders [15, 31] that results in a
larger separation along the height dimension. Each display cell has
a unique Length, Height, and Depth (L,H,D) coordinate [18]. We
use the L, H, D coordinate system instead of X, Y, Z to identify a
cell because there is no consensus on one definition of the Y and
Z axes. While the picture industry uses the Z axis as the depth,
mathematicians use the Y axis for the depth. It is trivial to map our
L, H, D coordinate system to either definition without ambiguity.

The light emitted from an FLS fills an illumination cell, see
Figure 4. Without loss of generality and to simplify the discussion,
we assume a display cell and an illumination cell are cubes. We
denote the ratio of an illumination cell to a display cell along a
dimension as Q. Assuming the same Q value across L, H, and D,
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Figure 4: An illumination cell with ratio Q=3 along each
dimension, consisting of 27 display cells.

the number of display cells contained in an illumination cell is Q3;
33=27 in Figure 4. A maximum of Q® FLSs may occupy different cells
of an illumination cell with one FLS illuminating the cell [6, 18]. We
assume the remaining Q3-1 FLSs remains invisible. This assumption
is reasonable because these FLSs may render the same light and
color as the illuminating FLS with lower intensity depending on
the location of their occupied display cell.

Continuous Mation

A

=+

Compute Flight

,)._;‘\\ Paths

. . Arrive at a Coordinate of KFj
Interpolation Functions A

+

...KF3, KF2, KF1} Flyto FLS i's

Key Frames coordinates in KFj
4
Display Clock/Time
4
Linear Regression (((( Bpr?:giz?t
. A A
Animator Physical Clock with Drift ~ Physical Clock
3D Authoring Tool FLS i Orchestrator

Figure 5: FLS integration with a 3D Authoring Tool.

An Integrated Approach: Figure 5 shows the integrated architecture
of a 3D authoring tool, such as Blender, with a DV. The DV may
consist of swarms of potentially millions of FLSs to illuminate
animations. Figure 5 illustrates the software stack of a single FLS
for clarity, though variants of this stack occur concurrently across
the different FLSs that constitute a swarm.
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The animator authors keyframes (KF1, KF2, KF3, etc.) specifying
the exact position each FLS should occupy at particular moments
in time. Additionally, the animator define interpolation functions
(F1, F2, F3, etc.) that mathematically describe smooth, continuous
movements between these discrete keyframes. Each FLS is assigned
coordinates corresponding to the start of each keyframe, and the
interpolation functions determine the FLS’s precise flight path be-
tween these positions.

FLSs continuously listen for a broadcast message from the Or-
chestrator. Each FLS implements a display clock using these broad-
cast messages and its physical clock. Section 2.3 details this display
clock. The broadcast protocol is specific to a DV and takes advan-
tage of the known physical characteristics of the DV. Its overhead is
fixed in the form of (a) memory in the order of megabytes from each
FLS, and (b) periodic messages transmitted by the Orchestrator. It
scales to support millions and billions of FLSs.

Once the animator presses the "Play" button, the Orchastra-

tor processes the keyframes and assigns the coordinates of the
keyframes to individual FLSs. The Orchastrator broadcasts the in-
terpolation functions to all FLSs and informs each FLS when to start
processing the interpolation functions, Tszqr¢. This is the start time
of the animation. The Orchestrator computes it by computing the
maximum time Tj,; required for the furthest FLS to arrive its initial
coordinate from deployment; Tszqr=Tj,44;+1. The Orchestrator may
perform this computation and provide Tszqr¢ to the FLSs while they
are in the hangar and prior to being dispatched. Each FLS flies to
its assigned starting coordinate defined by the first keyframe, KF1.
At Tgpqrt of its display clock, FLSs initiate the execution of the first
interpolation function. Each FLS independently executes its stored
interpolation functions, smoothly transitioning from one keyframe
to the next as specified by the animator. After processing one in-
terpolation function by flying along its specified path, each FLS
proceeds directly to the starting coordinate of the next keyframe.
This iterative process continues until the entire animation sequence
concludes and the FLSs arrive at their assigned coordinate in the
last? keyframe.
An Example: To illustrate these concepts, consider an animation
depicting a falling rose petal (Figure 6). The animation comprises
112 frames, defined by five keyframes occurring at frames 1, 42, 55,
105, and 112. Within each keyframe there is a specified starting co-
ordinate for each FLS. If each coordinate component is represented
by a floating-point value of 4 to 8 bytes, then each full 3D coordi-
nate occupies up to 24 bytes. Thus, storing all starting coordinates
for the five keyframes requires only about 120 bytes per FLS. The
motion between keyframes is governed by nine Bézier interpolation
functions per keyframe interval (Figure 8). These Bézier functions,
which precisely control the petal’s translation, rotation, and scale,
are exceptionally compact, requiring just tens of bytes for repre-
sentation. Together, this compact data representation facilitates
efficient storage and rapid computation.

To initiate an animation, swarms of the participating FLSs are
dispatched to their assigned initial display cell specified by the
first keyframe (KF;). Several algorithms for such dispatching is
presented in [18]. Once the FLSs arrive their initial position in

3With Blender, it is possible to not have a final keyframe by specifying a timeline
range. This special case is trivial to implement by using extrapolation mode or the
coordinate of the FLS in the last keyframe.
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Figure 6: The rose petal animation consists of five keyframes spread across the 112 frames of the full animation.

(KF1), they proceed to autonomously compute their flight paths
by executing the interpolation functions provided by the author-
ing tool. See the Bézier interpolation functions shown in Figure 8.
This novel integration drastically reduces computational overhead,
enabling near-instantaneous trajectory calculation. Additionally,
the linear regression synchronization technique itself represents
another novel advancement in this work, providing high-precision
clock synchronization across potentially millions of FLS nodes.
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- ..KF5 _

Figure 7: JSON file containing the keyframing and interpola-
tion data.

Figure 6 shows the five keyframes of the rose petal animation
relative to the entire rose structure, highlighting the space-time
spectrum of the animation. In this figure, the Y-axis represents
the 3D space within the DV display, i.e., its display cells. The X-
axis represents the display time, which is produced by the display
clock shown in Figure 5. The animator specified keyframes are not
necessarily evenly spaced along the X or the Y axes.

2.1 Display Resolution

The parameter Q directly determines the resolution of a Dronevision
(DV) display by defining the number of display cells contained
within each illumination cell. Given a fixed DV display volume and
illumination cell size, a larger Q value implies smaller individual
display cells, significantly increasing the display’s granularity. One
practical way to achieve higher Q values is by reducing the physical
dimensions of the FLSs and their associated downwash regions.

This relationship is visualized in Figure 9, where different keyframes
of the rose petal animation are shown across varying Q values. As
Q increases, the density and number of display cells representing
each keyframe grow, thereby enhancing the resolution and detail
visible within the animation.

Moreover, Q plays a crucial role in maintaining visual detail
when viewers zoom into or out of the animation. At a distance
(zoomed out), groups of closely situated display cells within a sin-
gle illumination cell appear indistinguishable to the human eye,
allowing many of these cells to remain inactive or uniformly colored
without compromising perceived image quality. As viewers zoom
closer, previously indistinguishable cells become visually distinct,
activating and displaying unique colors to preserve detailed ani-
mation features. Thus, higher Q values enable deeper zoom levels
while maintaining sharp visual fidelity, revealing finer animation
details as they become perceptually discernible.

For accurate alignment, the global coordinate system of Blender
animations maps directly onto Dronevision by aligning Blender’s
origin—the center of its XYZ coordinate frame—with the center
of Dronevision’s base within the display volume. Portions of the
animation extending beyond Dronevision’s physical display bound-
aries are clipped during rendering, further highlighting the impor-
tance of Q in managing visual transitions and preserving animation
detail near the display edges.

2.2 Problem Statement

Consider a swarm of F FLSs, {fi, f2, ..., fr}. Each FLS f; is provided
with a sequence of K coordinates {ki, ky, ..., kg } corresponding
to K key frames. An interpolation function I; specifies the flight
path of FLS f; for two consecutive coordinates. It may consist of
K — 1 interpolation functions, I; = {I; 1,1} 1, ... Ij,x—1}. Function
I 1 defines how the FLS f; travels from the coordinate k; to kz. It
is possible for I; to consist of fewer than K — 1 functions where a
function applies to more than two consecutive coordinates.

A function may be shared by multiple FLSs. At one end of the
spectrum, all FLSs may share one function I. At the other end of the
spectrum, F interpolation functions may exist with one function
for each FLS.



Integration of 3D FLS Displays with 3D Authoring Tools

IXR 25, October 27-28, 2025, Dublin, Ireland

Scale: Sx(t) =Sy(t) =Sz(t) =1.0

=1

t
where u = ——, t € [1,42]
41

Location: By (#) = (1 — u)3(7.68515) + 3(1 — u)%u(7.68515) + 3(1 — u)u?(10.85455) + u°>(10.85455)
By (1) = (1 — u)>(—24.1803) + 3(1 — u)?u(—24.1803) + 3(1 — u)u?(—23.44875) + u> (—22.9733)
Bz(t) = (1 - u)3(16.9762) + 3(1 — u)%u(16.9762) + 3(1 — u)u?(15.04936) + u>(12.55831)
Rotation Euler: Ry (#) = (1 — u)3(=5.40678) + 3(1 — u)?u(—5.40678) + 3(1 — u)u?(~109.15364) + u>(—109.15364)
Ry (1) = (1 —u)3(2.19041) + 3(1 — u)?u(2.19041) + 3(1 — u)u?(43.41660) + u>(55.86539)

Rz(t) = (1 —u)3(-1.35955) + 3(1 — u)?u(—1.35955) + 3(1 — u)u?(—68.46226) + u> (—68.46226)

Figure 8: Bézier equations defining Location, Rotation, and Scale between Keyframe 1(frame 1) and Keyframe 2(frame 42). Each
dimension is controlled independently using separate Bézier functions.

Q =1 Q =3 Q =10
KFy E
KF, -
KFs3 -
KF4 AR =
KFs _ /2 -
e i

Figure 9: Keyframe snapshots (KF;) across varying values of Q, which dictates the resolution of a 3D multimedia display (DV).

The problem solved in this paper is how to synchronize F FLSs
to start at time Tsz4r¢, execute their function to compute a path, and
move along the path such that they are at their assigned coordinate
ki within a margin of error A; time units. This A; may be specified
by the requirements of an animation application [25, 26, 28] and
dependent on the characteristics of the interpolation function. It
may be different for each of the K coordinates. The ideal value of
A; is zero. This means all F FLSs are synchronized as a function of
time.

2.3 Synchronized Clocks

We solve the problem of Section 2.2 by implementing a synchro-
nized display clock across all FLSs. This clock is synchronized with
the Orchestrator’s clock. See bottom right hand corner of Figure 5.
The maximum difference between the two clocks is either equal
to or lower than A;. This ensures an FLS will reach each keyframe
precisely enough to render the intended animation without notice-
able temporal discrepancy. Our clock synchronization technique
is:
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(1) Scalable: The overhead of the synchronization technique is
fixed and independent of the number of FLSs, F. Hence, the
technique may support millions and billions of FLSs.

(2) Robust: Each FLS computes its display time independent of
the other FLSs. This avoids a single point of failure. Even if
certain FLSs lose communication or fail [5, 6], others main-
tain a synchronized display clock.

We assume each FLS i has a physical clock that ticks at a fixed rate.
The display clock of FLS i is logical and consists of two parameters:
Current time, Te (i), and the rate A(i) at which it advances for every
physical clock tick. The display clock is synchronized when T¢ (i)
matches the Orchestrator’s current time and the combination of
the FLS i’s physical clock tick and A(i) match the rate at which the
Orchestrator’s clock ticks. Hence, the two parameters that an FLS i
must fine-tune are:

e Tc (i), its current time.
e A(i), the rate at which FLS i advances its current time as a
function of its physical clock tick.

We implement this fine-tuning by requiring the Orchestrator to
broadcast its local clock time to FLSs periodically while the FLS is
in the hangar or in the display volume illuminating an animation.
The receiving FLSs set their T (i) to the Orchestrator’s clock time
after adjusting for the message delivery time. They maintain recent
samples to build a simple regression model to compute A(i).

2.3.1 Message Delivery Time. FLSs make use of the physical char-
acteristics of a DV to compute the delay incurred in receiving a
broadcasted message from the Orchestrator. Prior research [8] has
established that the one-way broadcast delay primarily depends
on distance. We assume a table of known locations in the DV and
their distance from the Orchestrator. It may be constructed by a
human when designing the DV. FLSs use a localization technique
to identify their location in this table to look up the delay that they
should use for the broadcasted messages from the Orchestrator.

For those FLSs in a hangar, the position of their pad and its
relative distance from the transmitter are well known. Similarly,
we partition the display volume of a DV into fixed quadrants. Once
again, the distance between a quadrant and the Orchestrator is well
known.

We use techniques similar to [21] to compute the expected signal
travel time using the known relative positions. The resulting lookup
table is compact. For example, if it consists of one million known
locations then it is expected to be in the order of a few megabytes.
A hash table facilitate look up of the delay given a location. Each
receiving FLS knows its location, looks up the transmission delay
in the table, to compute its current time T(i).

Given the tabletop scale of a DV, the transmission delays are
typically sub-microseconds in duration [21]. If the granularity of
Tc (i) is milliseconds, then the delays will be insignificant. Hence,
in almost all cases, the offset between the FLS display clocks and
the Orchestrator time will remain comfortably within the tolerated
margin of error A; (Section 2.2). However, if the measured offset
between an FLS’s local clock and the global clock exceeds A;, an
offset correction is applied.

2.3.2  Skew Correction, A(i). Even with precise offset alignment,
hardware clocks in FLSs may drift at varying rates relative to the
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Orchestrator’s clock. For instance, an FLS physical clock may in-
crement by 2 counts per Orchestrator tick, whereas another FLS
increments by 4 counts for the same Orchestrator tick. To system-
atically handle these variations, an FLS employs linear regression
over multiple pairs of (physical clock time, Orchestrator clock time).
Concretely, each FLS logs broadcast timestamps from the Orches-
trator at fixed intervals, pairing them with its own physical clock
readings. By fitting a line through these (physical, Orchestrator)
time pairs, the FLS estimates how its clock rate differs from the
Orchestrator’s clock rate. If the linear regression reveals that the
local clock increments only half as quickly, then a skew correction
factor of 2 is applied to the FLS’s physical clock increments. Con-
versely, if the physical clock is found to be running too quickly, a
factor less than 1 will be used. Each FLS implements this technique
independently to realize a display clock. By synchronizing with the
Orchestrator’s clock, the display clock of all FLSs is synchronized.

3 AnImplementation

We implemented the concepts presented in this paper using Blender [11].

A Python script exports each FLS’s keyframe coordinates and inter-
polation functions from an animated sequence (e.g., a falling rose
petal). This data is stored in JSON files and used as direct inputs to
a DV simulator, allowing each FLS to interpolate its local trajectory
independently using the discussion of Figure 5.

To illustrate, with an animation such as the rose with a falling
petal, each segment between consecutive keyframes uses a cubic
Bézier function such as the following: B(t) = (1 — t)3Py +3(1 —
)2t Py + 3(1 — )t Py + t3P3, where t € [0, 1] is the normalized
parameter for that segment, and Py, P1, P2, P3 are extracted from
the Blender-generated JSON. Figure 7 shows the structure of the
JSON file that represents the keyframes and their interpolation
functions. Once this is instantiated in memory, it will be represented
as Figure 8.

The animation timeline is divided into segments defined by
keyframes. Each FLS identifies its active segment based on its’
display clock, then evaluates the corresponding cubic Bézier curves
for position, rotation, and scale. These values form a transformation
matrix applied every 21—4 second, i.e., a Blender frame.

FLS path length and velocity are derived by numerically integrat-
ing the position derivative between two consecutive timestamps:

frame_length:/tlt2 \/(%)2+(%)2+(%)2dt, (1)

and multiplying by the animation frame rate (e.g., 24). This ensures
precise velocity tracking for each FLS.

Each FLS executes its path using its synchronized display clock,
see Section 2.3. While in theory two timestamp pairs suffice to
solve for T (i) and A(i), we implemented a queue with an adjustable
length to handle real-world noise. This allows for stable clock correc-
tion even under measurement uncertainties. In our implementation
we used a queue of ten samples.

4 An Evaluation

We used the rose with the falling petal for our evaluation purposes.
It consists of 65,321 FLSs. However, only 2008 of these FLSs are of
interest because they constitute the falling petal. The five keyframes
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(a) Error model 1.

(b) Error model 2.

(c) With clock synchronization.

Figure 10: Location of FLSs with two different error models for the physical clock when the first FLS reaches its final destination
in KF5, see (a) and (b). (c) shows the results with the same two error models using the clock synchronization technique of
Section 2.3. This is the desired location of FLSs as shown by the last column and the last row of Figure 9.

that they constitute are shown in Figure 9 under the column Q=10.
The remaining 63,313 FLSs are stationary.

To evaluate the robustness of our clock synchronization tech-
nique under challenging conditions, we implemented two hetero-
geneous physical clock rate models that introduce significant drift.
With the first model, FLSs with odd-numbered IDs operate with
physical clocks running at two times (2x) the rate of the Orchestra-
tor clock, while FLSs with even-numbered IDs operate at one-half
(0.5x) the Orchestrator clock rate. We have observed a similar vari-
ation in practice when purchasing hundreds of servers. With the
second error model, the speed of the physical clock of each FLS is
selected randomly within +10% error of the Orchestrator clock.

Figure 10 shows the rose and the location of the 2008 FLSs as
soon as the first FLS arrives at its final coordinate in KF5. Figure 10a
and 10b show the location of FLSs with each error models and
no clock synchronization. Figure 10c shows the location of FLSs
with clock synchronization. The results is the same with both error
models. Hence, we show only one illumination.

The first error model causes the FLSs to be partitioned into two
sets, 1004 fast and 1004 slow FLSs. The slow FLSs are flying along a
path specified by the interpolation function between KF1 and KF2
when the fast FLSs arrive at their final coordinate, see Figure 10a.
This provides the illusion of two petals, one moving very fast while
the other moves very slow.

The second error model results in a significant distortion of
the petal, see Figure 10b. While 1585 FLSs are flying along a path
specified by the interpolation function between KF3 and KF4, 3 are
at KF4, 379 FLSs are flying along a path specified by the interpolation
function between KF4 and KF5, and 41 fast FLSs are at their final
coordinate in KF5. These FLSs are not synchronized because of the
random 10% skew in their physical clocks.

With both error models, our technique provides each FLS with
a display clock that is synchronized with one clock, namely the
Orchestrator’s local clock. This provides the correct illumination
shown in Figure 10c.

5 Related Work

This work builds upon our prior research [1-6, 17, 18, 33, 34], specif-
ically our technique for computing FLS flight paths for 3D anima-
tions presented in [18] and conceptual modeling of 3D animations
using FLSs [32]. We describe these in turn. In [18], we present a
highly parallel offline technique to compute flight paths given a
sequence of mesh files. It requires exporting and processing the
entire sequence of mesh files from a 3D authoring tool. For exam-
ple, creating the “rose petal” animation involved processing 115
individual mesh files, a process that is both time-consuming and
resource-intensive. The key difference in the current paper is its
efficiency. Instead of using mesh files, our new method only exports
the animation’s keyframes and interpolation functions from the
3D authoring tool. This significantly reduces the data required; the
same “rose petal" animation now only needs 5 keyframes and 9 func-
tions (see Figures 8 and 9). Techniques of [18] are still applicable
when working exclusively with mesh files.

This paper extends our previous work in [32], which proposed a
conceptual model for intelligent multimedia data through content-
based queries and annotations. The prior work focused on an in-
teractive animation studio that allowed animators to manipulate
3D illuminations directly, effectively using the FLS display as both
a viewing and an authoring tool. Here, we focus on viewing and
present the framework of Figure 5 and a novel technique to syn-
chronize the FLS clocks, which are key additions to our system.



IXR ’25, October 27-28, 2025, Dublin, Ireland

Clock drift is a well studied problem. There are numerous causes
for this drift ranging from imperfect quartz crystal oscillators sen-
sitive to temperature and power conditions to power supply vari-
ations and system load. The requirement for periodic resynchro-
nization [22] is well known. The Network Time Protocol (NTP) is
widely adopted in traditional computing systems [23]. NTP employs
a hierarchical synchronization structure, which faces scalability
challenges in extremely large swarms consisting of tens of thou-
sands of FLSs. As swarm size increases, the bandwidth and compu-
tational overhead required for frequent synchronization escalate,
introducing significant latency and potentially reducing overall
synchronization accuracy.

The clock synchronization technique of Section 2.3 is specific to
a DV. This simple broadcast technique uses the physical character-
istics of a DV to provide the FLSs with a display clock synchronized
with the Orchestrator. It is similar to other broadcast-based methods,
such as Reference Broadcast Synchronization (RBS) [14], designed
for sensor networks and wireless ad hoc networks. RBS is similar to
our technique in that it offers a high relative synchronization preci-
sion by eliminating uncertainty associated with sender-side delays.
Our technique is different from RBS in that it does not require the
FLSs to compare their clocks to each other based on when they
receive a reference broadcast message. This works for our setting
because the DV characteristics are known in advance.

There are drone specific algorithms to address clock skew. For ex-
ample, adaptive clock skew compensation allows an ocean bottom
drone to predict and correct its clock offset relative to its neigh-
bors [30]. These techniques are specific to an application use case
in a specific environment. They inspired the development of our
clock synchronization technique that is specific to FLSs in a DV.

6 Conclusion and Future Research

This paper presents an integration of a 3D authoring tool with a
3D display using FLSs, i.e., a DV. The system enables the export
of keyframes and interpolation functions from the authoring tool,
which are then used by the FLSs to render the animation within
the DV. A key requirement is for each FLS to maintain a display
clock that is synchronized with the DV’s Orchestrator clock. To ad-
dress this, we presented a simple broadcast-based synchronization
technique using linear regression.

We are implementing a prototype of the integrated approach
using Blender, an open source 3D modeling tool [11]. We have an
implementation of the Blender interfaces as reported in Section 3.
We also have FLS prototypes with processing and networking capa-
bilities to implement localization techniques such as Swarical [3]
and the software stack of Figure 5 to transform interpolation func-
tions into flight paths. However, the prototype faces a variety of
challenges ranging from the reliability [6] of the FLSs to the limited
flight time of an FLS on a fully charged battery [18], approximately
7 minutes. We are addressing these challenges in the near future.

The proposed integration will empower animators to refine ani-
mations interactively within the DV platform, with changes seam-
lessly propagating back into Blender. This bidirectional workflow
supports efficient version control and accelerates iterative design.
Building system support for this kind of interactive workflow rep-
resents an exciting and ambitious long-term goal.

Nima Yazdani and Shahram Ghandeharizadeh
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Figure 1: Our pipeline captures RGB-D video, applies 2D object segmentation, and projects masks onto depth images to generate
3D point clouds. Red points highlight differences between segmentation-based and bounding-box-based results.

Abstract

Live volumetric video streaming is an interesting technology for
interactive Extended reality (XR) applications, mainly to represent
users in telepresence applications as holograms, but also to digitize
objects and spaces. Most capture systems rely on static methods
to define what should be captured and what not, such as bounding
boxes or chroma key segmentation, which is a limitation in many
scenarios. To address it, we propose replacing static techniques
with 2D semantic segmentation, allowing the system to capture
only the important parts of the scene, but limiting its real-time per-
formance as a consequence. In this paper, we describe the design

This work is licensed under a Creative Commons Attribution 4.0 International License.
IXR °25, Dublin, Ireland

© 2025 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-2051-2/2025/10

https://doi.org/10.1145/3746269.3760417

1

and implementation of a system able to cope with the demands
of multi-camera live volumetric video streaming. We evaluate our
proposal in a reproducible testbed, using the CWIPC-SXR point
cloud video dataset, to understand if this approach is feasible, scal-
able and accurate, and to find the limitations of its performance
comparing it with using a static bounding box.

CCS Concepts

« Computing methodologies — Image segmentation; Com-
puter vision; « Information systems — Multimedia systems;
Multimedia streaming.

Keywords

Real-time volumetric video streaming, Multimedia telepresence, 2D
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1 Introduction

In multimedia, volumetric video capture has emerged as a power-
ful medium for immersive applications in entertainment, telepres-
ence, education, and more. While traditional systems often rely on
static, controlled environments with predefined constraints—such
as chroma key backgrounds or fixed bounding boxes—these ap-
proaches do not scale well to real-world, dynamic settings. In par-
ticular, real-time scene capture remains a challenge, as it demands
systems that can both process and transmit data live, without the
benefit of post-processing steps commonly used for offline record-
ing. For example, it is not possible for current systems to include
or exclude specific objects from a scene.

Deployments outside laboratory environments or dedicated cap-
ture studios face several limitations: either the capture misses rele-
vant elements of the scene, or it includes unwanted background and
noise. This is largely due to the static nature of current solutions,
which lack the flexibility to adapt to changes in the scene. At the
same time, recent advances in artificial intelligence—particularly
in segmentation—have enabled accurate, real-time understanding
of complex visual content, offering an opportunity to rethink volu-
metric capture systems as object-based multimedia systems.

In this work, we propose a novel system for live volumetric video
streaming that leverages dynamic 2D semantic segmentation to
capture and filter the most relevant parts of a scene. By replacing
traditional static constraints with object-aware segmentation, our
approach allows for more flexible, efficient, and accurate streaming
of volumetric content, but it adds computation that can compromise
real-time performance. To demonstrate the feasibility and perfor-
mance of our method, we present an experimental setup in which
pre-recorded scenes from the public CWIPC-SXR dataset [17] are
streamed with H.264 codec and processed using a segmentation
pipeline deployed on a virtual machine. The process is shown in
Figure 1. The contributions of this paper are:

C1. A live volumetric video streaming system design and im-
plementation that replaces static constraints and bounding
box approaches with dynamic semantic segmentation of the
scene.

C2. An empirical evaluation of this design over a reproducible

testbed trying to answer the following questions around

feasibility, performance and accuracy:

RQ1. Is the proposed system feasible?

RQ2. What is its performance and scalability? What are its
limitations and where are the bottlenecks?

RQ3. Are resultant volumetric video reconstructions accu-
rate?

In the remainder of the paper, after discussing Related Work
next, we describe the general design of our system, along with its
implementation details, in Section 3. We then present a testbed to
evaluate our proposal in Section 4. We discuss performance results
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and present visual outcomes in Section 5, leading to the discussion
in Section 6 and conclusion in Section 7.

2 Related Work
2.1 Volumetric Video

Volumetric video is increasingly recognized as a transformative
medium across various domains, including entertainment, telep-
resence, and education [11]. This technology captures scenes by
recording RGB-D information to generate a 3D representation and
enables users to interact with them in immersive environments.
However, processing such scenes remains a significant challenge
due to performance limitations.

In our previous work, Cabrero et al. [3], we introduced a web-
based platform prototype for transmitting and rendering volumetric
videos, utilizing web technologies like WebSockets to ensure com-
patibility across a wide range of devices. The system’s performance
was evaluated by measuring the number of transmitted points while
rendering recordings on eight different devices, including Oculus
Quest and Pico headsets. A key issue identified was that encoding
a large number of points using Google’s Draco! compression neg-
atively impacted performance—scenes containing 300,000 points
could only be transmitted at 15 fps due to the computational over-
head. This highlights an important aspect: not all points in a scene
need to be processed—only those that are relevant.

Early research in this area primarily focused on static environ-
ments using controlled setups, often employing techniques such as
chroma keying or fixed bounding boxes to isolate objects of interest.
For instance, some professional capture studios define the recording
area strictly to ensure optimal conditions. In [8], the authors built
an 18" x 18’ x 8’ volumetric capture volume—a free-standing, fully
enclosed green chroma-key structure that provided an uniform
environment for background subtraction under controlled lighting.
Other studies have explored virtual social environments by placing
users within the same virtual experience. Gunkel et al. [7] devel-
oped a video conferencing system in which users’ backgrounds
were replaced with a fixed chroma colour before transmission. On
the receiving end, alpha blending was applied to remove the back-
ground, producing a transparent image that showed only the user.
Similarly, Fernandez et al. [13] used this approach to integrate users
into the same TV broadcast. Background subtraction was proposed
as a solution for separating entities from the background in [6];
however, that work used stereo cameras instead of RGB-D cameras
to reconstruct depth maps.

Alternatively, some researchers define static constraints, such
as bounding areas, to focus on important parts of the scene in im-
mersive telepresence. Reimat et al. [17] published the CWIPC-SXR
dataset, which includes real-life scenarios such as watching TV,
playing sports, and giving presentations. This dataset employs a
cylindrical bounding area to separate objects from the background.
In this setup, the cylinder’s height ranges from 0.02 m to 2.38 m,
with a radius of 1.2 m around the subject, thereby defining the pro-
cessing region. Building on this approach to separate users from the
background, Viola et al. [20] and Jansen et al. [9] works present end-
to-end systems for transmitting humans in volumetric content in

!Draco: https://google.github.io/draco/
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multiparty, real-time communication. Moreover, Alexiadis et al. [1]
implemented live human reconstruction by placing humans within
predefined bounding boxes to visualise and capture their motion.
While such systems perform well in controlled environments, they
are less adaptable to dynamic, real-world settings where objects
move unpredictably.

To overcome the limitations of static constraints, the work of
[15] proposed a foreground/background segmentation approach
based on a Conditional Random Field (CRF) that fuses RGB-D data
with pre-captured background models. While this enables binary
segmentation of foreground objects in controlled environments, it
lacks the semantic understanding of the scene.

2.2 Semantic Segmentation in 2D and 3D

With the evolution of Artificial Intelligence, semantic segmenta-
tion has become crucial for identifying and separating objects in a
scene based on their categories. Current approaches can be broadly
categorized into 3D point/voxel-based segmentation and 2D image-
based segmentation.

In 3D semantic segmentation, existing methods primarily follow
two paradigms. Point-based networks directly process raw point
clouds, with PointNet [4] serving as a foundational architecture that
operates directly on unordered point sets while lacking local feature
aggregation. This limitation was addressed by PointNet++ [16]
through hierarchical learning of local structures, while subsequent
innovations like AdaptConv [22] further enhanced feature learning
through adaptive graph convolutions. Alternatively, volumetric
approaches operate on 3D grid representations, among which 3D
U-Net [5] extends the U-Net architecture to volumetric data using
encoder-decoder paths with skip connections to capture multi-
scale context. Though effective for dense voxel grids in domains
like medical imaging, 3D U-Net faces memory and computational
challenges when scaling to large outdoor scenes due to its cubic
complexity. Although 3D segmentation methods typically offer
high semantic accuracy, their complex architectures make them
unsuitable for real-time applications.

In contrast, 2D semantic segmentation methods are significantly
faster and more efficient for real-time tasks. However, this speed
comes at a cost—results from 2D views must be matched across
multiple perspectives, which can introduce alignment issues and
reduce overall accuracy. In the context of object detection and
segmentation, Ultralytics? YOLO models have gained widespread
popularity in recent years due to their high speed and efficiency
in real-time applications [10]. Recent research has introduced the
Segment Anything Model (SAM) [12], which performs semantic
segmentation of arbitrary objects based on textual prompts. To
improve processing speed, Fast Segment Anything (FastSAM) [21]
divides the task into two stages: an all-instance segmentation stage
using YOLOv8-seg, followed by a prompt-guided selection stage to
isolate the target region.

In our work, we directly employ the eighth version of YOLO with
a segmentation head, YOLOv8-seg, trained on the COCO dataset
[14], to perform segmentation. Unlike FastSAM, which introduces
additional processing stages, YOLOv8-seg enables us to achieve

2Ultralytics: https://docs.ultralytics.com
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real-time segmentation with minimal latency while maintaining a
strong balance between speed and accuracy.

3 2D Segmentation-based Live Volumetric Video
Streaming

The system design is divided in three main components: Capture,
2D Segmentation and Rendering.

The Capture component uses colour and depth cameras—in our
case Microsoft Azure Kinect cameras® connected via USB 3.0 to a
processing machine. This setup provides synchronized RGB and
depth (D) images that are encoded in two H.264 streams for each
camera, one for colour and one for depth. The method to encode
depth is similar to the one used by [19]. To simplify the system
in the current version and avoid issues with synchronization, all
cameras are merged into the same frame, as can be seen in the
images shown in Figures 1 or 2.

The Rendering component on the other end takes the merged
H.264 stream, decodes it and reconstructs the point cloud using the
appropriate calibration parameters from the cameras. The resulting
3D output can be rendered and displayed in various end-user appli-
cations like web applications over head-mounted displays (HMDs),
or desktop applications using OpenGL. During rendering or capture,
the system allows the application of static bounding boxes. Capture
and Rendering work together with or without the 2D Segmentation
block.

The 2D Segmentation component sits in the middle between
Capture and Rendering. It implements a pipeline that takes the
H.264 stream produced by Capture and a set of input labels describ-
ing the objects to segment. The output is a segmented version of
the input H.264 stream that can be forwarded to the Rendering
component. Inside the 2D Segmentation component, RGB images
are processed using a segmentation model, which produces binary
masks indicating the presence of objects of interest. These masks
are then projected onto the corresponding colour and depth images,
effectively isolating only the relevant colour and depth data.

Figure 2 presents a detailed diagram of the 2D segmentation
pipeline, with each step described below. We use the YOLOv8-seg
nano model, chosen for its high inference speed among the available
model variants.
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Figure 2: Pipeline for the 2D Segmentation Component.

3Microsoft Azure Kinect SDK: https://azure.microsoft.com/es-es/products/kinect-dk
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3.1 Input Pre-processing

The RGB images arriving from the Capture component are used
in the inferencing step of the model. In order to have the correct
format for what YOLO model expects of the input RGB images
preprocessing needs to be done. The YOLO model accepts images
with the size of 640 X 640 so the image is first resized. After this
operation, colour conversion and normalisation are done in order
to have the format for inferencing using YOLO. These operations
are being run on the CPU using OpenCV* computer vision library.

3.2 Inference

Inference is used to predict segmentation masks from input images
using a pre-trained model. While YOLO models are originally de-
signed for object detection, newer versions have been extended
with a segmentation head to support instance segmentation. To
achieve optimal performance, we exported the model to a Torch-
Script file, enabling GPU inference using the Torch library® in C++.
The pre-processed images are used as input to the exported model.
These images are batched together, as batch processing is more effi-
cient on the GPU due to its ability to perform parallel computations
if there are more than one cameras in the capturing. The model
outputs two sets of results: one for generating bounding boxes and
another for producing segmentation masks.

3.3 Mask Refinement

This YOLO segmentation model is a derivative of the YOLACT
architecture [2], which means that the result of the YOLO segmen-
tation method returns with two tensors of output: Prediction Head
Block with dimensions (b, 116, 8400), and Protonet Block Output
with dimensions (b, 32, 160, 160), where b is the number of images
(batch size). These outputs require further processing steps to ob-
tain the desired masks as the model is missing to filter out irrelevant
detections and keep only one detection for each object.

3.3.1 Prediction Head Block: Post-processing predictions. With a
shape of (b, 116, 8400), the first value represents the batch, followed
by 8400 different predictions, each containing 116 values. The initial
four values denote the x and y centre of the detection box, width,
and height in pixels (ranging between 0 and 640 in our example).
Subsequently, there are x-values based on the number of classes
in the model (in this case, x = 80), representing the class-wise
confidence scores for each prediction (ranging between 0 and 1).
These scores are used during the Non-Maximum Suppression (NMS)
step to filter out redundant or overlapping bounding boxes by
retaining only the most confident detections per class. Finally, there
are y-values representing coefficients to blend the prototypes to
obtain object masks. With 32 prototypes, there are 32 corresponding
values. Altogether, these account for the total of 116 values.

3.3.2  Protonet Block Output: Post-processing prototypes. With a
shape of (b, 32,160, 160), comprises 32 feature maps of the image
with mask size of 160 X 160. These maps should be blended together
according to the coefficients from Prediction Head Block to generate
masks for different objects. Now, the remaining task is to blend the
prototypes together based on the detection coefficients. Following

4OpenCV: https://opencv.org
STorch: https://pytorch.org
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this, we will crop around the objects and upscale the masks to the
original image size and binarize the masks to obtain the final masks.
These operation also run on the GPU on tensors to have the fastest
performance.

3.4 Mask Shrinking

After obtaining the segmentation masks we transfer these images
to the CPU in order to process them in the following steps. These
predicted masks are not always highly accurate, which can lead
to outliers in the 3D scene. To address this issue, we developed
a shrinking mechanism that refines the masks by applying the
OpenCV erode function with a kernel size of 3 X 3. This operation
reduces the size of the mask, helping to eliminate noisy or inac-
curate edge pixels. As a result, fewer erroneous pixels are used
during the masking process, improving the accuracy of the 3D
reconstruction.

3.5 Filtering

After the masks are obtained for all detected objects in the image,
object filtering is applied to specify which objects should be ex-
tracted in the subsequent processing steps. The remainder objects
are ignored. In our setup, the model is capable of distinguishing
between 80 different object categories, as it was trained on the
COCO dataset [14].

3.6 Masking

With the RGB, depth (D), and mask information available, masking
is performed by projecting the pixels with a value of 1 in the binary
mask onto the corresponding depth image. This allows us to retain
only the relevant pixels from both the RGB and depth images—those
that should appear in the final scene—while removing unnecessary
points from the reconstruction. This process is applied individually
for each camera.

4 Empirical Study

4.1 Experiment Design

This empirical study aims at analysing the performance of the
proposed 2D segmentation pipeline with an off-the-shelf YOLO
segmentation model, and compare it with using bounding boxes.
For the sake of targeting the performance evaluation of the 2D
Segmentation component, we constructed the testbed in Figure 3.
Each step of the experiments is explained in Section 4.2 to provide
a detailed overview of our setup. For reproducibility, we used a
publicly available dataset CWIPC-SXR [17], as their hardware and
camera setup closely resembles ours. Our experiment was designed
to evaluate the performance, modularity, and robustness of our
distributed pipeline for 3D volumetric reconstruction. To show
the effectiveness of the segmentation we selected scenes from the
dataset where there were extra objects in the scene, not just the
main object that we wanted to detect. For this reason, during our
evaluation we focused on the following 10 sequences listed below:

(1) cwi_electric_guitar: segmenting the person

(2) cwi_basketball: segmenting the person

(3) cwi_watching_football_r1_t1: segmenting the person
(4) cwi_watching_football_r2_t1: segmenting the person
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(5) cwi_acoustic_guitar: segmenting the person

(6) cwi_padel_training_r1_t1_person_racket:
segmenting the person and the paddle-racket

(7) cwi_padel_training_r1_t1: segmenting the person

(8) cwi_padel_training_r2_t1_person_racket:
segmenting the person and the paddle-racket

(9) cwi_padel_training_r2_t1_: segmenting the person

(10) cwi_book_presentation: segmenting the book as remote

(the book was detected as a remote by the model)

The goal of our experiment is to understand the feasibility, per-
formance, scalability, accuracy and limitations of our system, an-
swering the research questions listed in the introduction.

4.2 Testbed and Method

Dataset ~ RGB D  Masks
Preparation o
N ) g C
] ¥ . d
G > e
Tnput
(=) | =~ -
Capture
Playba(k —-{ 2D Segmentation Combining Ho64 Rendering Eva\uauonﬁ

nviDiA.

IE

Virtual Machine

Output

Ao

Figure 3: Testbed pipeline for evaluating our 2D segmenta-
tion method on the public CWIPC-SXR dataset for volumet-
ric capture.

In the testbed there are 3 machines, one for each component
of our system: Capture, 2D Segmentation and Rendering showing
the steps on the Figure 3. The flow of the stream in the testbed is
similar to that one described in Section 3.

To simulate the Capture component in a live system, we im-
plemented an equivalent version using recorded data as input. We
preprocessed the CWIPC-SXR dataset and used FFmpeg® to sim-
ulate streaming live from the real system. The dataset originally
was recorded using Microsoft Azure Kinect cameras, providing
synchronized RGB-D video in Matroska format (mkv). We kept the
original resolution of the frames which is 2048 x 1536. Additionally,
it includes comprehensive calibration files and bounding cylinder
annotations, enabling both the reproduction of original results and
accurate alignment of point clouds across multiple camera views.
The Dataset Preparation step consisted on collecting these data and
adapting to our architecture. From the collected data, we created
a combined stream that contains the RGB and depth recordings
from the Matroska file as many as many cameras are used during
the experiment. Additionally, a session file is created in a JSON
file where the numerical information is collected like image res-
olution, number of cameras, used bounding cylinder parameters
(min height, max height, filter radius) and the calibration matrices
which consists of the intrinsic and extrinsic parameters in order
to align the multi view cameras. The RGB and depth images from
each camera are stacked to form a single combined frame that

®FFmpeg: https://fimpeg.org
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includes all camera views. Each camera contributes an image of
size 1536 X 2048 for both RGB and depth, resulting in a width of
2 X 2048. When combining n cameras vertically, the total frame
resolution becomes (nx 1536) X (2% 2048), where n is the number of
cameras. After data preparation, the combined frame—containing
both RGB and depth information—is encoded using the H.264 codec
and streamed at the original frame rate of 30 FPS via the RTP/UDP
protocol using FFmpeg. The stream is sent from the Playback block
to the Rendering component through the virtual machine.

The Rendering component builds, renders the point cloud using
the colour (RGB) and depth (D) information and the bounding
cylinder parameters from the session file created during Dataset
Preparation step. The output stream is rendered in an OpenGL
window on the GPU running on a client machine in real time. The
Capture and Rendering components together can operate either
with or without the 2D Segmentation module. In both cases, the
output streams are saved, allowing the Evaluation block to compare
point clouds generated using only bounding constraints with those
refined by segmentation as part of our evaluation. The Capture and
Rendering machines hardware parameters are the following:

e GPU: NVIDIA GeForce RTX 3050 with 8GB VRAM.
e CPU: 16 cores with memory of 62 GB RAM.

Our 2D Segmentation mechanism is deployed on the virtual
machine with GPU to achieve the highest performance to the great-
est extent possible. This component generates other meta data files
for the Evaluation block which contains the execution time for each
block in the developed code for the saved, encoded timestamps of
the frames. As explained in the implementation section, this compo-
nent reads the stream transferred from the Capture block, decodes
it using the H.264 codec, and applies the segmentation algorithm
to the streamed RGB frames to have the segmentation masks. After
masking the RGB and depth frames for each camera, we combine
them together into one frame in the Combining step. The combined
image consists of two columns (RGB image, depth image) and n
rows, where n corresponds to the number of cameras. The Com-
bining function is processed on a different CPU thread in order
to achieve the highest performance. The image is then encoded
using the H.264 codec and streamed via the RTP/UDP protocol on
a separate thread. The virtual machine hardware parameters are
the following:

e GPU: NVIDIA Quadro RTX 4000 with 8GB VRAM.
e CPU: 20 cores with memory of 31 GB RAM.

4.3 Evaluation Metrics

We conduct both quantitative and qualitative assessments, focusing
on performance metrics and visual point cloud comparisons.

4.3.1 Performance Metrics. We measure the execution time of key
components in the implementation and the running Frame-per Sec-
ond (FPS) is calculated from this execution time to assess system
performance and identify potential bottlenecks of the system. The
execution times in milliseconds of each block are collected in meta-
data files on the virtual machine after encoding each frame with
the H.264 codec. The measured blocks are the following:

2D Segmentation pipeline: represents the overall performance of
the system, including decoding, input pre-processing (Section 3.1),
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Table 1: FPS performance of system components for sequences 1-5 (CWIPC-SXR dataset). The colouring indicates: green (> 30,
real-time FPS), yellow (15 < framerate < 29, close to real-time), and red (< 15, underperforming).

ID of the experiment

2 3 4 5
Number of cameras 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
2D Segmentation pipeline 32 15 11 34 16 11 34 14 11 37 13 10 35 20 13
Input Pre-processing 253 147 96 273 137 97 271 134 96 288 137 98 272 135 100
73 41 30 75 41 29 73 43 30

72 42 29 73 41 29
162 167 191 164 179 183 138 179 197 146 183 194 177 166
Post-processing predictions 263 115 65 270 114 65 290 124 64 259 128 59 263 110 65
Post-processing prototypes 2424 4486 1522 2336 1598 2051 2346 1874 1910 2428 2097 1757 2383 2306 1541
Masking 101 37 35 138 52 33 119 39 34 137 30 23 122 103 56
Combining 165 32 15 161 28 20 158 36 23 116 24 23 177 34 24

Segmentation
Inference 195

Table 2: FPS performance of system components for sequences 6-10 (CWIPC-SXR dataset). The colouring indicates: green (> 30,
real-time FPS), yellow (15 < framerate < 29, close to real-time), and red (< 15, underperforming)

ID of the experiment

6 7 8 9 10
Number of cameras 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
2D Segmentation pipeline 33 15 9 30 17 11 36 12 9 35 15 9 38 21 17
Input Pre-processing 269 137 98 254 142 95 273 133 97 267 142 96 269 141 97
Segmentation 73 42 29 69 43 29 74 41 30 73 44 30 70 42 31
193 118 175 187 187 183 146 147 185

186 167 136 155 182 157
76 368 107 67 269 145 64 276 105 62 390 121 64

Post-processing prototypes 2516 2957 1611 2131 2311 1598 2425 1850 1738 2362 2345 1768 1792 1971 1813
Masking 99 51 32 111 47 19 134 36 22 136 26 20 213 170 197

Combining 117 29 25 153 36 24 166 35 24 168 37 24 145 35 22

Inference
Post-processing predictions 281 112

o,

Figure 4: Qualitative results for three cameras on the CWIPC-SXR dataset show how segmentation can replace static bounding
boxes by excluding points (red) more accurately. Sequence IDs (see Section 4.1): 3, 1, 9, 5, 2, 4, 7, 10 (left to right).

Inference: measures the time taken by the YOLO model for in-
ference on the GPU, excluding preprocessing and post-processing.

(See Section 3.2)

Post-processing Predictions: evaluates the time required to process
the raw model outputs, including bounding box decoding and non-
maximum suppression. (See Section 3.3.1)

Input Pre-processing Prototypes: evaluates the time required to
obtain the final masks from the predictions. (See Section 3.3.2)

segmentation (see Segmentation below), masking (Section 3.6), com-
bining (see Combining below), and encoding the output stream.

Input Pre-processing: measures the performance of image prepro-
cessing before passing it to the YOLO model, implemented using
OpenCV on the CPU. (See Section 3.1)

Segmentation: evaluates together the overall performance of the
Inference (Section 3.2), Mask Refinement (Section 3.3), Shrinking
(Section 3.4), and Filtering (Section 3.5).
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Masking: measures the time taken to apply the segmentation
masks to both the RGB and depth images on the CPU. (See Sec-
tion 3.6)

Combining: measures the CPU time to merge frames from multi-
ple cameras before encoding. (See 2D Segmentation block in Sec-
tion 4.2)

4.3.2  Visual Point Cloud Comparison. To evaluate how accurate
is our method in relation with using bounding boxes, we compare
point clouds generated using both, at corresponding timestamps.
These point clouds are generated by the Rendering component.
To obtain qualitative results, we calculate point-wise distances
between the two point clouds and label the differences as follows:

e Red points: present in the bounding box point cloud but
not in the segmentation.

e Green points: present in the segmentation result but not in
the bounding box.

5 Results

Tables 1 and 2 summarize the performance (in FPS) of key im-
plementation blocks (see Section 4.3.1) of the 2D segmentation
component, evaluated across different numbers of cameras and
sequences defined in Section 4.1.

The results show that performance decreases as more cameras
are added, increasing the system load. Among all components, the
Combining block proved to be the most computationally expensive
when using multiple cameras. For that reason our implementa-
tion carries out the combining step in different a separate CPU
thread, which improved overall system performance compared to
our initial experiments. The Masking block also shows a drop in
performance as the number of cameras increase. While it performed
well with a single camera, its efficiency declined with two or three
cameras. However, in some cases, the difference between using two
and three cameras was not significant. Failures in segmentation
(i.e., not being able to detect objects) are shown in sequence 10
(cwi_book_presentation), where the algorithm frequently fails
to detect the book in several frames. As a result, the masking step
shows high FPS values in those frames, since no mask is returned
from the segmentation and no actual computation is performed. In
contrast, the YOLO Inference step maintained a stable performance
across all configurations. Running the model on the GPU with
batched input showed consistent results regardless of the number
of cameras. It is important to note that the Post-processing proto-
types block showed high performance in all cases, indicating that
this operation was executed efficiently on the GPU. The remaining
blocks also presented real-time performance; however, they still
add additional computational load to the system, influencing the
overall performance (2D Segmentation pipeline block).

Apart from performance metrics, we present initial findings on
the visual accuracy of the results to understand if the proposed
system can replace static methods to filter a scene, such as fixed
bounding boxes. Figure 4 presents representative frames from the
10 sequences, demonstrating how segmentation can effectively
focus on relevant regions of the scene without static constraints.
Red points indicate areas that were included using static bounding
boxes but are missing in the segmented point cloud—highlighting
points unnecessarily added to the scene by the static approach.
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Figure 5: Qualitative results show segmentation failures with
adding green points to the scene

Figure 5 shows examples of frames in which not objects were seg-
mented by the model. Green points represent false positives, i.e.
incorrectly added points due to segmentation failures. These occur
when the segmentation algorithm fails to generate a valid mask
and returns the entire RGB frame instead, which is the mechanism
intentionally implemented to allow us a better visual inspection of
such failures. This is illustrated in the first row of Figure 5, in the
sequences cwi_acoustic_guitar and cwi_book_presentation.
The second row shows examples where segmentation includes
other objects, such as people outside the bounding box. Although
technically a segmentation error, this is an expected behaviour
of the model. In the sequence cwi_padel_training_r1_t1, parts
of the recording person (e.g., a leg, half of the face) appear due
to their presence in the space defined by the bounding box. Sim-
ilarly, the full recording person is included in the point cloud in
the cwi_watching_football_r2_t1 sequence. Figure 6 illustrates
how segmentation targets can significantly affect the reconstructed
scene. In the upper part of the figure, only the person is segmented,
and the racket appears as an extra object. In the lower part, both the
person and the racket are segmented. This example highlights the
power of semantic understanding of the scene and the flexibility of
a segmentation-based approach in controlling what is included in
the final reconstruction.

6 Discussion

In this section we review our initial research questions.

RQ1: Is the proposed system feasible? We implemented an initial
prototype that integrates 2D segmentation into a live volumet-
ric video streaming system and evaluated it using a reproducible
testbed with the publicly available CWIPC-SXR dataset, demon-
strating the feasibility of the system. The prototype presented suc-
cessfully processes synchronized RGB-D streams from multiple
cameras in real-time or near-real-time, demonstrating that integrat-
ing 2D segmentation is practical within existing volumetric capture
workflows. Constraints and limitations exist in the number of cam-
eras to use and their resolution, but these can be partially solved
in future iterations of this concept. In addition, 2D segmentation
enables more efficient scene reconstruction by focusing on relevant
regions and discarding unnecessary points, thus providing a more
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1‘ Segmenting Person

Using Bounding Box

Segmenting Person + Racket Compared Result

Figure 6: Example from cwi_padel_training_r1_t1 showing
how detecting only person (first row) vs. person and racket
(second row) affects the point cloud at the same timestamp.

precise alternative to replace scene isolation with static bounding
box.

RQ2: What is its performance and scalability? What are its limi-
tations and where are the bottlenecks?

The performance metrics showed that keeping the real time per-
formance streamed the videos with 30 FPS is possible in the case of
using one camera. The achieved frame rate is lower with more cam-
eras, but it still offers acceptable values. The high frame resolution
(2048 x 1536) of the dataset used in the evaluation is also a limiting
factor. Several operations—such as RGB pre-processing, masking,
and combining—are performed on the CPU using OpenCV, which
slows down the processing. When the frame processing cannot
keep up with the original stream speed at 30 FPS (Shown in Ta-
bles 1 and 2 as yellow or red coloured cells) the frames are dropped
in order to not let waiting the processing for the next frame. For
this reason not all of the frames are included in the output stream.
In the metrics evaluation the YOLO-based segmentation inference
remained stable and GPU-efficient because of using batched input.
However, the masking and combining operations revealed bottle-
necks when scaling to multiple cameras, with combining being the
most computationally expensive step.

Additionally, masking performance in one case showed high
FPS (10th sequence) due to segmentation failures (where no masks
were returned, skipping masking computation). These represent
limitations in the segmentation robustness. Another limitation oc-
curs when the algorithm fails to differentiate between multiple
objects, it may incorrectly include unwanted subjects—such as the
person recording—instead of isolating only the main person in the
bounding box.

RQ3: Are resultant volumetric video reconstructions accurate?

Qualitative results show that our proposed 2D segmentation
based reconstruction can isolate relevant scene components similar,
and sometimes more precisely, than static bounding boxes. Figure 6
showed when focusing on small objects, like the paddle racket, can
change the experience in the output. In many sequences, unnec-
essary background points were successfully excluded, enhancing
scene clarity as shown in the Figure 4. However, accuracy depends
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heavily on segmentation quality. Failures to detect objects, or inclu-
sion of unintended subjects (e.g., other person as camera operators),
introduced noise or artifacts. While segmentation improves recon-
struction accuracy overall, some errors—particularly false positives
and missed detections—remain a challenge.

7 Conclusion and Future Work

This paper presented a novel method that integrates semantic 2D
segmentation into live volumetric video pipelines, replacing static
constraints like bounding boxes. This is a crucial enabler to create
object-based volumetric video scenes. A system like this can en-
able new media capture workflows and novel methods to create
immersive scenes using an object-based approach. To evaluate its
feasibility and performance, we carried out an empirical study using
the CWIPC-SXR dataset on a reproducible testbed. The results show
that not only it is possible to perform 2D semantic segmentation, but
it can also improve scene clarity by focusing on relevant regions and
excluding unnecessary content. However, segmentation sometimes
fails to detect the desired object or includes unwanted background
elements, reducing accuracy. Our experiments also revealed that
real-time performance could not be achieved in some scenarios,
especially when using two or more high-resolution camera streams
simultaneously.

Beyond the results presented in this paper, 2D Segmentation
has been successfully integrated in our live volumetric video sys-
tem, initially implemented in [3] and showcased in [18] with nice
performance under the constraints showed here. This paper opens
interesting areas of research and developments, for instance re-
lated to system stability and scalability. This architecture should
be evaluated for different Al models, and in parallelized implemen-
tations, where synchronization of streams is paramount. CUDA-
based optimizations’ may enhance performance, although GPU
memory transfer for high-resolution frames remains a bottleneck.
A redesigned system architecture may be required. To address seg-
mentation errors, incorporating a tracking algorithm that assigns
unique IDs to objects could help filter out irrelevant detections.
These improvements would bring us closer to understand the 3D
scene and integrate physical entities into immersive environments.
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Figure 1: Quality evaluation of 2D and stereoscopic videos on the Apple Vision Pro (AVP).

Abstract

Immersive stereoscopic (3D) video experiences have entered a new
era with the advent of smartphones capable of capturing stereo-
scopic videos, advanced video codecs optimized for multiview con-
tent, and Head Mounted Displays (HMDs) that natively support
stereoscopic video playback. In particular, Apple’s recent introduc-
tion of spatial video capture on the recent iPhone Pro series and
immersive playback on the Apple Vision Pro (AVP) has acceler-
ated the mainstream adoption of stereoscopic content. In this work,
we evaluate the quality of spatial videos encoded using optimized
x265 software implementations of Multiview HEVC (MV-HEVC) on
the AVP and compare them with their corresponding 2D versions
through a subjective test.

To support this study, we introduce SV-QoE, a novel dataset
comprising video clips rendered with a twin-camera setup that
replicates the human inter-pupillary distance. Our analysis reveals
that spatial videos consistently deliver a superior Quality of Expe-
rience (QoE) when encoded at similar bitrates, with the benefits
becoming more pronounced at higher bitrates. Additionally, render-
ings at closer distances exhibit significantly enhanced video quality

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0
International License.

IXR °25, Dublin, Ireland

© 2025 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-2051-2/2025/10

https://doi.org/10.1145/3746269.3760422

20

and depth perception, highlighting the impact of spatial proximity
on immersive viewing experiences.

We further analyze the impact of disparity on depth perception
and examine the correlation between Mean Opinion Score (MOS)
and established objective quality metrics such as PSNR, SSIM, MS-
SSIM, VMAF, and AVQT. Additionally, we explore how video quality
and depth perception together influence overall quality judgments.
The complete dataset, including videos and subjective scores, is
publicly available at https://github.com/cd-athena/SV-QoE.
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1 Introduction

Immersive media has transformed how users engage with digital
content, extending beyond traditional viewing to provide highly in-
teractive and engaging experiences [1, 2]. Advances in Virtual Real-
ity (VR), Augmented Reality (AR), and Mixed Reality (MR) have led
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to the development of immersive environments that enhance user
presence and interaction. As display hardware continues to evolve,
with innovations such as high-resolution HMDs, eye-tracking, and
spatial audio, immersive media is becoming increasingly realistic
and accessible. Additionally, improvements in content creation tools
are pushing the boundaries of digital storytelling, gaming, train-
ing simulations, and remote collaboration [3-5]. With the growing
demand for lifelike and interactive experiences, immersive media
is reshaping entertainment, education, and professional applica-
tions [6].

Among the various forms of immersive media, stereoscopic
videos have regained popularity thanks to their ability to enhance
realism through depth perception. Stereoscopic imaging works by
capturing two slightly different perspectives of a scene (i.e., one
for the left eye and one for the right eye), mimicking the natural
disparity of human vision [7]. This disparity allows the brain to in-
terpret depth, resulting in a 3D perception of the content. Typically,
stereoscopic videos are recorded using a dual-camera setup. During
playback, these two images are displayed separately to each eye,
either through passive polarization, active shutter glasses, or direct
display on head-mounted devices [8].

Widespread adoption of this format has historically been limited
by challenges across the entire multimedia pipeline, including con-
tent creation, efficient encoding, and display compatibility. Recent
advancements have significantly lowered these barriers, making
stereoscopic video a more accessible and scalable format for im-
mersive media. The integration of stereoscopic video capture into
consumer-grade devices, such as the iPhone Pro, has enabled effort-
less content creation without the need for specialized camera setups.
On the encoding side, optimized HEVC-based [19] compression
software, such as x265, ensures that high-quality stereoscopic video
can be efficiently stored and streamed while maintaining perceptual
quality. Furthermore, the emergence of HMDs with native support
for stereoscopic video playback, such as the AVP and Meta Quest
3, has provided a dedicated ecosystem for consuming stereoscopic
content. These developments have effectively bridged the gap be-
tween content creation, encoding, and rendering, thus enabling
stereoscopic videos to become a viable and accessible format for
next-generation multimedia applications.

While in Apple’s definition, spatial videos refer to videos recorded
with the iPhone Pro or AVP [18], encoded with their MV-HEVC [20]
codec and displayed on the AVP, in this paper, we define spatial
videos as stereoscopic content encoded using the MV-HEVC format
and designed for seamless playback on the AVP.

Despite the advances in spatial video capture and display, there
remains a significant gap in the research on spatial videos for im-
mersive platforms, as most studies focus primarily on traditional 2D
videos. While objective and subjective quality evaluation method-
ologies are well established for conventional video formats, their
applicability to spatial videos, particularly on HMDs, remains less
explored. Factors such as depth perception, binocular disparity,
compression artifacts, and motion cues all influence the perceptual
quality of spatial video in ways that differ from 2D content [21, 22].
Another key challenge in this domain is the lack of publicly avail-
able datasets for spatial video quality assessment. Existing datasets
primarily focus on 2D content and do not adequately capture the
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perceptual nuances of spatial formats. Moreover, most of the stereo-
scopic datasets are limited to standard resolutions and frame rates,
lacking high-resolution (e.g., 4K) and high frame-rate (e.g., 60fps)
content, which are increasingly common in modern immersive
video applications.

To address these limitations, (i) we introduce a novel dataset,
SV-QoE, specifically designed for spatial video quality assessment,
featuring diverse high-resolution 4K and high-frame-rate 60fps
video sequences encoded at multiple quality levels (available at
https://github.com/cd-athena/SV-QoE.) Furthermore, (ii) this paper
bridges the research gap by conducting a comprehensive subjective
evaluation of both 2D and spatial video quality on the AVP. We
systematically assess viewer responses across three distinct quality
levels, ensuring that all content is encoded using the same opti-
mized open-source x265 codec at similar bitrates. Our experimental
design involves controlled subjective tests, where participants ex-
perience a series of video sequences in both 2D and spatial formats.
To comprehensively assess the viewing experience, participants
evaluate three key aspects:

(1) video quality (Q1),
(2) depth perception (Q2), and
(3) overall quality (Q3).

(iii) We also evaluate the correlation between disparity and per-
ceived depth, shedding light on how disparity cues affect depth
perception and contribute to overall quality in stereoscopic content.
(iv) Additionally, we examine the correlation between well-known
objective quality metrics (i.e., PSNR, SSIM, VMAF, and AVQT) and
subjective video quality scores, offering a deeper understanding of
the reliability and applicability of existing objective models in eval-
uating 2D and spatial video content on AVP. (v) Finally, we analyze
the impact of video quality and depth perception on overall quality,
providing insights into how these factors influence the immersive
viewing experience.

2 Related Work

The stereoscopic video pipeline comprises several key modules:
creation, encoding, delivery, rendering, and quality evaluation. The
creation phase involves capturing left and right views using dual-
camera systems, which require precise calibration and synchro-
nization to ensure consistency. Existing stereoscopic video datasets
have been summarized in Table 1. These datasets typically lack
high-resolution and high frame-rate content, which limits their
applicability to modern immersive viewing scenarios.

Recently, deep learning methods have also been applied to gen-
erate stereoscopic videos. For example, Zhang et al. [23] introduced
a novel framework for converting 2D videos into stereo videos.
Their approach employs depth-warping and blend-inpainting tech-
niques, incorporating a mask-based hierarchical feature update
refiner and a disparity expansion strategy to improve inpainting
accuracy and reduce foreground bleeding. During the encoding
stage, advanced compression methods are utilized to maintain high
perceptual quality while reducing bitrate. In particular, inter-view
redundancy between the left and right views is exploited to en-
hance compression efficiency, as explored in MV-HEVC [20] and
its optimized variants [24, 25]. The delivery phase focuses on re-
liably transmitting this content over varying network conditions
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Table 1: Overview of stereoscopic video datasets.

Dataset Name Year Resolution Description

KITTI Stereo 2012 [9] 2012 1226x370 Outdoor driving scenes

KITTI Stereo 2015 [10] 2015 1242x375 Outdoor driving scenes with dynamic scenes with objects
SceneFlow [11] 2016 960%540 Synthetic stereo sequences

MPI-Sintel [12] 2012 1024x436 (24fps) Synthetic scenes with complex motion and visual effects
RMIT3DV HD 3D Video [13] 2012  1920x1080 (25fps) Diverse urban scenes

EPFL MMSPG 3DVQA [14] 2010 19201080 (25fp) High-quality visual variations

Stereo Video Database [15] 2010  1920x1080 (25fps) Stereo cinema post-production

NAMAD3D [16] 2012 1920%1080(25fps) Natural 3D scenes with twin-lens camera
SVSR-Set [17] 2022 1920x1080 (30fps) Indoor/outdoor with varied motion and lighting
SVD [18] 2025 1920x1080 (30fps) Spatial videos taken by iPhone and Apple Vision Pro
SV-QoE (Ours) 2025 3840%2160 (60fps) High resolution, high frame-rate synthetic sequences captured from two distances

by employing adaptive streaming protocols [26] and network op-
timization strategies, as explored by Chen et al. [27]. Finally, the
quality evaluation module employs both subjective assessments
and objective metrics to gauge the perceptual impact of distortions
unique to stereoscopic content [21].

The quality evaluation of stereoscopic multimedia involves mul-
tiple parameters, including video quality, depth perception, and
overall satisfaction. Goldmann et al. [28] investigated the impact
of acquisition distortions, such as the baseline distance between
left and right cameras, on the perceived quality of stereoscopic im-
ages and videos. Their findings indicate that as the camera baseline
distance increases, perceived quality decreases, highlighting the
critical role of acquisition setup in maintaining high-quality stereo-
scopic content. Zhou et al. [21] presented a comprehensive study
on the visual quality assessment of 3D-HEVC compressed stereo-
scopic videos. They analyzed the impact of video compression and
depth quality on the overall QoE. They develop a No Reference (NR)
bitstream-level objective quality assessment model that extracts key
features from 3D-HEVC bitstreams, such as quantization param-
eters and prediction residuals, to predict perceived video quality.
Chen et al. [29] introduced a depth perception quality metric and
extended it to an NR stereoscopic video quality assessment. Wan et
al. [30] analyzed the impact of coding artifacts on depth perception
in stereoscopic 3D videos, revealing that compression distortions
introduced by the Advanced Video Coding (AVC) standard can sig-
nificantly alter depth quality. Their subjective experiments showed
that coding artifacts affect different spatial frequency components
unequally, with high-pass and band-pass components being more
crucial for depth perception than low-pass components. They also
found that horizontal orientation structures play a dominant role
in depth perception, and distortions in these components lead to
more noticeable depth degradation.

Compared to 2D images, a 3D image consists of two 2D images —
left and right views — introducing additional challenges in objective
quality assessment. When the left and right views exhibit different
types and levels of artifacts, asymmetric distortions occur, making
it more complex to evaluate the quality of 3D images [31]. The
simple average of the predicted quality scores from both views
does not account for the binocular processing mechanisms of the
Human Visual System (HVS) [32, 33]. To address these challenges,
various 3D image quality assessment (IQA) methods have been
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developed, incorporating specific 3D characteristics. Notable ap-
proaches include the cyclopean model [34], weighted SSIM (W-
SSIM), and weighted FSIM (W-FSIM) [35]. For 3D omnidirectional
image quality assessment (OIQA), a multi-viewport-based model
has been introduced [36], while the stereoscopic omnidirectional
image quality evaluator (SOIQE) was designed based on predictive
coding theory [37]. Galkandage et al. [38] introduced a novel HVS
model inspired by physiological findings characterizing the motion-
sensitive response of complex cells in the primary visual cortex.
The proposed full-reference stereoscopic video quality assessment
method leverages this model to enhance the prediction accuracy of
perceived video quality.

3 Dataset Creation

In this paper, we present SV-QoE, a dataset that includes 12 scenes
created using Unity engine 6 (Version: 6000.0.28f1) to showcase a
variety of artistic styles, ensuring accurate depth representation
and minimizing capturing distortions. Each scene was recorded as
a 10-second clip. The Unity engine camera was configured with a
perspective projection to ensure realistic depth perception, with
a 137° horizontal Field of View (FoV) for a wide yet natural per-
spective, chosen to closely match the effective horizontal viewing
range of the human visual system and modern VR headsets, thereby
providing an immersive experience without introducing noticeable
geometric distortion.

To capture both 2D and spatial video content, we employed a
three-virtual camera setup. The central camera, located at the origin
(0,0,0), was used to create the 2D content. Meanwhile, a stereo pair
was placed 65 mm apart to replicate the human interocular distance,
capturing the left and right views for immersive spatial video. All
videos were rendered in 4K resolution at 60 fps. Sample frames from
these videos are presented in Figure 2. To incorporate variations in
object distance, five scenes (AsgardianToy, AVP, CommaDotStudio,
NewAtlantis, and UninvitedGuest) were captured twice to represent
both ‘near’ and ‘far’ perspectives. The ‘near’ perspective features
objects positioned close to the camera, emphasizing fine spatial
details and depth, while the ‘far’ perspective captures the same
scenes with objects located farther away, offering a broader and
more distant view of the environment. To maintain a consistent
compression standard across formats, both 2D and spatial videos
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Figure 2: Sample frames of the created SV-QoE dataset.

were encoded using the open-source x265 encoder (version 4.1)!.

The x265 encoder was chosen for its efficiency in high-quality video
compression and its support for both standard 2D encoding and
multiview coding, allowing MV-HEVC compatibility for spatial
content. A Constant Rate Factor (CRF) quality control approach
was employed during encoding. For spatial videos, three quality
levels (i.e., low, medium, high) were generated, while for 2D videos,
the CRF values were selected to closely match the corresponding
bitrates of these levels. High quality corresponds to a VMAF [39]
score of 95, medium to 85, and low to approximately 75, with VMAF
being the average of the left and right views.

4 Testing Procedure

We conducted a subjective test using the 5-point Absolute Category
Rating (ACR) [40] methodology to evaluate the perceived quality of
both 2D and spatial video content. In this test, participants viewed a
series of 10-second video sequences and rated each on three distinct
aspects: video quality, perceived depth, and overall quality using
a five-point categorical scale. In this study, video quality refers to
the fidelity of the videos (e.g., compression artifacts), while overall
quality captures the way the viewer experiences the content as a
combination of video quality with perceived depth and immersion.
Prior to the main test, participants underwent a training session
designed to familiarize them with the rating procedure and the
different video formats they would encounter. In addition, a Snellen
visual acuity test was administered to ensure that all participants
had normal vision. A total of 30 participants (11 females and 19
males; average age: 31 + 6 years) took part in the study, and the
entire testing session took, on average, 31 minutes to complete. Each
participant rated each video six times: three times in spatial video
encoded at three quality levels, and three times in 2D encoded at the

Ihttps://bitbucket.org/multicoreware/x265_git/src/Release_4.1/
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corresponding bitrates of the spatial videos. To mitigate ordering
effects, the presentation order of the videos was randomized for
each participant.

5 Evaluation and Results

In this section, we analyze the results of the subjective test. First,
we identify and remove any outliers from the collected data. Outlier
detection was conducted using statistical methods, including the Z-
score and Interquartile Range (IQR) [41], to identify extreme values
that deviate significantly from the dataset’s central distribution. As
a result, three outlier responses were excluded from the analysis,
and the subsequent results are based on data from 27 subjects.

5.1 Integrated perceptual quality analysis

Figure 3 shows the integrated results from the subjective test. In
terms of video quality, both 2D and spatial formats were perceived
similarly by the participants. However, depth perception showed
a significant difference between the two modalities, with spatial
content providing a notably enhanced depth experience. Addition-
ally, overall quality ratings were higher for spatial videos compared
to 2D videos. ANOVA [42] results further confirmed these find-
ings, i.e., video quality showed no significant difference (p = 0.479),
while depth perception and overall quality exhibited significant
differences (p < 0.0001 for both).

5.2 Perceptual quality analysis across different
quality levels

Figure 4 shows that the perceived video quality at medium and
high quality levels is similar for 2D and spatial videos encoded
at the same bitrate. However, all other metrics exhibit statistically
significant differences (see Table 2). This outcome may be attributed
to the use of the default player in AVP, where the combination of
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Table 2: ANOVA significance test results for different quality levels. A significance level of « = 0.05 was used.

Quality level Video quality Depth perception Overall quality

Low Significant (p = 1.90 x 10~ %) Significant (p = 1.23 x 10~-2%) | Significant (p = 1.10 x 10~%)

Medium Not Significant (p = 1.60 x 10~ 1) | Significant (p = 3.69 X 1073°) | Significant (p = 5.12 x 10™°)

High Not Significant (p = 2.45 X 1071) | Significant (p = 1.27 X 10~2%) [ Significant (p = 7.06 x 10~ 1T)
4.0 using the Stereo Semi-Global Block Matching (StereoSGBM) algo-
35 rithm [44]. We then trained regression models on the full dataset
30 and evaluated the Pearson Linear Correlation Coefficient (PLCC)
s and the coefficient of determination (R?). These metrics respectively
w quantify the linear correlation and the proportion of variance in
g20 Q2 MOS explained by the average disparity. The results are pre-
15 sented in Table 3. All models exhibit a positive correlation, with
10 performance steadily improving from simple linear models to more
. b complex regressors. The highest accuracy is achieved by the Ran-
0 == 3 dom Forest model, which yields a PLCC of 0.9184 and an R? of

0.0

video quality depth perception overall quality

Figure 3: Integrated results: video quality is perceived simi-
larly for both 2D and spatial formats, while depth perception
is significantly enhanced in spatial content (3D), leading to

higher overall quality ratings.

viewing distance [43] and player size might have made it difficult
for users to notice artifacts at medium and high quality levels. This
observation highlights the need for further investigation in future
work.

Figure 5 shows sample frames from videos rendered at near
and far object distances, while Figure 6 presents the average sub-
jective ratings for five sequences, each captured with both near
and far distances from the camera. The results consistently show
that scenes featuring near object distances received significantly
higher ratings in video quality, depth perception, and overall qual-
ity compared to their far-distance counterparts. When objects are
positioned closer to the stereo cameras, the binocular disparity
between the left and right views increases. This increased disparity
enhances stereoscopic depth cues, making the 3D structure of the
scene more salient and compelling for viewers. Consequently, the
near-distance scenes produced a more immersive depth experience.
These findings highlight the critical role of object proximity in shap-
ing the viewing experience: as objects are rendered closer to the
camera, spatial cues become more prominent, thereby enhancing
perceived video quality, depth, and overall content appreciation.
One potential explanation for the improved video quality is that
closer objects occupy a larger portion of the screen and often reveal
more visual detail, which may lead viewers to perceive the image as
sharper or more vivid. However, this hypothesis warrants further
investigation in future work.

5.3 Relationship between disparity and depth
perception

To assess the strength of the relationship between stereoscopic
disparity and depth perception (Q2), we first extracted disparity
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0.8434, indicating a strong nonlinear relationship between disparity
and depth perception.

Next, to evaluate out-of-sample predictive performance, we ap-
plied a leave-one-video-out cross-validation scheme and computed
the Mean Absolute Error (MAE) for each model. MAE measures the
average magnitude of prediction errors in the same units as Q2 MOS.
Table 4 lists these MAE values, sorted from highest (worst) to lowest
(best). The MAE results follow a consistent trend: as model com-
plexity increases, prediction errors decrease. While linear models
yield relatively high MAE values (e.g., 0.3205 for linear regression),
nonlinear models such as SVR (0.2411), KNN (0.2222), and Random
Forest (0.2127) provide more accurate depth perception predictions.

5.4 Relationship between video quality and
objective quality metrics

Similar to the previous section, we evaluate the strength of the
relationship between widely used objective quality metrics—PSNR,
SSIM [45], MS-SSIM [46], VMAF [39], and AVQT?—and subjective
video quality (Q1). AVQT version 2 is specifically designed for spa-
tial video content. For all other metrics, we computed the average
scores between the left and right views.

We trained various regression models on the full dataset and com-
puted PLCC and R?. These metrics quantify the linear correlation
and the proportion of variance in Q1 explained by each objective
metric, respectively. The results are summarized in Table 5.

Among the metrics, AVQT exhibits the highest correlation with
subjective video quality, particularly when modeled with nonlinear
regressors. For instance, using Random Forest, AVQT achieves a
PLCC of 0.9650 and an R? of 0.9231, outperforming all other met-
rics. VMAF also shows strong predictive power, especially with
complex models like Random Forest (PLCC = 0.9575, R? = 0.9027).
In contrast, traditional metrics such as PSNR, SSIM, and MS-SSIM
show weaker correlations in simpler models, though their perfor-
mance improves with increased model complexity. Notably, even
with linear regression, AVQT (PLCC = 0.7302) and VMAF (PLCC
= 0.6643) demonstrate stronger alignment with subjective quality
than all other metrics.

2https://developer.apple.com/download/all/?2q=avqt
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Figure 4: Results by quality level: at lower quality, 2D content exhibits higher video quality with similar overall quality,
but immersive content provides enhanced depth perception. With increasing quality, video quality ratings converge, depth
perception remains superior in immersive content, and overall QoE improves.
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Figure 5: Sample frames from videos rendered at near (upper row) and far (lower row) distances.

Table 3: PLCC and R? between disparity and depth perception. Table 4: Leave-One-Video-Out MAE Comparison.
Model PLCC R Model MAE
Linear Regression 0.4788 0.2293 Linear Regression 0.3205
Polynomial Regression (Degree 2) 0.5533  0.3062 Polynomial Regression (Degree 2) 0.3121
Polynomial Regression (Degree 3) 0.6921  0.4790 Polynomial Regression (Degree 3)  0.2879
Support Vector Regressor (SVR) 0.7673  0.5810 Support Vector Regressor (SVR) 0.2411
K-Nearest Neighbors (KNN) 0.8648 0.7393 K-Nearest Neighbors (KNN) 0.2222
Random Forest 0.9184 0.8434 Random Forest 0.2127

Table 5: PLCC and R? between objective quality metrics and Q1 across regression models.

Model PSNR SSIM MS-SSIM VMAF AVQT
PLCC  R? PLCC  R? PLCC  R? PLCC  R? PLCC R?
Linear Regression 0.4186 0.1753 | 0.4933 0.2434 | 0.3904 0.1524 | 0.6643 0.4413 | 0.7302 0.5332

Polynomial Regression (Degree 2) 0.4379 0.1917 | 0.5396 0.2912 | 0.4397 0.1934 | 0.7356 0.5412 | 0.7968 0.6349
Polynomial Regression (Degree 3) 0.4449 0.1980 | 0.5401 0.2917 | 0.4448 0.1979 | 0.7571 0.5732 | 0.8034 0.6454
Support Vector Regressor (SVR) 0.5778 0.3311 | 0.5634 0.3185 | 0.5067 0.2299 | 0.7587 0.5746 | 0.8122 0.6492

K-Nearest Neighbors (KNN) 0.5778 0.3311 | 0.5304 0.2793 | 0.5416 0.2891 | 0.7399 0.5445 | 0.8284 0.6706

Random Forest 0.9393 0.8573 | 0.9339 0.8278 | 0.9274 0.8263 | 0.9575 0.9027 | 0.9650 0.9231
We then evaluated generalization performance using leave-one- and R?, capturing prediction accuracy on unseen videos. The table
video-out cross-validation and reported the MAE for each model. highlights that AVQT consistently outperforms the other metrics
As shown in Table 6, MAE provides a complementary view to PLCC across all regression models, achieving the lowest MAEs in every
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Table 6: MAE between objective quality metrics and video quality (Q1) across regression models using leave-one-out cross-

validation.

Model PSNR SSIM MS-SSIM VMAF AvVQT
Linear Regression 0.3475 0.3334 0.3521 0.3064 0.2749
Polynomial Regression (Degree 2) 0.3500 0.3249 0.3460 0.2921 0.2462
Polynomial Regression (Degree 3) 0.3591 0.3361 0.3493 0.2884 0.2438
Support Vector Regressor (SVR) 0.3484 0.3357 0.3528 0.3005 0.2774
K-Nearest Neighbors (KNN) 0.3743 0.3763 0.3773 0.3278 0.2774
Random Forest 0.4267 0.4385 0.3889 0.3626  0.3042
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Figure 6: The average subjective results for five sequences

captured from ‘Near’ and ‘Far’ distances.

case. For example, with Polynomial Regression (Degree 3), AVQT
reaches an MAE of 0.2438, notably lower than VMAF (0.2884), MS-
SSIM (0.3493), SSIM (0.3361), and PSNR (0.3591).

5.5 Relationship between video quality, depth
perception, and overall quality

To explore how perceived video quality (Q1) and depth perception
(Q2) jointly influence overall quality (Q3), we visualize their rela-
tionship in a scatter plot. As shown in Figure 7, Q1 is plotted on
the x-axis, Q2 on the y-axis, and Q3 is encoded through both the
color and size of each circle. The plot reveals a clear trend: higher
values of Q1 and Q2 generally correspond to larger, lighter-colored
circles, indicating higher overall quality (Q3). This visual pattern
confirms that both video quality and depth perception contribute
meaningfully to the overall viewing experience.

The relationship can be approximated using a linear model, ex-
pressed as:

03 =0.4830 - Q1 +0.5234 - Q2 — 0.0663. (1)

This model explains 97.4% of the variance in Q3 (R? = 0.974),
confirming that a linear combination of Q1 and Q2 effectively cap-
tures users’ perception of overall quality. It also suggests that depth
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Figure 7: Scatter plot illustrating the relationship between
video quality (Q1) and depth perception (Q2), with circle size
and color representing overall quality (Q3). Larger and lighter
circles indicate higher perceived overall quality.

perception (Q2) has a slightly stronger influence on Q3 than video
quality (Q1), though both factors are essential.

To further assess how well Q3 can be predicted using a combina-
tion of objective quality (AVQT) and depth-related cues (disparity),
we trained several regression models and computed their PLCC
and R?. These results, summarized in Table 7, show that all models
capture a meaningful relationship between these predictors and Q3.
The Random Forest model yields the highest correlation (PLCC =
0.9822) and the greatest explained variance (R? = 0.9532), indicat-
ing its superior ability to model the nonlinear interactions between
AVQT and disparity.

To evaluate how these models generalize to unseen content,
we applied a leave-one-video-out cross-validation strategy and
measured prediction accuracy using MAE. Table 8 presents these
results. Again, Random Forest delivers the best performance with
the lowest MAE of 0.2463, followed closely by KNN and SVR. These
results confirm that leveraging both disparity and AVQT leads to
robust predictions of overall quality across diverse video content.
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Table 7: PLCC and R? for predicting Q3 using AVQT and dis-
parity.

Model PLCC R?
Linear Regression 0.6961 0.4845
Polynomial Regression (Degree 2) 0.7549  0.5699
Polynomial Regression (Degree 3) 0.8106 0.6571
Support Vector Regressor (SVR) 0.7792  0.5658
K-Nearest Neighbors (KNN) 0.8120  0.6479
Random Forest 0.9822  0.9532

Table 8: Leave-One-Video-Out MAE for predicting Q3 using
AVQT and disparity.

Model MAE
Linear Regression 0.2897
Polynomial Regression (Degree 2)  0.2732
Polynomial Regression (Degree 3)  0.3298
Support Vector Regressor (SVR) 0.2762
K-Nearest Neighbors (KNN) 0.2639
Random Forest 0.2463

6 Conclusion

This study provides a comprehensive evaluation of spatial video
quality on HMDs, addressing critical gaps in immersive multime-
dia research. Our subjective assessment using the SV-QoFE dataset
—developed as part of this work- reveals that spatial videos consis-
tently outperform their 2D counterparts in depth perception and
overall quality, especially at higher bitrates The analysis further
highlights the influence of viewing distance, with videos captured at
closer ranges offering a notably enhanced QoE. Through a rigorous
statistical analysis, we establish that both perceived video quality
(Q1) and depth perception (Q2) are significant predictors of overall
quality (Q3), with Q2 exerting a slightly stronger influence. These
findings emphasize the importance of considering depth percep-
tion alongside traditional quality metrics when evaluating spatial
content.
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Figure 1: Interfaces to access and explore 360-degree videos in VR: Filmstrip design (left) and Hierarchical interface (right).

Abstract

Traditional methods for browsing 360° video libraries in virtual
reality (VR) often use a two-dimensional grid with thumbnails,
similar to how standard videos are displayed. However, this fails
to take advantage of the immersive capabilities of VR. This study
introduces two alternative interfaces that make better use of VR’s
three-dimensional space: a conventional filmtrip interface and a
new hierarchical interface to explore videos. In a comparative study
with 32 participants aged 18 to 30, users completed a timed search
task to find a specific video using both interfaces in counterbal-
anced order. Performance was measured by search time and ac-
curacy, while user experience was evaluated with the UEQ-S and
post-task feedback. Results showed that participants found videos
significantly faster with the hierarchical interface, though accu-
racy was similar across both interfaces. Participants also rated the
hierarchical interface higher in terms of hedonic and overall qual-
ity, suggesting it offers a more enjoyable and efficient browsing
experience for 360° video libraries in VR.
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1 Introduction

As virtual reality (VR) technology continues to advance and head-
mounted displays (HMDs) become increasingly affordable for the
average consumer, a growing number of users are gaining access
to the immersive experience of 360° video content. Typically, these
videos are accessed through applications such as YouTube VR or
Oculus Video, where the user interfaces present videos as thumb-
nails arranged in a two-dimensional (2D) grid pattern, like tradi-
tional video content is displayed on regular, non-immersive 2D
screens. In VR environments, these interfaces are projected into
three-dimensional (3D) space, yet a significant portion of the avail-
able screen space often remains underutilized. Moreover, 2D thumb-
nails are not well-suited for conveying the full context of 360° videos,
often introducing image distortion, hindering the browsing experi-
ence.

In this user study, we address these challenges by designing an
interface that combines the traditional 2D thumbnail grid with en-
hanced video visualizations, allowing for hierarchical exploration
of video content. This approach seeks to balance browsing effi-
ciency and user experience, optimizing the navigation of 360° video
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libraries in VR. Our research specifically focuses on improving
video preview visualizations, with key metrics including browsing
efficiency and overall user experience.

2 Related Work

Research focusing specifically on 360° video collection browsing
is sparse, and studies rarely combine the three key components
- 360° videos, video browsing, and virtual reality (VR) - into a
single investigation. This section reviews enhanced video browsing
methods for traditional videos, 360° videos, and video browsing in
VR.

2.1 Enhanced Video Browsing

Enhanced video browsers build on traditional browsing methods by
incorporating additional features to improve navigation within a
video. Many of these features focus on controllable playback, time-
jumping, and timeline visualization. For example, [14] introduced
navigation summaries that visualize extracted metadata in a tempo-
ral manner, using a timeline. Users can select summaries that range
from low-level details (e.g., motion intensity, dominant colors) to
high-level details (e.g., positions of commercial breaks, emotions
of actors) based on their preferences. Other studies focused on im-
proving interaction with video timelines. [9] and [10] addressed
the issue of granularity in traditional timeline interfaces, which
are challenging to navigate when zoomed out and limiting when
zoomed in. Their solution was the ZoomSlider interface, which was
later refined by [7] as the AV-ZoomSlider. This interface allows
users to scroll horizontally through a timeline and adjust its scale
vertically, with fast-forward browsing activated when reaching the
window border.

While these advanced interfaces facilitate navigation within
videos, browsing a video collection requires a different approach,
one that provides a quick, clear overview of video content. This
is often achieved through visualizations such as filmstrips that
display consecutive frames from a video. Early studies, such as
[4] and [3], employed this approach. [5] integrated filmstrip-based
browsing into their interface, where filmstrips appear during video
scrolling—a method now used by platforms like YouTube. More
recent studies, such as [1], have explored hierarchical approaches,
with [8] introducing a novel grid of temporally ordered thumbnails
that users can zoom into for more detailed storyboards of selected
video segments.

2.2 Video Browsing in Virtual Reality

A valuable source for novel video browsing interfaces in VR is the
Video Browser Showdown (VBS) event [13], where teams compete
to solve content-based video retrieval tasks. While the event fo-
cuses on video retrieval, it also highlights innovative video library
visualization methods. Though most interfaces are designed for 2D
screens, some teams have developed VR-based solutions, including
Vitrivr VR [19] and EOLAS [20].

Vitrivr VR extends the Vitrivr content retrieval system to VR,
allowing users to explore video libraries through a cylindrical, ro-
tatable display. The media items’ positions are determined by sim-
ilarity scores, and users can inspect videos in detail via a media
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segment inspector, which displays frames in a depth-wise manner,
resembling the filmstrip method.

EOLAS represents video keyframes embedded into a latent vec-
tor space and allows users to explore these keyframes based on
spoken queries. Keyframes are clustered in a 3D space based on
their encoded features, which users can navigate to explore the
video content.

Both interfaces introduce innovative methods for exploring video
libraries in VR, but they rely on conventional 2D thumbnails, mak-
ing them less effective for browsing 360° videos.

2.3 Browsing 360° Videos

360° videos, also known as omnidirectional videos, allow users to
dynamically change their viewing direction during playback. These
videos can be viewed on various devices, including computers,
smartphones, tablets, and VR headsets. Despite advancements in 3D
space browsing, 360° videos are often represented by conventional
2D thumbnails. Typically, 360° frames are projected onto a 2D plane
using equirectangular projection. [21] explored alternative shapes
for representing 360° thumbnails, concluding that conventional
equirectangular thumbnails were most effective for recognizing
high-level concepts quickly. However, for identifying finer details,
projecting frames onto a sphere yielded better accuracy without
increasing task completion time. Furthermore, using spheres for
thumbnail representation resulted in an improved user experience,
particularly when focusing on low-level details.

Building on this, Knoop [11] conducted a comparative study on
three VR video browser designs: an abstract movie-inspired design,
a video-store-based design, and a record-store-based design. The
designs were evaluated based on performance and user experience.
The record-store design performed the worst across all metrics,
while the video-store design scored higher on pragmatic quality
measures. The abstract design, by contrast, scored better on hedonic
quality measures, though perceived performance did not differ
significantly between the designs. While this study demonstrated
promising results for user experience, browsing speed remained
inferior to traditional methods, as users were required to physically
navigate the virtual space.

Building on these prior works, our research proposes a novel
approach for browsing 360° video collections in VR, combining the
traditional grid-based layout of thumbnails with enhanced video
previews. This approach aims to improve both user experience and
browsing efficiency, addressing the unique challenges posed by
omnidirectional video content in a VR environment.

3 Approach

In a typical scenario of browsing 360° video collections, users filter
content using search queries and select videos from the resulting list.
These query results are conventionally displayed in a grid format,
with videos represented by equirectangular or custom thumbnails,
much like traditional video content. While 360° videos offer a more
immersive experience through virtual reality (VR) environments
than 2D screens, the potential advantages of VR—such as the ability
to display content in 3D space—remain largely untapped in the
context of 360° video browsing.
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This research seeks to improve the 360° video browsing expe-
rience in VR by designing and evaluating two interfaces that aim
to enhance both user efficiency and overall experience. Since this
area remains underexplored, especially for 360° videos in VR, we
draw from prior work in enhanced video browsers for traditional
videos. Various studies have introduced methods for displaying ad-
ditional details, such as neighboring frames, color-coded metadata,
or complete overviews of video content upon selection. Previous
research on traditional video browsing has tackled this challenge
by providing visualizations of videos when selected. Following a
similar approach, this study develops two VR interfaces for brows-
ing 360° videos, leveraging the extended screen space offered by
VR to visualize video content more effectively.

The first interface (Fig. 1, left) translates the state-of-the-art
approach from traditional video browsing into the VR and 360°
video context. It uses the familiar filmstrip method, where frames
are presented in temporal order. Conventionally, filmstrips are
displayed as a long horizontal row, but recent studies such as [19]
and [11] have experimented with alternative designs, such as a box
of frames that users can riffle through.

The second interface (Fig. 1, right) takes a different approach,
allowing users to explore videos hierarchically. This method is
inspired by studies such as [8], which visualize video content at
varying levels of granularity. Detailed descriptions of both inter-
faces are provided in Section 4. A comparative analysis will be
conducted to evaluate the effectiveness of the two interfaces. The
following research questions guide this evaluation:

e RQ1: Which interface provides better user performance in
terms of efficiency and accuracy?

e RQ2: How does the user experience of the filmstrip interface
compare to that of the hierarchical interface?

To address these research questions, an experiment will be con-
ducted in which participants evaluate both interfaces by performing
a search task. This task requires users to locate a video containing
a scene they have previously explored. Data collected during the
experiment will be analyzed to compare the performance and user
experience across the two interfaces. Performance will be measured
by the time taken to inspect each video and the accuracy of video se-
lection, while user experience will be assessed using a standardized
questionnaire and qualitative feedback. Further details regarding
the experimental design and methodology are outlined in Section
5.

4 Interface designs

Users may have different goals when browsing a collection of 360°
videos. We have identified three primary use cases to guide the
design of our interfaces:

(1) High-level browsing: When a user is searching for a video
on a general topic (e.g., a video of someone skiing).

(2) Detailed browsing: When a user is looking for a video with
specific details (e.g., a video of someone skiing in Austria
using red skis).

(3) Exploring video collections: When a user is casually ex-
ploring a collection of videos without a specific target.

The traditional interface performs well for high-level browsing (use
case 1), as users can often grasp the general concept of a video
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from a traditional thumbnail [21]. However, for detailed brows-
ing and exploration (use cases 2 and 3), users may require a more
detailed overview of the video content. In traditional video con-
texts, detailed visualizations typically involve displaying multiple
frames either horizontally or in a grid format. Moreover, for 360°
videos, [21] demonstrated that low-level details are more easily
recognized when frames are represented as spheres rather than in
equirectangular projection.

To improve the browsing experience across all use cases, we
propose a novel interface that integrates additional details into the
traditional grid of thumbnails, while performing a comparative
analysis against an interface that represents the current state of the
art.

4.1 Interfaces

We developed two interfaces for browsing 360° videos in VR: the
filmstrip interface, which adapts traditional video browsing meth-
ods to the context of 360° videos and VR, and the hierarchical
interface, which introduces a novel method for hierarchically ex-
ploring video content. While both interfaces initially present videos
in a similar manner, they diverge in their approach to visualizing
detailed video content.

In VR, the additional screen space allows for both high-level and
low-level browsing without replacing the original grid of thumb-
nails. Instead, the grid is relocated to accommodate the detailed
visualizations. Frames are represented as spheres, rather than tra-
ditional equirectangular thumbnails, as this has been shown to be
more effective for recognizing details [21]. Drawing inspiration
from holographic tables, the traditional grid of thumbnails is laid
out as if on a virtual table. When a video is selected, a detailed
visualization is projected above the table, differing between the two
interfaces (Fig. 1).

In addition to the grid of thumbnails and the detailed visualiza-
tions, two more interface elements are included: a timeline and
a “lock-in video” button. Users can interact with the timeline to
navigate the video in a manner similar to traditional video players.
The "lock-in video" button is specifically used to confirm video se-
lection during the search task used in our user study, as illustrated
in Section 5.

4.1.1  Filmstrip interface. In traditional video browsing, detailed
visualizations often utilize a filmstrip that presents consecutive
frames in a sequential manner. This approach provides a continuous
temporal representation of the video content. The filmstrip interface
retains this sequential presentation but projects the frames onto
spheres instead of 2D planes. The result is a row of spheres in 3D
space, with each sphere representing a frame from the video. Users
can interact with the timeline or manually grab the spheres to scroll
through the video. Additionally, the spheres can be rotated using
the controller joystick, allowing users to view the 360° content from
different angles. A screenshot of this interface is presented in Figure
1 (left).

4.1.2  Hierarchical interface. Several studies, including [8] and [7],
have explored methods to give users control over the granularity
of video browsing. In the context of 360° videos in VR, we address
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this challenge by visualizing video content across different lay-
ers of granularity. The hierarchical interface presents a detailed
representation of the video through a tree-like structure of spheres.

Initially, users are presented with one layer consisting of five
spheres, each corresponding to a different segment of the video.
For instance, if the video duration is five minutes, each sphere
represents one minute. All spheres play their respective segments
simultaneously, providing an overview of the entire video.

However, in longer or more dynamic videos, a single layer with
five segments may not provide sufficient detail, as each segment
could contain multiple scenes. To address this, users can select any
sphere to generate a second layer (Layer 2), which further divides
the selected one-minute clip into five equally long segments. This
process can be repeated to create a third layer, allowing for increas-
ingly granular exploration of the video. The result is a hierarchical
tree of video segments, with each layer providing progressively
finer details. A screenshot of the hierarchical interface with all
layers activated is shown in Figure 1 (right).

5 Methodology

To address the research questions introduced in Section 3, we con-
ducted an experiment where participants evaluated both interfaces
(see Section 4). Participants completed a search task for each in-
terface, followed by a questionnaire. During the search task, we
measured both time and accuracy to evaluate performance, while
the questionnaire gathered insights on the user experience. To
minimize individual variability, we employed a within-subject de-
sign, counterbalancing the order in which participants used the
interfaces.

5.1 Data collection

5.1.1 User performance. To answer the first research question,
application data was collected to assess user performance during
the search task. The two primary metrics were inspection time per
video and the correctness of the selected video.

o Inspection time per video measures the time participants
spent examining the detailed visualization of a video. By
focusing on inspection time instead of total completion time,
we account for the possibility that participants might inspect
a different number of videos across interfaces. This metric
more precisely measures the time participants require to
determine whether they have identified the correct video.

e Correctness of the selected video evaluates whether the
participant correctly identified the target video.

Additionally, the application recorded participants’ actions in a
log file with timestamps, providing further insights where neces-
sary. The logged actions include opening a video, rotating spheres,
adjusting the timeline, and selecting spheres. Selection of spheres
is logged only for the hierarchical interface, as this functionality is
not available in the filmstrip interface.

5.1.2  User experience. User experience (UX) is a subjective mea-
sure and can be challenging to quantify. UX is typically assessed
using standardized questionnaires such as the System Usability
Scale (SUS) [2], the Usability Metric for User Experience (UMUX)
[6], or the User Experience Questionnaire (UEQ) [12]. [18] argue
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that for ranking two products by their UX quality, the choice of
questionnaire has little impact, as all measure similar concepts.
However, since UMUX and SUS primarily focus on pragmatic qual-
ity, while the UEQ assesses both pragmatic and hedonic qualities,
we opted to use the short version of the UEQ (UEQ-S) [17], which
balances these aspects.

The UEQ-S contains eight 7-point Likert scale questions that
yield three scales: Overall quality, Hedonic quality, and Pragmatic
quality. This shorter version allows us to gather meaningful feed-
back while keeping the questionnaire concise and manageable for
participants.

5.2 Questionnaire

The experiment’s questionnaire consisted of four parts:

(1) Pre-experiment phase: This phase included an information
sheet, a consent form, and demographic questions. Demo-
graphics covered age, gender, occupation or degree, expe-
rience with VR, and experience with 360° videos. This part
of the questionnaire was completed before the experiment
began.

During evaluation: Participants answered questions about
each interface individually. First, they completed the UEQ-S
for each interface. Then, they provided ratings and open-
ended responses about the strengths and weaknesses of each
interface.

Post-evaluation: After completing the VR section of the
experiment, participants answered final questions aimed at
comparing the two interfaces.

5.3

5.3.1 Procedure. Participants began the experiment by completing
the information sheet and consent form, followed by demographic
questions. They were then assigned to one of two groups. Group A
evaluated the Filmstrip interface first, followed by the Hierarchical
interface, while Group B evaluated the Hierarchical interface first,
followed by the Filmstrip interface.

For each interface, participants performed a search task. After
reading the instructions, they completed a tutorial task to famil-
iarize themselves with the interface. The tutorial task was similar
to the actual search task but with only four videos, compared to
the eight videos used in the actual task. The tutorial encouraged
participants to explore the interface and formulate a browsing strat-
egy, while the actual task required them to find the correct video
as quickly as possible.

The search task consisted of two phases:

Experiment design

(1) Frame exploration: Participants explored a still frame from
one of the videos in VR and were instructed to remember as
much detail as possible.

(2) Video identification: Participants used the assigned inter-
face to find the video containing the previously explored
frame. Videos were presented in a random order for each
participant, but the order remained consistent between in-
terfaces. After inspecting the videos and using the detailed
visualization, participants "locked in" their choice once they
believed they had identified the correct video.
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Participants completed the UEQ-S immediately after using each
interface. This break between VR sessions also helped reduce the
risk of motion sickness. After completing the final search task,
participants filled out a questionnaire comparing the two interfaces.

5.3.2  Environment. The experiments were conducted in person, as
the VR environment required a controlled, distraction-free setting.
Participants used a non-rotating chair to ensure consistency in their
seated position throughout the VR session.

5.4 Participants

We recruited 32 participants (56% male, 44% female) for this study
through convenience sampling. The participants, aged between 18
and 30, were likely early adopters of new technologies. Specifically,
22 participants were aged 20-24 (68.75%), while 10 participants were
aged 25-30 (31.25%).

Regarding VR experience, 10 participants (31.25%) had never
used a VR headset before the study, while the majority (59.38%) had
used a VR headset a few times. One participant occasionally used a
VR headset, and two participants used a VR headset regularly. Nine
participants with VR experience (28.13%) had previously used a VR
headset to watch 360° videos. Additionally, 18 participants (56.25%)
had watched 360° videos on a phone or tablet, and 14 participants
(43.75%) had watched 360° videos on a computer or laptop. Seven
participants (21.88%) had no prior experience watching 360° videos
on any platform.

5.5 Materials and Technical details

The application, containing both interfaces and the VR viewer, was
implemented in Unity version 2022.3.10f1. We used Unity’s VR
template, which includes the XR toolkit, to provide a framework
for VR experiences. The application was developed for the Oculus
Quest 3 headset.

5.5.1 Videos. The videos used in the study were selected to pre-
vent participants from identifying the correct frame solely based
on thumbnails, which would negate the purpose of detailed visual-
izations. Videos of specific cities were chosen for their comparable
content and general thumbnails. Tutorials featured videos of Paris
and Prague, while the actual search task used videos of New York
and London.

The selection process involved filtering 360° videos on YouTube
based on specific criteria: the videos had to be 15 minutes or less
in duration, have a resolution of 4K, and include varied scenes
throughout. A duration of under 15 minutes ensured that the videos
were similar in length, and the 4K resolution maintained clarity
when participants viewed frames in the VR viewer. The variety
of scenes was crucial, as participants needed to identify a specific
video based on a frame.

Ultimately, 24 videos were selected: 16 for the search tasks and 8
for the tutorials, all downloaded from YouTube. To conserve mem-
ory, the videos were downscaled to a resolution of 480x240, which
was low enough to save memory while retaining sufficient detail.
Videos not originally in equirectangular format were converted
accordingly. FFMPEG (https://ffmpeg.org/) was used to perform
video conversions and extract the still frames for the VR viewer.
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N Mean  Std. Deviation Minimum Maximum
Filmstrip time per video 32 00:35.87 00:23.77 00:06.30 01:39.55
Hierarchical time per video 32 00:26.17 00:16.29 00:06.48 01:08.66

Table 1: Descriptive statistics for time spent per video in a
timed search task, reported in mm:ss.ms

Pragmatic Quality Hedonic Quality =~ Overall Quality

0.77
1.11

0.65
1.92

0.71
1.52

Filmstrip interface
Hierarchical interface

Table 2: Average pragmatic, hedonic, and overall quality
scores obtained from UEQ-S questionnaire analysis

6 Results
6.1 Performance

A timed search task was employed to assess participants’ perfor-
mance using each interface. Since the sequence in which partici-
pants inspected videos could not be controlled, we focused on time
spent per video rather than the total time spent within the interface.
This metric captures the time required for participants to determine
whether a video contains the target frame. The results are shown
in Table 1.

During the experiment, four participants encountered an issue
with the hierarchical interface that prevented the first few videos’
inspection times from being recorded. However, since our primary
metric is the inspection time per video, their partial data remains
usable for evaluating their performance.

Due to the relatively small sample size, we conducted a Shapiro-
Wilk test, which revealed a significant deviation from normality for
both the filmstrip interface (W = .90, p = .008) and the hierarchical
interface (W = .88, p = .002). Consequently, the non-parametric
Wilcoxon Signed-Ranks test was chosen for further analysis. The
test indicated that participants spent significantly more time per
video using the filmstrip interface than the hierarchical interface
(Z = -2.693, p = .007).

In addition to time metrics, we assessed the correctness of partic-
ipants’ video selections during the search task. For the hierarchical
interface, one participant selected the wrong video (96.88% accu-
racy), while two participants selected the wrong video using the
filmstrip interface (93.75% accuracy). A McNemar’s test determined
that this difference in accuracy between the two interfaces was not
statistically significant (p = 1.00).

6.2 User Experience

6.2.1 UEQ-S. The results of the UEQ-S questionnaire were ana-
lyzed using the tool provided by the authors [15]. This tool trans-
forms the questionnaire responses from a 7-point Likert scale to
values ranging from -3 (most negative) to +3 (most positive). The
mean values for Pragmatic, Hedonic, and Overall quality are pre-
sented in Table 2.

We compared these results against a benchmark dataset derived
from over 21,000 participants across 468 studies, which uses the full
UEQ [16]. This benchmark categorizes results from "bad" (worst
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Figure 2: UEQ-S results for the hierarchical interface and the
filmstrip interface compared to a benchmark dataset

25% of studies) to "excellent" (best 10%). Figure 2 presents the com-
parison of the UEQ-S results with this benchmark. The hierarchical
interface scored just below average for Pragmatic quality but ranked
"excellent" for Hedonic quality, resulting in a "good" overall quality
rating. In contrast, the filmstrip interface scored below average
across all scales.

The analysis tool also performed t-tests to assess the significance
of differences between the two interfaces. No significant difference
was found for Pragmatic quality (p = .27), but significant differences
were observed for Hedonic quality (p = .0001) and Overall quality
(p = .002).

In addition to the UEQ-S, participants rated each interface on a
scale of 1 to 10. The filmstrip interface received an average rating
of 6.31, while the hierarchical interface received an average of 7.63.
A Wilcoxon Signed-Ranks test confirmed a significant difference
between these average ratings (p = .002).

6.2.2 Qualitative data. Participants were also asked to indicate
their preferred interface and discuss the advantages and disadvan-
tages of each. Of the participants, 24 (75%) favored the hierarchical
interface, while 8 (25%) preferred the filmstrip interface. The most
commonly cited reasons for preferring the filmstrip interface were
its familiarity, speed, and control over scrolling. Conversely, par-
ticipants who favored the hierarchical interface praised its speed,
simplicity, and the better overview it provided of video content.
Table 3 summarizes the most notable advantages and disadvantages
of each interface.

6.3 Analysis of search patterns

An analysis of the search patterns employed during the task pro-
vides additional insights into the strengths and weaknesses of each
interface, highlighting potential areas for improvement.

For the filmstrip interface, search patterns were relatively straight-
forward, with limited variation. After opening the video visualiza-
tion, participants either scrolled or skipped through the video to
make their decision. In contrast, the hierarchical interface offered
more flexibility in search strategies due to the multiple layers of
granularity available.

To categorize search strategies, we examined the proportion of
time participants spent at each layer of the hierarchical interface.
Participants were classified into different strategy categories based
on the relative time spent at each layer. For example, a participant
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who spent most of their time in Layer 1, a moderate amount of time
in Layer 2, and the least time in Layer 3 was categorized as using
the L1>L2>L3 strategy. We compared each participant’s strategy
with their time spent per video (see Section 6.1). Table 4 presents
the distribution of search strategies and the corresponding average
time spent per video.

Our analysis revealed that most participants spent the majority
of their time in Layers 1 and 2. Additionally, participants who spent
significant time in Layer 3 had noticeably higher average inspection
times per video.

7 Discussion

This study set out to address two primary research questions related
to improving the browsing experience for 360° video libraries in
VR. The first research question focused on user performance, while
the second explored user experience.

7.1 RQ1: Performance

To answer Research Question 1: "Which interface results in better
user performance, considering efficiency and accuracy?", we analyzed
the results from the search task (Section 6.1).

In terms of accuracy, no statistically significant difference was
found between the two interfaces. Nearly all participants correctly
identified the target video, with only one incorrect selection in the
hierarchical interface and two in the filmstrip interface.

Regarding efficiency, participants were statistically significantly
faster at identifying the correct video using the hierarchical inter-
face. This suggests that, despite its complexity, the hierarchical
interface allows users to interpret video content more quickly than
the filmstrip interface. A key factor contributing to this efficiency
is the hierarchical interface’s ability to display five video segments
simultaneously, offering a more comprehensive overview.

The filmstrip interface, while relatively straightforward, had a
common issue: participants with longer search times often skipped
over the correct frame while scrolling, forcing them to revisit videos.
On the other hand, Section 6.3 highlights that search strategies in
the hierarchical interface influenced time efficiency. Most partici-
pants focused on Layers 1 and 2, which proved to be more effective
than relying heavily on Layer 3. For this study, the three-layer
structure likely provided more detail than necessary, as the videos
were relatively short (under 15 minutes). Participants who focused
on Layer 3, where each sphere represents shorter segments, were
less effective because those spheres often showed the same scene.

Observationally, three strategies appeared to be most effective,
all of which prioritized Layers 1 and 2. The first strategy exclusively
used Layer 1, with participants scrolling through the timeline. In
the second, participants systematically selected spheres in Layer 1
to utilize Layer 2. The third strategy involved a top-down approach,
where participants only selected spheres in Layer 1 that visually
resembled the target frame’s characteristics (e.g., skipping aerial
shots when searching for a city scene).

7.2 RQ2: User Experience

To answer Research Question 2: "How do the user experience of
the filmstrip interface and the hierarchical interface compare?", we
examined the questionnaire results (Section 6.2).
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Advantages and disadvantages mentioned by participants

Filmstrip Hierarchical

Mentions  Mentions
This interface provides a clear overview of video content 3 9
This interface provides an quick overview of video content 7 8
This interface is simple/easy to navigate 7 5
Scrolling the timeline was very sensitive, causing spheres to move very fast 8 0
The interface was complex 0 5

Table 3: Notable advantages and disadvantages for both interfaces

Strategy  # Participants Average time spent per video  Std. Deviation
L1>L2>L3 11 00:24.32 00:14.56
L2>L1>L3 9 00:23.23 00:14.44
L2>L3>L1 5 00:35.59 00:21.90
L3>L2>L1 3 00:43.46 00:12.27
L1>L2=L3 4 00:13.15 00:05.21

Table 4: Distribution of participants across different search
strategies based on time spent in each layer of granularity

The UEQ-S results showed that the hierarchical interface scored
higher on pragmatic quality, although this difference was not sta-
tistically significant. However, the hierarchical interface did show
significantly higher scores for hedonic quality and overall quality.
Additionally, participants rated the hierarchical interface higher on
a scale of 1 to 10, with 75% of participants preferring it over the
filmstrip interface.

Interestingly, participants cited similar reasons for preferring
each interface—speed and simplicity. Despite the perceived com-
plexity of the hierarchical interface, many users found it effective
for quickly gaining an overview of video content. The hierarchical
interface’s advantage of providing a clear overview was mentioned
three times more frequently than for the filmstrip interface, sug-
gesting that the visual layout contributed to both its pragmatic and
hedonic appeal.

Some participants noted the hierarchical interface’s complexity
as a drawback. However, despite these remarks, most of these partic-
ipants performed better with the hierarchical interface, indicating
that the complexity was manageable. On the other hand, a recur-
ring complaint with the filmstrip interface was the sensitivity of
the timeline, which caused spheres to move too quickly, especially
for longer videos. This may have contributed to its lower hedonic
quality rating.

7.3 Limitations & Future Work

This study has several limitations that should be considered when
interpreting the results. First, there were some technical challenges
during the experiment. Due to Unity’s handling of video players,
the Oculus Quest was unable to play 15 videos simultaneously,
likely due to memory constraints. As a result, only the five most
recent video segments in the hierarchical interface were played,
while previous layers were paused. Additionally, three participants
experienced crashes during the experiment, but they were able to
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continue after a quick restart, so the impact on the results was
minimal.

Another limitation involved the streaming of participants’ views
to a phone for observational purposes. In some cases, the stream ex-
perienced lag, but this was not the primary source of data collection
and did not significantly impact the results.

A final limitation was the relatively short time participants had
to learn the interfaces. While this likely had minimal impact on the
filmstrip interface due to its straightforward nature, the hierarchical
interface may have benefited from additional learning time, as
strategy played a significant role in performance (see section 6.3).

7.3.1 Filmstrip interface. Several participants noted difficulties
with the sensitivity of the filmstrip interface’s timeline. Potential
improvements could include reducing the timeline’s sensitivity
by freezing the spheres in place and only changing their content.
Alternatively, introducing adjustable granularity, similar to the hi-
erarchical interface, could help mitigate this issue. Another possible
improvement could involve increasing the visibility of spheres by
arranging them in a cylindrical or S-shape, which could aid partici-
pants in identifying scene changes more effectively.

7.3.2  Hierarchical interface. The hierarchical interface proved ef-
fective, but alternative designs could further improve the experience.
For instance, section 6.3 showed that prioritizing Layer 1 was a
highly effective strategy. Therefore, creating an interface with just
one layer, possibly with a larger number of spheres, could enhance
performance. Another interesting variation to explore could in-
volve incorporating a filmstrip as a second layer upon selecting a
sphere. This would reduce the sensitivity issues associated with
the filmstrip interface, as each segment in the second layer would
cover a shorter duration.

8 Conclusion

This study set out to enhance the browsing experience of 360° video
collections in virtual reality (VR) by designing and implementing
two distinct interfaces: the filmstrip interface and the hierarchical
interface. Both interfaces were evaluated in terms of efficiency
and usability. To assess user experience, we employed the UEQ-S
questionnaire alongside qualitative questions, while performance
was measured through a timed search task in which participants
identified a video containing a previously viewed frame.

The results revealed that participants completed the search task
significantly faster using the hierarchical interface compared to
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the filmstrip interface. In terms of accuracy, there were no signifi-
cant differences between the interfaces, as nearly all participants
correctly identified the target video. The UEQ-S results showed no
significant difference in pragmatic quality between the two inter-
faces; however, the hierarchical interface demonstrated statistically
significantly better hedonic and overall quality. Furthermore, qual-
itative feedback indicated a clear preference for the hierarchical
interface among participants.

These findings suggest that the hierarchical interface offers su-
perior performance and user experience, making it a more efficient
and enjoyable method for browsing 360° video libraries in VR envi-
ronments. While both interfaces exhibit strengths, the hierarchical
interface stands out in terms of user satisfaction and browsing effi-
ciency. Continued development and refinement of this approach
will be crucial in advancing VR technology for 360° video browsing,
offering users a more intuitive and effective experience.

Future work should focus on further refining the hierarchical
interface and addressing the sensitivity issues observed in the film-
strip interface, potentially enhancing the usability and effectiveness
of both methods.

References

[1] Abir Al Hajri, Matthew Fong, Gregor Miller, and Sidney Fels. 2014. Fast Forward
with your VCR: Visualizing Single-Video Viewing Statistics for Navigation and
Sharing. Proceedings - Graphics Interface.

] John Brooke. 1996. SUS — a quick and dirty usability scale. 189-194.

[3] Linjun Chang, Yichen Yang, and Xian-Sheng Hua. 2008. Smart video player. In
2008 IEEE International Conference on Multimedia and Expo. 1605-1606. doi:10.
1109/ICME.2008.4607760

[4] M.G. Christel, A.G. Hauptmann, A.S. Warmack, and S.A. Crosby. 1999. Adjustable
filmstrips and skims as abstractions for a digital video library. In Proceedings
IEEE Forum on Research and Technology Advances in Digital Libraries. 98—104.
doi:10.1109/ADL.1999.777702

[5] Steven M. Drucker, Asta Glatzer, Steven De Mar, and Curtis Wong. 2002. Smart-
Skip: Consumer Level Browsing and Skipping of Digital Video Content. In Pro-
ceedings of the SIGCHI Conference on Human Factors in Computing Systems (Min-
neapolis, Minnesota, USA) (CHI '02). Association for Computing Machinery, New
York, NY, USA, 219-226. doi:10.1145/503376.503416

[6] Kraig Finstad. 2010. The Usability Metric for User Experience. Interacting with
Computers 22, 5 (05 2010), 323-327. arXiv:https://academic.oup.com/iwc/article-
pdf/22/5/323/1992916/iwc22-0323.pdf doi:10.1016/j.intcom.2010.04.004

—_

Bas van Eck and Wolfgang Hiirst

Wolfgang Hiirst. 2006. Interactive Audio-Visual Video Browsing. In Proceedings
of the 14th ACM International Conference on Multimedia (Santa Barbara, CA, USA)
(MM °06). Association for Computing Machinery, New York, NY, USA, 675-678.
doi:10.1145/1180639.1180781

Wolfgang Hiirst and Dimitrios Darzentas. 2012. HiStory - A hierarchical story-
board interface design for video browsing on mobile devices. Proceedings of the
11th International Conference on Mobile and Ubiquitous Multimedia, MUM 2012,
17:1-17:4. doi:10.1145/2406367.2406389

W. Hiirst, G. Gotz, and T. Lauer. 2004. New methods for visual information
seeking through video browsing. In Proceedings. Eighth International Conference
on Information Visualisation, 2004. IV 2004. 450-455. doi:10.1109/IV.2004.1320183
W. Hiirst and P. Jarvers. 2005. Interactive, dynamic video browsing with the
zoomslider interface. In 2005 IEEE International Conference on Multimedia and
Expo. 4 pp.—. doi:10.1109/ICME.2005.1521484

Mike Knoop. 2023. Exploring Interactive Experiences to Browse Extensive 360°
Video Libraries in Virtual Reality. Available at https://studenttheses.uu.nl/handle/
20.500.12932/45252.

Bettina Laugwitz, Theo Held, and Martin Schrepp. 2008. Construction and
Evaluation of a User Experience Questionnaire. USAB 2008 5298, 63-76. doi:10.
1007/978-3-540-89350-9_6

Klaus Schoeffmann. 2019. Video Browser Showdown 2012-2019: A Review. In
2019 International Conference on Content-Based Multimedia Indexing (CBMI). 1-4.
doi:10.1109/CBMI.2019.8877397

Klaus Schoeffmann and Laszlo Boeszoermenyi. 2009. Video Browsing Using
Interactive Navigation Summaries. In 2009 Seventh International Workshop on
Content-Based Multimedia Indexing. 243-248. doi:10.1109/CBMI.2009.40

Martin Schrepp. [n.d.]. Data analysis tool (ueq-s). https://www.ueq-online.org/

Material/Short UEQ Data_Analysis_Tool.xIsx Accessed on 12-06-2024.
Martin Schrepp. 2023. User Experience Questionnaire Handbook. https://www.ueq-

online.org/Material/Handbook.pdf Version 11, Accessed on 12-06-2024.

Martin Schrepp, Andreas Hinderks, and Jérg Thomaschewski. 2017. Design and
Evaluation of a Short Version of the User Experience Questionnaire (UEQ-S).
International Journal of Interactive Multimedia and Artificial Intelligence 4 (01
2017), 103. doi:10.9781/ijimai.2017.09.001

Martin Schrepp, Jessica Kollmorgen, and Jérg Thomaschewski. 2023. A Compari-
son of SUS, UMUX-LITE, and UEQ-S. J. User Exper. 18, 2 (jun 2023), 86-104.
Florian Spiess, Ralph Gasser, Silvan Heller, Mahnaz Parian-Scherb, Luca Ros-
setto, Loris Sauter, and Heiko Schuldt. 2022. Multi-Modal Video Retrieval
Innbsp;Virtual Reality Withnbsp;vitrivr-VR. In MultiMedia Modeling: 28th Inter-
national Conference, MMM 2022, Phu Quoc, Vietnam, June 6-10, 2022, Proceed-
ings, Part II (Phu Quoc, Vietnam). Springer-Verlag, Berlin, Heidelberg, 499-504.
doi:10.1007/978-3-030-98355-0_45

Ly-Duyen Tran, Manh-Duy Nguyen, Thao-Nhu Nguyen, Graham Healy, Annalina
Caputo, Binh T. Nguyen, and Cathal Gurrin. 2021. A VR Interface for Browsing
Visual Spaces at VBS2021. In MultiMedia Modeling: 27th International Conference,
MMM 2021, Prague, Czech Republic, June 22-24, 2021, Proceedings, Part II (Prague,
Czech Republic). Springer-Verlag, Berlin, Heidelberg, 490-495. doi:10.1007/978-
3-030-67835-7_50

Alissa Vermast and Wolfgang Hiirst. 2023. Introducing 3D thumbnails to access
360-degree videos in virtual reality. IEEE Transactions on Visualization and
Computer Graphics 29, 5 (2023). doi:10.1109/tvcg.2023.3247462


https://doi.org/10.1109/ICME.2008.4607760
https://doi.org/10.1109/ICME.2008.4607760
https://doi.org/10.1109/ADL.1999.777702
https://doi.org/10.1145/503376.503416
https://arxiv.org/abs/https://academic.oup.com/iwc/article-pdf/22/5/323/1992916/iwc22-0323.pdf
https://arxiv.org/abs/https://academic.oup.com/iwc/article-pdf/22/5/323/1992916/iwc22-0323.pdf
https://doi.org/10.1016/j.intcom.2010.04.004
https://doi.org/10.1145/1180639.1180781
https://doi.org/10.1145/2406367.2406389
https://doi.org/10.1109/IV.2004.1320183
https://doi.org/10.1109/ICME.2005.1521484
https://studenttheses.uu.nl/handle/20.500.12932/45252
https://studenttheses.uu.nl/handle/20.500.12932/45252
https://doi.org/10.1007/978-3-540-89350-9_6
https://doi.org/10.1007/978-3-540-89350-9_6
https://doi.org/10.1109/CBMI.2019.8877397
https://doi.org/10.1109/CBMI.2009.40
https://www.ueq-online.org/Material/Short_UEQ_Data_Analysis_Tool.xlsx
https://www.ueq-online.org/Material/Short_UEQ_Data_Analysis_Tool.xlsx
https://www.ueq-online.org/Material/Handbook.pdf
https://www.ueq-online.org/Material/Handbook.pdf
https://doi.org/10.9781/ijimai.2017.09.001
https://doi.org/10.1007/978-3-030-98355-0_45
https://doi.org/10.1007/978-3-030-67835-7_50
https://doi.org/10.1007/978-3-030-67835-7_50
https://doi.org/10.1109/tvcg.2023.3247462

Social Density and its Impact on Behaviour in Virtual
Environments

Julie Williamson
julie.williamson@glasgow.ac.uk
University of Glasgow
Glasgow, UK

Silvia Rossi
s.rossi@cwi.nl
Centrum Wiskunde & Informatica
(CWI)

Ross Johnstone
ross.johnstone@glasgow.ac.uk
University of Glasgow
Glasgow, UK

Amsterdam, Netherlands

Irene Viola
irene.viola@cwi.nl
Centrum Wiskunde & Informatica
(CWI)

Amsterdam, Netherlands

David A. Shamma
aymans(@acm.org
Centrum Wiskunde & Informatica
(CWI)

Amsterdam, Netherlands

ac"\i\a\g,,

(a) The small room with high social density

John Williamson
johnh.williamson@glasgow.ac.uk
University of Glasgow
Glasgow, UK

Thomas Roggla
t.roggla@cwi.nl
Centrum Wiskunde & Informatica
(CWI)

Amsterdam, Netherlands

Pablo Cesar
garcia@cwi.nl
Centrum Wiskunde & Informatica
(CWI) and Delft University of
Technology
Amsterdam, Delft, Netherlands

(b) The large room with low social density

Figure 1: A large and a small virtual room created spaces with low or high social density.

Abstract

Virtual environments make it possible to connect and collaborate in
social immersive realities, but there are still open questions about
the influence of their design on the user experience. We conducted
a study with 48 participants divided into groups of 6, complet-
ing conversational tasks in an instrumented virtual environment.
Using a mix-methods approach, combining qualitative and quanti-
tative research methods (interviews, questionnaires, conversation
and movement analysis), we compared between two virtual en-
vironment designs. We found that the social density (or effective
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capacity) of the designed virtual environment influenced the quality
of interaction between the participants.
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1 Introduction

We are moving towards a future where immersive environments
and virtual realities (VR) mediate our social and collaborative in-
teractions. How our interpersonal interactions play out in VR is
significantly influenced by how these experiences are designed,
but we have limited models for understanding social phenomenon
when mediated by immersive environments. Digital proxemics is
an emerging model for understanding how we use space in virtual
environments, focusing on social signals of body position relative
to others in virtual space [4, 27, 28]. Interpersonal social signals like
proximity, mutual gaze, and conversational fluency, which represent
the signals created when two or more people interact, provide rich
insights into what happens between individuals. Defining these in-
terpersonal social signals and developing more sophisticated models
of interpersonal interaction in immersive environments is needed
to inform the design of more satisfying and successful communica-
tions and collaborations in social VR.

This paper explores the quality of interactions with different
social densities [21, 26], that is the ratio of the number of people
to the size of a space. Social density influences how crowded, cozy,
or empty a space feels. Our hypothesis is that manipulating social
density will influence how interaction unfolds. Our analysis focuses
on the interpersonal social signals that we give off when interact-
ing in immersive environments, focusing on how social density
creates observable changes in these interpersonal social signals.
We completed a lab-based user study (N=48) where eight groups
of six participants completed conversational tasks while wearing
head-mounted displays (HMDs) in an instrumented virtual environ-
ment. Results show different interaction and conversation patterns,
depending on the social density of the virtual environment.

This paper makes the following contributions:

(1) A comparison of two social density conditions (low and
high), resulting from a between-subjects evaluation (N=48)
of conversational tasks in a virtual environment.

(2) An open source dataset capturing rich social signals includ-
ing proximity, gesture, gaze, and conversation under low
and high social densities.

2 Related Work

2.1 Proxemics

Research on proxemics in physical spaces has explored how peo-
ple use space [12, 16], intended usage of spaces [22], and space
design [10, 13]. Hall’s foundational work on proxemics [12] pro-
vides the baseline for understanding how people use physical space.
Factors like body visibility, voice loudness, body heat, odour, and
personal preferences all contribute to how people use space, which
is dynamic and contextually influenced by culture. Hall categorises
four proxemic zones: intimate, personal, social, and public. The
intimate zone (< 0.46 meters) entails more physical contact, close
field of view, and potential awareness of breath or body heat. The
personal zone (0.46—1.2 meters) allows for physical contact, but not
consistently, and facial expressions and visual attention are more
noticeable. Transitioning to the social zone (1.2-3.6 meters), one
would expect less physical contact, if any, and the ability to observe
the other person’s entire body. Lastly, the public zone (> 3.6 meters)
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makes facial expressions and voice less impactful but enhances
peripheral awareness of the immediate environment.

Beyond interpersonal distance, proxemics research also incorpo-
rates visual attention and body orientation when people interact
in groups. Kendon introduces the concept of F-formations, empha-
sising the relative orientation of a group over time as a significant
aspect of proximity [16]. F-formations emerge during social inter-
actions among people in close proximity, who share a space with
exclusive, direct, and equal access.

Applying physical proxemics to behaviour in virtual environ-
ments raises challenges given the absence of typical social and envi-
ronmental constraints in the virtual world. Incorporating olfaction
and haptics, which play vital roles in physical proxemics, presents
difficulties within virtual settings. Additionally, the auditory experi-
ence through Head-Mounted Display (HMD) headphones diverges
significantly from real-world auditory perceptions [24]. However,
Virtual Environments (VEs) offer the intriguing possibility of inten-
tionally manipulating, distorting or enhancing proxemic cues to
shape the social dynamics of the virtual space.

2.2 Social Density

Social density refers to the number of individuals present in a given
physical [3] or virtual space [21]. Social density is a crucial factor
that influences social interactions, personal comfort, and behaviour
patterns within space. Whyte’s research asks what makes public
spaces feel spacious or crowded, exploring the availability and
layout of seating, street positioning, and exposure to elements [26].
His work integrates physical space design with human proxemics,
examining effective capacity and perceived crowding. Effective
capacity, which considers factors like proximity to others, comfort,
and amenities, can significantly differ from physical capacity when
spaces are well-designed. For instance, a vibrant city square with
strategically placed benches and green spaces may create a sense
of low social density despite a large number of people present.

Social density is particularly interesting when designing interac-
tions in a VE. In the absence of physical constraints, the perception
of social density can vary depending on factors such as the size
and design of the VE, the number and size of avatars or virtual
entities present, and the availability of interactive elements. Guit-
ton et al. present an ethnographic study of merfolk in Second Life,
highlighting the challenge of achieving social density in expansive
virtual ocean environments [11]. Moore et al. also find that expan-
sive environments in massively multiplayer online games make
it challenging to achieve social density and create spaces where
it is easy for people to interact [21]. There is limited quantitative
work modelling how social density affects interaction in a VE, rep-
resenting a current gap in how these spaces should be designed for
communication and collaboration.

2.3 Focused/Unfocused Interactions

The focus (or lack of focus) during interaction also impacts how
people interact and use space. Goffman categorises face-to-face
interactions as either unfocused or focused [9].

Unfocused interactions are characterised by a lack of specific
visual attention or shared interest among people. In such scenar-
ios, individuals may coexist in the same space without actively
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interacting with one another or directing their attention towards
a common point of interest. In contrast, focused interactions in-
volve individuals coming together with a shared point of visual
attention or a common goal. In these situations, people gather to
collaborate, discuss, or participate in activities that require collec-
tive focus. Focused interactions often have more defined social
regulations, explicit or implicit boundaries for participation, and
specific expectations or affordances for involvement. The atmo-
sphere during focused interactions tends to be more structured and
purpose-driven. [9].

Focused interactions can be further refined when considering if
the rules for social engagement are “tight” or “loose” [7-9]. Social
interactions with “tight” rules have highly structured and mutu-
ally understood rules for engagement. For example, a presentation
to an audience is built on shared and mutually maintained rules
around where the focus is and acceptable modes of participation
and interruption. In contrast, social interactions with “loose” rules
are more unstructured and there can be much flexibility in how the
rules, if any, are enforced.

3 Understanding Behaviour in Social VR with
High and Low Social Density

The key motivation of our evaluation was to understand how be-
haviour would be influenced when the virtual environment put
constraints on social density within the virtual space. We recruited
participants for conversational tasks in an instrumented virtual
environment, including a loosely and tightly structured conversa-
tion that would elicit different kinds of behaviours. The virtual
environments were sized to create low or high social density, which
we hypothesised would influence how people use space and their
comfort in maintaining personal space and turn-taking during con-
versation.

3.1 Experimental Protocol

For our lab study, we conducted a between-subjects evaluation that
compared user experiences within two virtual spaces with different
sizes, resulting in either low or high social density as described in
Section 3.1.1. We recruited a total of 48 participants, organised into
8 groups of 6 participants each. These groups engaged in conversa-
tional tasks as described in Section 3.1.2, with the task order being
counterbalanced to mitigate order-related effects. A facilitator was
present in the virtual environment to guide participants through
the experiment, as described in Section 3.1.3.

To begin, participants were gathered in the same physical space
for on-boarding, reading information sheets, and consenting to
participate. Participants were assigned unique identifiers: Apple,
Banana, Cherry, Dragonfruit, Elderberry, and Fig. The assignment
of these identifiers was randomised, each associated with a different
physical room to which the facilitators directed each participant.
These identifiers were beneficial for both facilitators and partic-
ipants, aiding in study organisation and participant recognition
throughout the evaluation.

As the first task, the Simulator Sickness Questionnaire (SSQ) [17]
was administered to assess any effect of the experimental condi-
tions on cybersickness. After completing the SSQ questionnaire,
each participant was taken to an individual room, as described in
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Section 3.2.1. The facilitator gave a short tutorial to each participant,
explaining how to fit and control the device, as well as how to enter
and navigate the virtual environment; either with joystick move-
ment or teleportation. Participants were given a period of time to
accustom themselves to the experience before start the first of two
conversation tasks, as described in Section 3.1.2. The order of the
conversation tasks was counterbalanced across participant groups.
A short questionnaire for Quality of Interaction (Qol), composed of
8 items, was administered after each conversation task, allowing
for finer granularity in understanding the impact of each task on
the Qol. At the end of the second conversation task, three longer
questionnaires were given to the participants to fill out, namely
the immersion questionnaire [14], the iGroup Presence Question-
naire (iPQ) [23], and the Social Presence questionnaire [18]. The
post-study SSQ was also filled by participants.

To conclude, participants gathered in the same physical room
and engaged in a focus group session, during which they shared
their perspectives with each other. These encompassed their impres-
sions of the virtual environment, comparative analyses with video
calls and face-to-face interactions, their comfort levels, positional
dynamics within the virtual space, and their overall experiences
in the conversation tasks. Participants were also encouraged to
provide feedback on their preferred and least preferred activities,
alongside suggestions for potential enhancements. This concluded
with thanking the participants for their time and allowing them
any questions about the study.

3.1.1  Virtual Environment. Both rooms, as shown in Figure 1, were
designed in a circular layout, with one room having a radius of 26.5
meters with low social density, and the other being smaller with
a radius of 2.5 meters with high social density. Whyte describes
the “effective capacity” of a space in terms of sitting space, where
effective capacity is roughly .9 meters of sitting space per person.
Within Hall’s proxemic zones, this is within the personal zone [12].
Moore describes the low social density in one space as a small space
where one must “rub elbows with other participants” where it is
impossible to watch from a distance [21].

For the 6 participants plus a facilitator, our low social density
room allows for 315 meters per person and the high social density
room allows for just 2.8 meters per person. The high social density
room was designed such that participants were crowded within the
personal and social proxemic zones, where the low social density
provided a large space where participants could move freely. The
rooms were intentionally designed to be sparse, with a textured
floor plane, smooth walls, and a textured ceiling plane to reduce
the impact of environmental elements to influence behaviour. The
rooms were circular to provide cornerless spaces after pilots in-
dicated participants often positioned themselves within corners,
which introduced arbitrary hot spots of activity.

3.1.2  Conversation Tasks. Goffman describes “tightness” and “loose-
ness” in social settings as the degree to which individuals are ex-
pected to be present and attending to interaction, and how strictly

social rules must be adhered to [9]. We designed two conversation

tasks structured with either “tight” or “loose” social rules, with

the hypothesis that different social rules would result in different

experiences in a social VR.
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Tight Story Task: “Yes, and” Scene in VR. For this task, six par-
ticipants and one facilitator come together within the VR space
to collaboratively construct a story consisting of short statements
with tight social rules. The story begins when a participant makes
the first statement, for example “I left my house today but I forgot
my bicycle helmet.” Each following statement must begin with “yes,
and” and must be a continuance of the previous statement. Each
statement should be short, but must continue the storyline estab-
lished by the first statement. The facilitator monitored the passage
of time and conclude the activity after five minutes. If the story
naturally concludes, the facilitator instructed the participants to
begin a new story until the overall task lasted five minutes. The
story task is structured based on tight social rules that dictate the
general content of conversation and how conversation proceeds,
where turn-taking will be stilted and formal.

Loose Truths Task: Two Truths and a Lie in VR For this task, six
participants and one facilitator come together within the VR space
to tell two truths and a lie about themselves with loose social rules.
Each participant takes a turn introducing themselves by sharing
two truths and one lie about themselves. The group then tries to
guess which statement is the lie. Once the lie is discovered, another
participant introduces themselves. The facilitator monitored the
time and helped move the task along as needed until the overall
task lasted five minutes. The truths task is structured based on loose
social rules, where individuals may speak informally, interruptions
and questions are expected, and turn-taking will be regular and
informal.

3.1.3  Facilitator. A facilitator was present in the virtual environ-
ment to guide the participants through the conversation tasks. The
facilitator began by ensuring all participants were present and not
experiencing any technical issues before beginning the conversa-
tion task. The facilitator would introduce the task and give partici-
pants an opportunity to ask any questions. Once the conversation
task began, the facilitator monitored the task timing and facilitated
the session as needed to keep the task running for five minutes.
The facilitator would conclude each task and provide instructions
for the participants to exit VR.

3.2 Experimental Setting and Hardware

3.2.1 Physical Space & Infrastructure. The participants initially
gathered in a large room where the experiment began and ended.
For the tasks in VR, participants were each taken to a private room
that was physically and aurally separated from the other partici-
pants. In each private room, there was a desk, chair, and Quest 2
running a customised instance of Mozilla Hubs!. Each room was
equipped with a 6GHz WiFi router to ensure maximum bandwidth
availability and stability. The experiment was run using a modi-
fied version of the social VR platform Mozilla Hubs, deployed on a
private cloud instance.

The participants used Meta Quest 2 headsets and the facilitator
used a Meta Quest Pro headset. All VR users were seated for the
duration of the experiment. Participants and facilitator used hand-
held controllers for hand movement capture during the experiment.

!https://hubs.mozilla.com/
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3.2.2 Data Logging. During the experiment, participants’ body,
hand, and voice data was logged continuously. This was achieved
through the use of a custom JavaScript-based subsystem, integrated
into a modified version of the Mozilla Hubs client, described in [27].
The data logger collected metrics from the browser environment
and directly from the Document Object Model (DOM) which speci-
fies the virtual environment. We augmented the system to collect
additional metrics for the purpose of this experiment. Technical
details about the data collection is included in the appendices.

Key data streams used for this analysis include the avatar posi-
tion, direction and rotation based on the headset sensors, position,
direction and rotation of each hand based on the hand-held con-
troller sensors, and the amplitude of the participants voice based
on the directional microphone within the headset. All this data was
updated and saved at a rate, constrained by the frame rate of the
user’s headset. In order to minimise the number of requests sent
to the data collection server, the tick data is buffered and a POST
request containing all the data as a JSON-formatted payload is only
sent every 4000 ticks. The data collection server is responsible for
validating and storing all session data and runs on a separate cloud
machine.

3.3 Participants

A total of 48 individuals participated in the experiment. Participants
were divided into groups of six for a total of eight sessions, each
lasting approximately 1 hour. To ensure a diverse and balanced set of
people (i.e., age, gender and nationality), participants were primarily
recruited through a professional recruitment company but also from
the organisation where the study took place. Since the experiment
was conducted in English, all the participants were comfortable in
reading, speaking, and writing in English. Additionally, none of
them had uncorrected visual, hearing, or motor impairments, and
they were instructed to attend the experiment with their glasses
or lenses. All participants were aged between 22 and 68 years old
with an average age equal to 37.48 and a standard deviation of 12.89.
Among all of them, 50% identified as female, 46% as male and the
remaining 4% as non-binary (female = 24, male = 22, non-binary
= 2). In terms of ethnicity, most of the participants self-identified
as being from Europe (40%), followed by Asia (19%), mixed origins
(19%) and Africa (2%). 12 participants never had experience with
VR before the experiment while 8 of them were experts (e.g., VR
designers, or researchers); 22 were novices (e.g., have played less
than 5 times) and only 6 were knowledgeable about this technology
(e.g., have played 5+ times, or own VR headset). One participant
self-identified as a person with a disability (i.e., dyslexia) and one
preferred not to say. The majority of participants did not know each
other before their involvement in the study. This experimental study
was reviewed and approved by an institutional ethics committee.

4 Results
4.1 Quantitative Results

The quantitative results are based on the interaction logs generated
by the instrumented virtual environment where we conducted this
research. For our 48 participants (excluding the facilitator), our
dataset includes 2.42 million logs of 131 minutes of interaction.
This data was resampled to 30Hz for the analysis, resulting in 1.48
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Figure 2: Proxemic analysis compares how people used per-
sonal space in the low and high social density conditions.

million logs of 131 minutes of interaction. All of the data, scripts,
and visualisation techniques used in this analysis will be made
publicly available as part of this paper.

Due to an issue with data logging on the facilitator’s headset, the
facilitator data is unavailable for six of the eight groups. However,
quantitative analysis of the social metrics we have developed ex-
cludes the facilitator by design for some metrics and these metrics
are not affected. Where the facilitator’s data is required, we have
performed the analysis on the subset of data where the facilitator
is included. The subset of the data where the facilitator is present
includes over 900,000 interaction logs, which was resampled to over
400,000 logs at 30 frames per second. Given the scale and detail of
the data made possible by the instrumented virtual environment,
the absence of the facilitator data from some groups has a limited
impact on the quantitative analysis.

4.1.1  Social Density: Proximity and Personal Space. Previous works
on digital proxemics have been concerned with how people use
virtual space and how personal boundaries are maintained in vir-
tual environments. In our design, we specifically put participants
in virtual spaces with high and low social densities. In the high
social density space, participants could not avoid collisions in the
personal zone and would have limited space to maintain positions
outside the personal zone throughout the task. In the low social
density space, participants had ample room to move and could
stand at their desired distances within room to move and adjust as
needed. Figure 2 shows the proxemic positions for the high and low
social density spaces, demonstrating how individuals used personal
space in these settings. In line with previous work, we saw that
participants avoided collisions in the intimate zone and maintained
standing distances in the social and public zones where possible.
When constrained in the high social density space, participants
maintain social distances, with some collisions in the personal zone.
When given space to move, more relaxed proxemics were main-
tained, with participants spreading across the social and public
proxemic zones.
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Figure 3: Hexagonal bin plots with proxemic zones overlayed
visualise the position of others relative to the field of view
for all participants (facilitator excluded). The detailed insets
from the Intimate zone visualise the position of the hands
while speaking or not speaking. Others are visualised in grey,
the left hand is visualised in blue, and the right hand is visu-
alised in orange.

We extended proxemic analysis from previous studies of digital
proxemics [4, 12, 15, 28] by adding analysis of how hands aid in
defining personal space and how social density might change how
people maintain and communicate personal space.

Figure 3 shows a relationship between social density and how
people use virtual space and their hands. The position of others
relative to the field of view is shown in greyscale, with the prox-
emic zones shown as concentric rings. In a zoomed view of the
intimate zone, the hands are shown in purple (left hand) and orange
(right hand) while speaking and not speaking. The facilitator data
is excluded from this analysis.

Figure 3 (a) and (d) show results in line with previous research
on digital proxemics. In the low social density room, participants
tended to stand within the social proxemic zone, with some partici-
pants in the personal space, and limited collisions in the intimate
space. Participants also tended to keep others within their field of
view, and rarely stand with someone directly behind them.

Within the high social density room, there were tight restric-
tions on personal space and people behaved differently. There are
virtually no collisions in the intimate zone, and participants were
arranged around the border of the personal zone. Participants has
a strong tendency to keep others within their field of view, but
the close standing distances forced by the space would make it
impossible to see other participants in full. Hotspots are visible
directly in front of each participant and to each side, showing the
typical configuration in the high social density room to form a
circle against the walls.
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The hand movements are also affected by social density. Even
though in physical reality participants were alone in their room and
did not risk hitting anyone or invading their physical space with
their hands, participants in the high social density room gestured
closer to their own body, as shown in Figure 3 (e) and (f).

Within the low social density room, there was a greater likeli-
hood to ignore intimate collisions, but there was also different use
of the hands, in particular while speaking. Gesturing extends fur-
ther out from the body, sometimes extending beyond the intimate
zone. While people often use their hands in interesting ways while
speaking [16], looking at position alone does not give a clear picture
of how this translates to virtual environments. Hands are also used
to claim personal space and add expression while speaking.

4.1.2  Conversation Task: Turning Taking, Silence, and Crosstalk. Par-
ticipants completed a tightly and loosely structured conversation
task, which we designed to elicit stable and unstable conversations
for our analysis. For the two groups where the facilitator data is
present, we calculated conversational metrics as speaker turn du-
ration, silence duration, and cross-talk duration[1], as shown in
Figure 5.

We see differences between the tightly structured story task
and the loosely structured truths task. In particular, the challenges
for turn-taking can be seen in the increased duration of cross talk
during these tasks. The story task was especially challenging in
the high social density room, where the conversation involved
especially short utterances, long durations of silence, and longer
periods of cross talk.

Another metric commonly used in interaction analysis is speaker
participation and conversation balance [19]. We visualise this as
speaker rank, which describes how dominant speakers were during
these conversational tasks. The speaker rank calculates the pro-
portion of time each speaker spent speaking and ranks these in
order from most to least for each group, as shown in Figure 4. The
facilitator’s speech is excluded from this metric.

Figure 4 shows a pattern across all groups, where one speaker
often held the floor for roughly half of the time, followed by the next
dominant speaker up to a third of the time, with decreasing partici-
pation until the least active speaker who made few if any utterances.
It was surprising that even in the Truths task, where turning-taking
was partially moderated by the facilitator, we see the same pattern
of dominance and fall-off in speaker participation. Previous work
has looked at influencing speaker participation through visual in-
terventions [19], and similarly found these patterns of behaviour
difficult to influence and control.

4.2 Questionnaire Results

4.2.1 Quality of Interaction. Questionnaires were administered
after each task, allowing to compare the effect of the task on the
Qol, as well as increasing the statistical power when comparing
the two room configurations. A total of 96 scores were collected
per item. Prior to running any comparison, the normality of the
scores was tested using the Kolmogorov-Smirnov test. The null
hypothesis was rejected (p < 0.001); thus, non-parametric tests
were used on the scores. Regarding the impact of the task on the
Qol, a Wilcoxon test for paired samples revealed no significant
statistical difference between the tasks for any of the items on the
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Figure 5: Conversational metrics for the four groups which
included the facilitator. Speaker turn duration describes the
time a speaker can hold the floor with trailing silence ex-
cluded. Silence duration describes the duration of silence
when no speaker is active. Cross-talk duration describes the
duration when two or more people are speaking simultane-
ously. Y-axis shows probability density using log scale.

questionnaire (p > 0.05 for all items). We thus focused our anal-
ysis on comparing the effect of the different room configurations
on the items. Figure 6 depicts the violin plot of the score distri-
bution for every item in the Qol questionnaire. Please note that
the scales were inverted, when necessary, to ease readability; in
all cases, higher scores signify positive responses. The plot shows
the distribution of the scores, along with the median value, sepa-
rately for the low social density configuration (left, darker colour)
and the high social density configuration (right, lighter colour). In
general, we can observe high values for almost all the items in the
questionnaire, with median values between 5 and 7; the notable
exception is for the item "Involvement", for which results are fairly
spread, with a median value of 4. This might be due to the phrasing
of the question ("How much did your experience in the virtual
environment seem consistent with your real-world ones?"), which
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Figure 6: Violin plot showing the results of the Qol question-
naires (higher values are better). Left and right sides refer
to the low density and high density room configurations,
respectively. Statistical significant difference, when present,

is indicated with asterisks on top (*: p < 0.05; **: p < 0.01; ***:
p < 0.001).

led to confusion among the participants. A Mann-Whitney test
for unpaired samples performed on the items reveals no statistical
difference for 6 out of the 8 items in the questionnaire (Global QoE:
Z =-0.061,p = 0.952,r = 0.006; System Annoyance: Z = 0.023, p =
0.982,r = 0.002; Interruptions: Z = —0.525, p = 0.599, r = 0.054; In-
volvement: Z = 0.336, p = 0.737, r = 0.034; Adaption: Z = 0.890, p =
0.374,r = 0.091; Social Presence: Z = —1.131,p = 0.258,r = 0.115),
whereas the difference was found to be significant for Social An-
noyance (Z = —2.621, p = 0.009, r = 0.268) and Social Adaptation
(Z = -2.320,p = 0.020,r = 0.237), with small to medium effect
sizes in both cases. Results seem to indicate that the high social
density room configuration led to disruption in terms of listening to
other participants (Social annoyance: "I was able to understand my
partners’ talking") and cooperating with them (Social Adaptation:
"My partners and I worked together well"), with respect to the low
social density room configuration, which offered more space to
move and a more comfortable setting.

4.2.2  Presence, Immersion, Social Presence. Questionnaires for Im-
mersion, Presence, and Social Presence were administered after
completing both tasks, leading to 48 scores per item. In all cases, we
grouped the items according to the original reference, and we com-
pared the distributions associated with the high and low density
room configurations.

Figure 7a displays the distribution of the scores associated with
the factors "Immersion" and "Person-Virtual Environment (VE)
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Interaction". The values were averaged to ease comparison be-
tween different factors, and ordered so that higher scores indi-
cate a positive outcome. We can see that, for both room configura-
tions, scores are favorable for both factors, indicating high immer-
sion levels. A normality check conducted using the Kolmogorov-
Smirnov test rejected the null hypothesis; thus, we employed non-
parametric statistical tests. A Mann-Whitney U-test revealed no
significant differences between the room configurations for Im-
mersion (Z = 0.8418,p = 0.3999,r = 0.1215) nor for Person-VE
Interaction (Z = —0.2100, p = 0.8336, r = 0.0303).

Figure 7b depicts the distribution of the scores gathered using
the Social Presence questionnaire, aggregated in the factors “Qual-
ity of Interaction”, “Presence/Immersion”, and “Social Meaning”.
Please note that for this questionnaire, the Likert scale ranged from
1-5. As with the other questionnaires, items were averaged per
factor and scaled so that higher values would indicate positive
outcomes. We can see that high values were reported for factors
“Presence/Immersion” and “Social Meaning”, corroborating the find-
ings of the previous questionnaires. Values associated with “Quality
of Interaction” sit slightly lower. The low scores stem mainly from
the answers given to the first two questions, which mapped more
to an emotional connection: “I was able to feel my partners’ emo-
tions during the experience”, and “I was sure that my partners
often felt my emotion”. It is worth noting that the Social Presence
questionnaire was originally formulated to be used with pairs that
knew each other, and validated with a task (namely, photo sharing)
which allows for an emotional connection between people. Con-
versely, our tasks were not designed to foster an emotional bonding
between participants, which explains why low scores were given
to the corresponding questions. Test using Kolmogorov-Smirnov
rejected the normality hypothesis, and the Mann-Whitney U-test
applied to the data failed to reject the null hypothesis for all fac-
tors (Quality of Interaction: Z = 0.1497;p = 0.8810;r = 0.0218;
Presence/Immersion: Z = —0.4051; p = 0.6854;r = 0.0591; Social
Meaning: Z = —1.4946; p = 0.1350;r = 0.2180).

Finally, figure 7c shows the violin plot of the scores associated
with the items in the iGroup Presence questionnaire, grouped in
the factors “Presence”, “Social Presence”, “Involvement”, and “Expe-
rienced Realism”. As for the previous questionnaire items, scores
within each factor were averaged to facilitate comparison, and they
were flipped if necessary to always map higher scores to a more
positive outcome. We can see high values for all the factors in the
questionnaire, except for the “Experienced Realism”, which received
lower scores on average (median value M = 3 and M = 3.25 for
the small and big room configuration, respectively). The low scores
associated with realism can be explained by considering that our
environment is not a faithful replica of the real world, instead being
designed as rather barebone and simplified. Thus, it is reasonable
that users gave low scores to questions such as “The virtual world
seemed more realistic than the real world”, and “How real did the vir-
tual world seem to you”. As for the previous case, we ran a normality
test using Kolmogorov-Smirnov, which rejected the hypothesis of
normality. The Mann-Whitney U-test we applied to the data failed
to unveil any significant difference between the room configura-
tions, for all factors (Presence: Z = —0.4239; p = 0.6716;r = 0.0618;
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Social Presence: Z = —1.6233;p = 0.1045;r = 0.2368; Involve-
ment: Z = —0.3312;p = 0.7405;r = 0.0483; Experienced Realism:
Z =-0.9726;p = 0.3307;r = 0.1419).

4.2.3  Simulator Sickness. The SSQ was administered before and
after the VR experiment, as suggested by the literature [5]. For each
participant, three factors, namely Nausea N, Oculomotor distur-
bance O, and Disorientation D, were computed, according to the
original reference, and the total score was computed by summing
the three factors and applying a weight of 3.74 [17]. The original
paper indicates the following ranges for interpreting the scores:
negligible (< 5), minimal (5 — 10), significant (10 - 15), and concern-
ing (15 - 20). In general, we witness a marked increase in symptoms
after the VR test. The reported results for Nausea are negligible
before the test (N = 4.56), but they turn significant after the test
(N = 10.78); for Oculomotor disturbance, they are minimal before
the test (O = 8.73), and they become significant after (O = 13.18);
similarly, for Disorientation, values are significant before the test
(D = 10.29), but they become concerning after (D = 19.06). The total
score before the test is equal to 88.21, whereas, after the test, it in-
creases to 160.94. The difference between symptoms before and after
the experiment is significant, according to a Wilcoxon signed rank
test, only for Nausea (Z = —2.2515, p = 0.0244, r = 0.2373), but not
for Oculomotor disturbance (Z = —0.9613, p = 0.3364,r = 0.1013)
or Disorientation (Z = —1.6820, p = 0.0926, r = 0.1773), and neither
for the total score (Z = —1.8705, p = 0.0614, r = 0.1972).

We also test for statistical differences between the room configu-
rations, to see whether they had an effect on the sickness symptoms,
using a Mann-Whitney U-test. Results indicate no significant differ-
ences in Nausea (Z = 0.5891; p = 0.5558;r = 0.0621), Oculomotor
disturbance (Z = 1.8261,p = 0.0678,r = 0.1925), or Disorienta-
tion (Z = —0.9189, p = 0.3581,r = 0.0969), nor for the total score
(Z =0.4423,p = 0.6583, r = 0.0466).

4.3 Qualitative Results

The qualitative results were analysed from the focus group tran-
scripts using a three stage coding process. The transcript data in-
cludes 155 minutes of discussion with the 48 participants in groups
of 6. Participant identifiers are shown as the group number and
participant ID.

4.3.1  Social Density: Visceral Reactions to Personal Space. Partic-
ipants had visceral reactions to personal space and how this im-
pacted their experiences in the high or low social density spaces. By
design, the high social density space gave each participant limited
personal space. The space was described as “too small,” “crowded,”
and even “claustrophobic.” Participants in the high social density
space were concerned about being too close to others, struggled to
find space for themselves, and described the sensation of constantly
wanting to step back. The sense of feeling constrained in the high
social density space is also visible in the hand tracking data shown
in Figure 3, where participants gestured closer into their own bodies
even though their physical space was not constrained.

The option to use space more freely in the low social density
space gave participants more ways of expressing themselves in the
space. For example, Participant 3D stated that “T kind of move closer
when accusing someone just to see how they react” when describing

44

Julie Williamson et al.

the Truths conversation task. Participant 5C and 7B commented on
how moving towards others while they were speaking helped them
to better hear the speaker. The ability to use space freely in the low
social density space afforded these expressive and playful actions,
which were not possible in the uncomfortable close distances of
the high social density space.

Participants described how challenging it could be to keep others
within their field of view in the high social density space, where
the proportion of the body that is visible is a well established is-
sue in face-to-face interactions [6, 12]. In the high social density
space, participants would be standing within the personal prox-
emic zone, preventing visibility of complete avatars or the whole
group simultaneously. Participant 6A noted particular difficulties
in the high social density space, stating that “it was too small. I
tried to look at people... but there was always someone in the way.”
In contrast, in the low social density space, participants benefited
from arranging themselves specifically so they could see others.
When given freedom to stand at one’s desired distance relative to
others, participants spread comfortably across the personal and
social zones, as shown in Figure 3. This enabled better visibility of
other participants, and resulted in a better quality of interaction.

4.3.2  Conversation: Who's Line is it Anyway? Conversation in VR
presented specific challenges for turn taking and demonstrating
attention. The importance of non-verbal cues in social VR has
been explored thoroughly in related research [1, 2, 20], with differ-
ent capabilities for non-verbal communication. In our evaluation,
non-verbal communication was limited to head, hand, and body
movements and participants were specifically concerned about the
challenges of turn-taking during the conversation tasks. Missing
social cues influenced the ebb and flow of conversations. Participant
2C highlighted, “you don’t want to interrupt somebody because you
cannot see who’s speaking.” 7B revealed, “I kept on thinking who’s
gonna talk next” The challenge of uncertain timing and potential
interruptions was further exemplified by participant 2B, “Felt like
there was a bit too much silence. I was like, should I say some-
thing or not?” The anxiety of taking turns and the impulse to stay
engaged were encapsulated by participant 7B, “Kept on thinking
who’s gonna talk next” The struggle of identifying gaps in the con-
versation to make a contribution was highlighted by participant 2D,
“Don’t want to interrupt somebody because you cannot see who
wants to start speaking” The issue of timing and breaks in com-
munication was evident as participant 8A mentioned, “Unnatural
breaks... people are waiting to start speaking but nobody wants to
start”

A key challenge to conversational turn-taking was displaying
and interpreting attention while listening and speaking. 6E shared,
“I was not sure if people are listening, I think it’s a lack of eye
contact, you don’t know if other people are looking at you or not.”
Another participant (2B) underlined, “In the real world, you can see
who’s coming to talk” The simple signal of head gaze was effective
for some participants. Participant 1D stated that “when somebody
is speaking, you the people are really looking and giving attention”
Participant 2B stated that “I did feel like people were listening to
me because all the heads were coming to me.” Although head gaze
contains less signal than eye gaze when demonstrating attention
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Figure 7: Violin plot showing the results of the immersion, social presence, and iGroup presence questionnaires, aggregated
per item (higher values are better). The left and right sides refer to the low density and high density room configurations,

respectively.

[25], this was useful for participants in understanding if others
were paying attention.

5 Conclusion

This paper explores social density as a factor in social interactions
in a social immersive environment. Our between subjects study
explored social factors like proximity, conversation, and quality
of interaction in a high and low social density space, demonstrat-
ing how people interact differently across these kinds of spaces.
This mixed methods approach combines quantitative and qualitive
methods to provides new insights into how interaction unfolds in
social immersive environments.
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A Data Collection

A cloud server with a single HTTP POST endpoint was set up for
collating all the user data gathered during an experiment session.
The server is implemented using the Go programming language to
achieve adequate performance and keep system load to a minimum.
Running as a background process, the server listens for incoming
POST requests on TCP port 6000. Further, all requests are handed
to the sever through a Nginx reverse proxy, which also takes care
of CORS policy validation to allow the Mozilla Hubs clients to
communicate directly with the data collection server via AJAX.

Upon reception of a request on the right endpoint, a streaming
JSON decoder is instantiated, ready to receive the payload body of
the POST request. Once the entire payload is received and validated,
the program checks for the presence of all required fields. If all
required fields are present, the decoded payload is converted to
a comma-separated format and appended to a compressed CSV
file using a streaming GZip compressor. The server also adds a
UNIX timestamp to each record, which can be used correct possible
time drift and/or inaccuracies in the timestamps received from the
clients. To prevent file corruption through concurrent access, the
write operation is guarded by a mutex. After a successful write, the
request handler returns a message with HTTP status 200 to the
client.

If the submitted data did not pass validation, the server returns
an error with HT TP status 400 to the client. If the data could not
be written to the file, an error with HTTP status 500 is returned.

Through the use of GZip compression, the data collected during
a typical session, which amounts to about 2 GB, can be compressed
to about 500 MB, thus keeping storage space use to a minimum.
Further, through the use of a streaming compressor, the file handle
can be held onto without having to close and reopen the file for
every request.
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B Metrics Gathered from Browser Environment

timestamp Device’s UNIX timestamp in milliseconds
fps Current frame rate

uuid UuID

user_agent Device user agent
isBrowser Device type

isLandscape Device orientation
isWebXRAvailable VR availability

avatarlID Avatar ID
isHeadsetConnected | Headset connection status
isRecording Recording status
pathname Current URL

urlQuery Query section of the URL

C Metrics Gathered from DOM Tree

isLoaded Has user finished loading
isEntered Has user joined room
isFlying Is user flying

isVisible Is user visible
isSpeaking Is user speaking

isMuted Is user muted

volume Current user volume

rigPosX, rigPosY, rigPosZ
rigDirectionX, rigDirectionY,
rigQuatX, rigQuatY, rigQuatz,
povPosX, povPosY, povPos
povDirectionX, povDirectionY,
povQuatX, povQuatY, povQuatZ,

Avatar position (X, Y, Z)

Avatar direction (X, Y, Z)

Avatar quaternion rotation (X, Y, Z, W)
POV position (X, Y, Z)

POW direction (X, Y, Z)

POV quaternion rotation (X, Y, Z, W)

rigDirectionZ
rigQuatw

povDirectionZ
povQuatw
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Figure 1: Timeline of the social VR fashion exhibition design engaging curators and technical experts.

Abstract

Social museums, constantly challenged by changing visitors’ needs,
are beginning to adopt technology in order to enrich guests’ expe-
riences. However, designing an exhibition that incorporates digital
tools is not easy - it requires a new approach and expertise in both
cultural heritage and technology. At the same time, there is a lack of
clear guidance on how to effectively design digitally enhanced ex-
hibitions. In this work we follow a human-centric approach, which
engages both museum curators and technical experts throughout
all stages of the exhibition design. The process, presented in Figure
1, starts with a focus group with curators (N = 4) aiming at under-
standing the current museum challenges and exploring ways to
address them. Based on the workshop results, an initial design is
prepared, which is later reiterated during 8 co-design sessions (N
= 15). The final design is validated during the validation session
(N = 6), resulting in a set of requirements important for social VR
fashion exhibition design. The study provides insights for curators
into how exhibitions of the future could look like and guidelines on
how to design such an exhibition, engaging the technology team
throughout the whole process.
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1 Introduction

In the 20th century, museums underwent a metamorphosis. What
changed compared to previous centuries was the primary focus:
it shifted from solely conserving and maintaining the exhibits to
prioritizing the visitors’ needs. During the 1st International Work-
shop on Ecomuseums and New Museology, held in Quebec City
on October 13, 1984, the basis of the concept of a social museum
was established. Since then, the museum has become a place of
cultural democracy, social dynamism, openness and interactivity
[23]. This new approach brought many new challenges, one of
them becoming more attractive to visitors. In order to achieve that,
the museums need to: become more interactive, fulfill the need of
co-production, e.g. by consumer’s active participation in the expe-
rience, fulfill the need of engagement, e.g. by immersion, and fulfill
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the need of personalisation - tailoring the experience to meet user’s
needs through customisation, interaction and technology [25].

The switch to a social museum was not the end of the institu-
tion’s transformation. Nowadays, museums have started to use
digital technologies to further attract and satisfy visitors, emerging
into so-called digital social museums. Digital technologies help cre-
ate interactive exhibitions and "improve the relationship between
the museum and the user" [23], addressing many of the issues so-
cial museums have. This study focuses on social Virtual Reality
as a technology that can address the above-described challenges
by introducing interactivity, thereby ensuring active participation
of visitors in the exhibition, enabling access to fragile items, and
assuring sociality in the experience. The chosen exhibition topic,
historical fashion, can particularly benefit from the interactivity
provided by VR. Visitors tend to seek more physical contact with
fashion artifacts than with other objects, as clothing is among the
items we keep closest to our bodies. This creates a more intimate
bond and a stronger desire for interaction [28].

To take advantage of the opportunities that social VR brings,
a carefully selected approach towards designing the exhibition is
needed. Based on the interviews conducted with curators, museums
still follow a path of exhibition design, in which they engage a
technical team after the whole idea is already developed, hiring
them more as "contractors" rather than co-creators. This process
may lead to the loss of many potential solutions that could emerge if
the technical team was involved in the process from the beginning.

This article presents a new course of designing a digital social
exhibition based on cooperation between the technical team and
curators throughout the whole process. Moreover, it explores el-
ements that should be included in a social VR fashion exhibition
to address the challenges museums face and create a successful
museum experience.

Hence, this work answers the following research question:
RQ1: How to design a social Virtual Reality fashion exhibition engag-
ing museum curators and technical experts?

e RQ1.1: What elements are important in the design of a social
VR exhibition focused on fashion?

e RQ1.2: How to implement the social aspect together with all
benefits coming with sociality into VR fashion exhibition?

By following a new, human-centered design process that estab-
lished constant cooperation between experts from both cultural
and technical sides, we managed to find out which design elements
are crucial for social VR fashion exhibition and what are the best
practices while implementing them. This study resulted in the demo
exhibition that was presented at IEEE VR 2025 [37].

2 Related Work

To create the exhibition, curators need to take many elements into
consideration, from the general layout of the exposition to the
smallest details of the objects’ presentation. The exhibit consists of
two key elements: its physicality and the accompanying informa-
tion. It is important to bring the visitor close to the exhibit, taking
into account both of these attributes - reducing the physical and
informational distance between the visitor and the object [14].
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2.1 Experience

The physical distance can be minimized by allowing interactions
between the object and the visitor. During the visit to a museum, the
visitors hope to have the possibility to touch and experience things
by themselves. It is not only the interaction with the exhibit that is
important. The whole environment should be responsive and able
to engage the visitor, increasing the immersion in the experience.
The audience should be entertained but also sometimes physically
engaged and intellectually challenged, allowing for creativity while
exploring the exhibition [14]. There are many ways of implementing
interactions and many benefits coming from them. An example
of the interaction implementation might be via games adjusted to
the topic of the exhibition. Those games can induce in visitors the
feeling of achievement while providing entertainment at the same
time [9]. An interesting and important case is creating interactions
not with the historical exhibits themselves but with objects related
to them. Those interactions often make people more interested
in the main artifact, at the same time introducing another very
important element in exhibition design - context [9].

It is important to mention the significance of the exhibition
layout - the way people move through the space has considerable
influence on the order visitors watch the exhibits, and hence their
interpretation of the exhibition [33] [22]. The research suggests
though that the visitors themselves like to have the freedom to
decide how they will move around the museum space [14]. One
example of how to accommodate the public freedom with curating
the story is creating a main path, which will always be followed by
the visitors, but will also include sub-paths with small experiences
within the main branch, giving more freedom of choice [33]. The
space layout can also induce social behaviors in people. For example,
some spaces produce an effect in which people re-encounter each
other, which makes the museum visit more socially exciting [22].

Sociality has a significant influence on the exhibition experience.
The companion of a museum visit has a huge impact on how the
individual perceives and interprets the exhibits. Sometimes the in-
teraction with their companions can even determine if they notice
something at all [22]. Social presence is proven to increase immer-
sion [15], improve learning [26], boost well-being [30], increase
engagement, and help to interact with the exhibits [25]. Some re-
searchers argue that the social component in the museum visit is
even more important than any other factor [10].

2.2 Context

The context in the case of a social museum exhibition has many
angles. Firstly, the context in the information given around the ex-
hibit - it might be the political or social situation in which the piece
was created, or the reference to contemporary times. The visitors
are very sensitive to the informational context while creating their
opinions and perspectives [14]. Not only what the information is,
but also how it is given matters. The narration should be fitted to the
museum theme (e.g. patriotic or scientific) so it creates a complete
whole and does not disturb the perception of the exhibition [14].
The way the museum space looks like has a huge impact on how
much the audience enjoys the exhibition as well and should match
the exhibition topic [14]. It also influences the emotions people
develop towards the exhibit and the memory retention [32] [7].
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Of similar importance are the "additional” objects that are in close
neighborhood to the exhibits. They can give an intended meaning
to the exhibition, that would not be visible if those objects were
not included [22]. Archive materials placed around the exhibit are
effective in giving information about it: what was its purpose, how
was it used, what materials it is made from and so on. Giving people
the context of the times they live in helps them understand the
artifacts they look at and their purposes. [24].

2.3 Learning

In the case of passing information, context is only one of many
aspects that should be taken into account while designing the social
museum exhibition. Firstly, text is not the most effective way of
communicating the message. People tend to skip reading panels in
the museum, and even if they do, they are often not really attentive
to what they read [32]. Adding other visual means (like pictures or
posters) and auditory information is not enough. The solution is
to introduce a multisensory experience - trying, touching, feeling,
hearing and seeing. The information should also be given in a way
that encourages visitors to think and use their imagination, which
is both: pleasurable and educational [9].

2.4 Fashion artifacts

In the case of fashion exhibitions, it is very important to display the
exhibit in an appropriate way. Firstly, it should be possible to see it
from all sides - clothes look different in the front and in the back,
and to fully appreciate them, visitors need to see the object from
all angles [24]. Also, seeing garments from up-close enhances the
visitor experience [36] [35]. It not only results in the excitement
of seeing valuable objects from a really small distance, but also
allows to see details, which is really important, as some garments
might look completely different from afar [24]. One element that
often restricts visitors from seeing exhibits in detail is the glass
around the objects. Getting rid of the glass can strongly benefit
the exhibition experience by allowing a better view of the exhibit,
avoiding ugly light reflections and creating an increased sense of
intimacy between the visitor and the garment [24].

2.5 Social Virtual Reality

Many of the challenges described above can be addressed using
social VR. In VR the user can freely manipulate the object, which
makes the experience of interacting with clothes more "real". The
decision of which part of the clothing to show and how to present
it would not need to be taken as the visitor could rotate the piece,
disassemble it into parts, put it together, or zoom it in and out.

Another benefit of VR is the possibility to constantly display all
of the exhibits. Historic clothes are prone to destruction and need
to be regularly taken out of the exhibition for conservation [28].
The VR version of the exhibits would be available all year round.
Moreover, it would be possible to show the visitors pieces that are
never available to them in the real world because, for example, they
are too delicate to be displayed in the museum [26]. VR can also
provide interactivity in delivering information.

As social VR experiences are proven to positively influence the
relationship between people [12], we can suspect that a social VR
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Figure 2: Focus Group with museum curators.

museum might have a big impact on building and improving connec-
tions between individuals. Moreover, as most people go to museums
in pairs or groups [10], creating an experience designed for more
than one person would be more fit for the context of their visit.

3 Focus Group

Designing social museum exhibitions, fashion exhibitions and VR
experiences have well-established, scientifically proven processes
and requirements. However, to our knowledge, no research has yet
been conducted on how to create a successful experience combin-
ing all of these elements. To define how to do that, a focus group
exploring the design process of the Social Virtual Reality Fash-
ion Exhibition was organized. The picture from the focus group is
shown in Figure 2.

3.1 Methodology

Four museum curators, out of whom three with a focus on fashion
heritage, were invited to take part in the focus group. Based on the
literature review, six goals were set to achieve during the workshop:

(1) Learning about challenges that fashion museums encounter
nowadays.

(2) Gathering ideas about how we could answer those challenges
using social Virtual Reality.

(3) Setting the requirements for the exhibits that should be cho-
sen for the social Virtual Reality exhibition.

(4) Discussion on how to present exhibits and information.

(5) Brainstorming about interactions (user-object and user-user).

(6) Open discussion about all other design elements.

The workshop lasted 2,5 hours and consisted of a short social VR
technology introduction and interactive exercises. The exercises
were prepared based on the knowledge gathered during the litera-
ture review stage. The meeting resulted in ideas written on upfront
prepared worksheets and a recording of the discussions. The data
was transcribed and analyzed based on Constructivist Grounded
Theory [8]. The data analysis mapping is presented in Figure 3.
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Figure 3: Focus Group data analysis.

3.2 Results

As a result of the analysis, a few concepts important for the re-
search emerged: context, learning, experience, and vulnerability.
Two of those - learning and experience - manifested as goals that
the museum would like to achieve through the social VR exhibition.
Vulnerability was chosen to be the main topic of the exhibition and
the requirement in the selection process of the garments.

3.2.1 Experience. During the focus group, many aspects impor-
tant for the User Experience emerged. Firstly, the synergy between
exhibit, information and interactions turned out to be an impor-
tant topic. Curators were convinced that a good balance and well-
designed connection between those three elements can lead to a
very pleasant, interesting and easily approachable experience. Also
connection between the exhibits turns out to be of high importance.
It helps to create a consistent story across the exhibition, which in
turn has a positive effect on the whole experience [13] [21].

Another idea that could enhance the experience was creating a
performance with the museum objects playing as props. Curators
mentioned the possibility of making a fashion show or presenting
to the public the "work behind the scenes” - the restoration process
that normally happens behind closed doors. One of the experts
mentioned an example of the exhibition she saw at the Victoria
and Albert Museum in London - "Hollywood Costume"!. She men-
tioned it was an amazing experience as she could see the costumes
integrated into the iconic movie scenes, and admire how they are
used as props. Both of these examples, the stories and the creation
of performance using the exhibits, lead to a very important element
that strongly influences the experience - context [1].

Finally, according to curators, the possibility of seeing the ex-
hibits better and interacting with them would have a beneficial
influence on the experience. During the focus group, the problem
experts often identified was that many museums struggle to be
visitor-friendly: they are big, with many exhibits, and hence over-
whelming. The way of presenting the objects is often very static
and the information is communicated by long blocks of text. The
interactivity might provide solutions to those problems: it might
break down the routine and make the presentation of the exhibits
and information more entertaining. The research already confirmed
that interactivity has a huge impact on user experience and users

!http://www.vam.ac.uk/content/exhibitions/exhibition-hollywood-costume/about-
the-exhibition/
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are strongly attracted to the interactive features [31]. However, too
many interactive elements can also result in losing consistency and
introducing chaos into the exhibition [2]. As already mentioned, it
is important to maintain the synergy and good proportions between
interactivity, information and the exhibits themselves.

Another issue is crowds in museums. They can cause physical
discomfort and irritability, noise and the violation of distance norms
that often result in frustration [13]. When the museum is filled with
people, it makes it hard to see the exhibits, which can ruin the
experience. It is important to provide a good visibility of the ex-
hibit, as it strongly impacts the amount of attention people pay
to the object [18]. Moreover, seeing small details that are usually
not visible from behind the glass and experimenting, maybe even
discovering something about the exhibits, might improve the expe-
rience drastically. Those last findings have a significant influence
on yet another important for museums area - learning.

3.2.2 Learning. As mentioned above, experience has a significant
influence on visitors’ learning. Watching a performance is proven to
make the audience build interest in the underlying topic and makes
gaining knowledge more effective compared to traditional learning
methods [16] [27]. According to the literature, performing in the
act and taking an active part in creating it is even more effective in
sparking curiosity and developing a long-term understanding of
the subjects explored in the performance [4] [17]. Using social VR
could make taking an active part in historical clothing-related per-
formances accessible for everybody, which, in the physical world,
is usually not possible.

Having better access to the exhibits and seeing the details also
improves learning. When there are no crowds in the museumn, it is
easier to investigate the object without feeling stressed out about
taking too much time in front of the exhibit [13]. Lack of physi-
cal distractions, like noise and limited physical space, also helps
to focus on the exhibit. When adding to that the possibility of
seeing details that are difficult to spot or even not visible to the
naked eye, the interest and possibilities of learning grow drastically.

3.2.3 Context. During the focus group curators emphasized the
relevance of context - connecting the exhibits to events, times, lo-
cations, stories and contemporary times. Those links should enable
visitors to establish emotional connections with the objects. To-
gether with improved experience, the benefit of gaining knowledge
appears. Relating the exhibits to contemporary times might im-
prove understanding of past events, help people connect with them
and treat them more seriously, which in turn can educate people
on how to make (socially) responsible choices nowadays [3].
Context might be introduced to the exhibition in many ways.
Let’s start with performances that are a perfect opportunity to build
context around the exhibit. While creating the performance the
authors have the freedom of shaping the environment around the
object due to their needs. They have various tools: scenography,
props, lights, music, story, and more, that can make the world
around the exhibit more authentic and present. During the focus
group, one of the curators described a performance-based museum
exhibition as follows: "It was like stepping into another world and
seeing the garments and how the garments were worn, and how the
actors performed into them". She also mentioned an exhibition that
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took part in Antwerp, in which the movement specialist and dancer
worked with old garments to create an accurate fashion show. They
studied the garments, pictures and times of the objects, and then
replicated the way of walking of people from this period who were
actually wearing this type of clothes in their everyday lives. She
said it was very impressive to see how different the movement of
the body was and how the material movement corresponded to this
old way of walking. This is a clear, really interesting example of
how the context can be used to show the information about the
object that otherwise is difficult to uncover and how much positive
influence it has on the experience. It is also important to note the
benefit of knowledge retention here - in the end, she still remembers
those exhibitions and claims they were one of the best she had seen.

Creating a story is not only achieved by performance. The cura-
tors can rely on connections between exhibits that might build the
context of events, people and times. This method promotes a deeper
visitor engagement with the exhibits, encouraging them to perceive
these exhibits as integral components of a broader, interconnected
narrative or theme, rather than as standalone items, which in turn
positively influences experience and learning [5]. This is also of
special relevance for social VR exhibitions, as the technology would
allow the use of exhibits that are not placed at the same location
but connect together and create a consistent story.

3.24 Fashion artifacts and vulnerability. The last, very important
conclusion from the focus group workshop is the main characteris-
tic of the garments to be chosen for the exhibition - their vulnera-
bility. Museums own pieces that are so fragile that cannot be put
on display or even touched by the curators. Placing these objects
in a social VR fashion exhibition not only contributes to the preser-
vation of the fashion and the possibility of showing people the
lost garments, but also has high educational value. The garments’
models can offer valuable perspectives on the initial structure and
appearance of old textiles. This can enrich the understanding and
admiration of these artifacts, both among experts and the broader
audience, as well as provide a research tool for historians [6] [11].

Vulnerability is also a story itself. Presenting people with arti-
facts that cannot be touched anymore can convey a sense of tran-
sience, showing that objects are also not eternal. There are multiple
studies showing that strong emotions are triggered when people
perceive vulnerability in other individuals [11]. One could assume
that showing the story about the fragility of objects would also
cause at least a slight emotional reaction, which is desired to create
a better user experience.

3.3 Design requirements

The focus group provided many requirements and important for
the experience design elements:

(1) The exhibits should be connected to each other through
a well-curated story.

(2) The synergy between exhibits, information about them
and interactions should be maintained.

(3) Context and interactions should be incorporated for a
good user experience.
Context, based on the results from the experiment, can be
introduced using performance, showing elements familiar to
the visitors or creating a story. For the interactions, curators
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listed two types of interactions with the objects: direct (di-
rectly impacting the presented piece, like rotation or virtual
try-outs) and indirect (more focused on elements around
the garments, like games or knowledge quizzes). The idea of
virtual try-outs of garments was heavily discussed, however
was finally dismissed based on the problem with historical
accuracy: people in the 19th century had different height,
shape of the body and way of walking. Showing the partici-
pants dress from these times displayed around their bodies
and saying that is how they would look like in the 19th
century would be a lie.

(4) The way the exhibits are displayed and the information
is given should be approachable for everybody.
To achieve that, the concept of familiarity could be used
by, for example, introducing various narratives that fit a
broader audience. The curators pointed out the importance
of showing the details of the exhibits, introducing context
while presenting the object and giving information, but at the
same time limiting the amount of content to not overwhelm
the visitor. The exhibition should be focused on the visitors
and allow them to gain long-term knowledge.

(5) The scans of real garments should be used.
Instead of using models created based on the garments, we
should use the scans of actual objects. This way the visitors
would be given an opportunity to see actual pieces, with
all the elements exactly the way they are in the physical
objects and curators would gain a chance to further study
the artifacts.

(6) While selecting the artifacts, the priority should be
given to fragile objects.
The objects selected for the exhibition should be (or soon
become) too fragile to be physically displayed in the museum,
so that by placing them in a VR exhibition we could still show
them to the public.

All of those elements have been taken into account while designing
the environment. However, during many of the co-design sessions
with stakeholders taking part in the project, some of the ideas
changed, were adjusted or completely dropped, while other con-
cepts emerged. Nevertheless, many of the elements determined by
the focus group were directly implemented into the final design of
the experience.

4 Social VR Fashion Exhibition Design
4.1 Methodology

The focus group with curators introduced the background knowl-
edge on what is important in the design of the experience. How-
ever, to ensure the best possible outcome, we decided to take a
user-centered design approach. During the seven months of the de-
sign and development process, eight co-design sessions took place.
Their goal was to consult the experts and users at each stage of the
design and development process, adjusting the project based on the
outcomes of these discussions. A total of fifteen people participated
in the meetings in various configurations. Among the participants,
there were six curators, four of whom with expertise in fashion
exhibitions, an experience designer specialized in fashion, five so-
cial XR experts and three users. After the final design was ready,
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the validation session was organized. The diagram showing the
timeline of the design process is shown in Figure 1.

4.2 Design decisions

The starting point of our process was collecting the exhibits. In
the experience, the scans of garments are used, which are not so
easily available at the moment. We were limited to choose mainly
from the objects that were already scanned. Only a few garments
were scanned purposefully for this project to make the story more
coherent. Thus, the research to find the themes for the exhibition
was based on the garments that were available. After collecting the
exhibits and conducting the research the curators working within
the project and the designer specialized in fashion created the story
connecting all of the collected exhibits into one whole. The scanned
garments play the role of star exhibits. They lead the narrative,
and other artefacts further expand on the exhibition story. The
curators and the designer also shared with us information about
the exhibits that could be placed in the social VR experience. An
advantage that social VR exhibition has is the freedom to shape the
space. Here it is possible to arrange the exhibition rooms in any
desired way. There are no physical or financial restrictions; the only
limitation is the time that is needed to develop the space. It was
decided that the exhibition will consist of three rooms, each of them
providing a different context. In each of those rooms a sub-story
of the exhibition is told by the artefacts, together creating a bigger
and more complex narrative. After creating the space the garments
were placed in the rooms. After that, to introduce sociality into the
experience, it was integrated with VR2Gather [34] which provides
real-time user representation using pointclouds and is designed to
run with Unity.

4.2.1 Experience design. The design that was concluded from all
of the co-design meetings consisted of a training area and three
exhibition rooms. Each of the exhibition rooms introduces a differ-
ent context in a form of various design styles: a modern museum, a
neutral gallery room and a historical room.

For the majority of people, visiting a museum is a social activity.
It is important that the virtual museum also allows to visit the exhi-
bition with a companion and fulfills the need for social interaction.
Hence, the experience is designed for two or more participants.

After deciding on the general concept, context introduction and
sociality of the exhibition, the experience timeline was created. The
participants start the visit with a training where they learn how to
use controllers to move around and interact with the environment.
After getting familiar with the controls, the participants start their
journey through three exhibition rooms. The order of the rooms
was designed to introduce as little confusion as possible - hence the
neutral room is in the middle between the modern and historical.

After the training area, the participants move on and explore
the first exhibition room. Here, at the beginning of their path, they
encounter a virtual mirror, in which they can see what they look
like - for this experience, their virtual bodies are created using
point cloud volumetric video, which allows their virtual selves to
look exactly like their real bodies. The realistic representation of
their bodies positively influences the users’ immersion and sense
of presence in the environment [34]. After the participants are
finished looking in the mirror, they move on to the exhibits’ display.
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There, two garments are shown. The users can closely look at and
interact with them. The visitors are also provided with the basic
information about the exhibits. When the participants decide that
they have already explored the room and want to move to the next
space, each of them needs to click the teleportation button assigned
to them. This action moves them to the second exhibition room,
which is designed as a neutral space. There, similarly to the first
room, the visitors explore the space, interact with the exhibit and
read information about it. When they are ready to go, one of them
clicks the teleportation button and both visitors are moved to the
last room - the historical space. Here they once again explore the
space, inspect and interact with the garment and get information
about it. After finishing those activities, one of the participants
clicks the teleportation button and they are moved back to the
training area. This is the end of the fashion exhibition experience.

4.2.2  Design of the rooms and interactions with exhibits. The de-
sign of the first room, the modern room, was inspired by a real
museum, namely the Netherlands Institute for Sound and Vision
(NISV) building, and it is based on the design from another project
in which our team cooperated with NISV [29].

Two exhibits that are placed in this room are displayed on a wooden
background. The space itself is huge and pretty dark, so a well-
defined display was needed to make the exhibits well-visible. For
the same reason stronger lights are pointing to the two garments.
In between them one can find the information display with two
interaction panels attached on both sides. The information display
contains text with basic facts about the garment and a picture of
it. At the bottom part of the display, one can find a button with
an arrow, which allows to switch to the next information page
(describing the second garment). The interaction panels consist of
two rotation buttons, zoom-in, zoom-out and reset, which allow to
manipulate the garments. Apart from the exhibition part, the room
consists of two other important zones: training and mirror areas.

The second room was designed to have a neutral atmosphere. The
colors are maintained in the grayscale, the space does not include
any decoration except for the posters related to the exhibition topic.
The space visible behind the window was left unchanged from
the Unity’s default blurred horizon and blue sky, not to disturb
the neutrality of the room. The exhibit is located in the corner of
the room and is placed on a pedestal. In front of it one can find
an interaction panel. The interactions are exactly the same as in
the previous room. The information is displayed on a black screen
placed on a similar panel as the interaction buttons.

The last room was designed to recall a 19th-century house, as
most of the garments chosen to be displayed in this exhibition come
from the 19th century. The floor is wooden, the walls are covered
with Victorian-era floral wallpaper and the ceiling is decorated
with elegant tiles. Around the room one can find many objects
from the epoch: a big, wooden wardrobe, a decorative chandelier
or a gold-covered clock. One of the more interesting parts is the
cabinet containing arsenic rocks. The reason for the presence of
this additional exhibit is the history of the dress presented in the
room - to achieve the deep, green color of the garment, arsenic
was used. Behind the window the panorama shows Amsterdam
townhouses. The exhibit is located in the corner of the room on
a wooden pedestal. The interaction panel is placed on the wall
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next to the exhibit. Similarly to the one in the previous room, it
has zoom-in, zoom-out, rotate and reset options. The information
about the garment is displayed on a semi-transparent black screen
hanging in the air on the right side of the space. The designs of all
of the rooms are presented in Figure 4 and the interaction panels
in Figure 5.

4.2.3  Virtual museum exhibits. The garments chosen for the social
VR fashion exhibition all share one important characteristic: they
are very fragile, usually even too vulnerable to be displayed in
the physical exhibition. The garments have been scanned using
photogrammetry to ensure that they will be perfect representations
of the real garments, preserving their exact shape, structure and
appearance. All of the garments come from the 19th century, except
for one, which was created at the beginning of the 20th century.

4.24 Interactions between visitors. There are three types of interac-
tion between visitors in the experience: guided interaction, natural
interaction and environment-triggered interaction. The first type,
guided interaction, is represented in the experience by the telepor-
tation mechanism in the first room. To move to the next space two
of the visitors need to cooperate, as each of them has to click one
of the teleportation buttons. Natural interaction is every commu-
nication, verbal and nonverbal, that emerges between the users
on its own, simply because of the fact that they are in the same
virtual space where they can see and hear each other. The last type
of interaction - environment-triggered interaction - describes all of
the actions the users take together that are directly influenced by
the elements of the virtual world. An example of such interaction
is trying to adjust the size of the dress by one of the participants
while the other one plays the role of a model.

5 Validation
5.1 Methodology

After the design was ready and the experience was implemented, the
evaluation session was organized. In this experiment, similarly to
the focus group session, there were some participants whose focus
lies on fashion (4 people) and some having expertise in different
areas (2 people). The session aimed at discussing the design of the
environment, the presentation of the objects and information about
them and deciding on how to improve the whole experience. The
session was divided into two parts. Firstly, the participants tested
the experience in pairs. The think-aloud protocol [20] was adapted
for this part of the experiment. To address the specific, important
issues, some additional questions were prepared. In order not to
disturb the experience, the participants were first given time to
explore the room and then, before they moved to the next space,
the prepared questions (per room) were asked. The questions are
shown in Appendix A. For this part of the validation the sound
and video recordings of the computer screen showing what the
participants were looking at were taken. The reason for that was
the need to know what element of the experience the participant
was talking about at a particular moment.

The second part of the validation session was based on discus-
sion. Each of the participants was asked what they think about
the experience, what they find well-made and what should be im-
proved. After each given opinion, there was a small discussion
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about the aspect pointed out by the speaker. The discussions were
audio-recorded.

After the session the data was transcribed and analyzed using
Constructivist Grounded Theory [8].

5.2 Results

Overall, the experts were impressed by the design of the experience.
They liked the diversity of the rooms, found interactions enjoyable
and the whole experience interesting.

The data shows that a key goal for museums to achieve through
social VR fashion exhibition is to share knowledge and deepen
understanding of the objects and their history. It can be achieved
by allowing to present and interact with objects that cannot be
presented in the physical world anymore and introducing the pos-
sibility of passing information in a more interesting way. However,
as the audience is expected to be very diverse, we need to be careful
to ensure the visitors pay attention and do not miss the story that
the curators want to tell them. Some of the users might be mainly
interested in the novelty of the technology and hence focused on
the way social VR works rather than the story presented in the
exhibition. Other ones can have problems with using controllers
which can be disturbing and cause them to miss (part of) the nar-
rative. During the expert validation session a few solutions to this
problem have been proposed.

Firstly, synergy has the potential to help attract people inter-
ested mainly in the novelty of technology also to other elements of
the experience, like, for example, the story. This time the experts
mentioned mainly the connection and a good balance between
technology, exhibits, narrative, space and room design (aesthetics).
All of these elements should be logically tied together creating one
whole, in which particular elements do not fight with each other
but rather complement each other. The important element - the
story - also needs to play by this rule. It is better for it to be simple,
but well executed and fitting together with the whole exhibition.
While talking about the synergy the participants gave examples
of visually connecting the exhibit with the surrounding or adding
decorations connected to the main exhibit.

Another solution to the problem of variety in the target audi-
ence is keeping the environment, interactions and the story simple.
However, there are also some challenges associated with this idea.
Firstly, as the curators repeated many times: "Mirroring the real
world is a bad idea. You would never have an experience that is
better than the real world.". According to the participants we should
create something that does not resemble reality - the best idea is
going beyond the schemes instead of recreating the actual museum.
The problem that appears here is that creating something simple
and straightforward, but at the same time creative and out of our
world is difficult. Those descriptions even exclude each other up to
some level - for some participants being in a weird environment
might be overwhelming. It is necessary to find a balance between
something simple and user-friendly and something interesting that
ensures a great user experience. As it turned out during the exper-
iment, to address this dilemma another approach is needed. The
context can be used to gradually introduce the visitor to the vir-
tual world. The visitor should start their virtual museum visit in a
room designed to mirror the physical space they are currently in.
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(b) Historical room design.

(c) Historical room design - additional objects. (d) Neutral room design.

Figure 4: The designs of 3 rooms created for the social VR museum exhibition.

what this space could look like: "oniric", "crazy", darkness with light
just on the exhibits or space without boundaries surrounded by
a never-ending horizon. According to the experts, it should make
it easier for the visitors to get the full message. As the story and
information will be given gradually together with visitors’ growing
control skills and understanding of the virtual space, they should
not be so distracted by the technology or handling the controllers,
and hence be able to catch more of the prepared narrative.

D+

reset

(a) Interaction panel - historical
room.

6 Conclusion

The presented work results in a workflow for creating digital exhi-
bitions, which engages the museum curators and technical experts
throughout the whole process. This ensures that the potential of the
technology in the project is fully utilized. The study also provides
a list of requirements that need to be met to ensure the exhibition
fulfills important for the museum goals: satisfying user experience
and successful knowledge transfer to the visitors. The next step is
to build the final exhibition based on validation results, present it at
the museum for public feedback, and conduct a user study on how
contextual elements affect experience, learning, and social inter-
action. Naturally, this specific exhibition reflects the vision of the
curators we worked with; however, the process and methodology

(c) Interaction panel - neutral

(b) Interaction panel - modern room.

room.
Figure 5: Interaction panels.

This, according to the experts taking part in the validation session,
should allow for a smooth transition from the real to the virtual
world. The participants will be able to learn how to interact with the
environment in a safe space, without feeling of being overwhelmed.

The. s'e'cond room should have context ﬁtted to the topic of ﬂ'le are generalizable to other cultural institutions. User engagement
exhibition. This space should already be different from the room in will be measured using a questionnaire designed for cultural events,

which visitors are physically present, but still pretty normal - some- adapted to the context of the exhibition [19].
thing that could exist in the real world. However, some "unnatural"

elements are slowly being introduced there, like floating elements
or a playful way of giving information. Finally, the third room can Acknowledgments
feel unreal. During the session the participants gave a few ideas of This work was supported in part by a grant from 5Dculture.
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A Appendix one
Room 1:

(1) Environment:
(a) What do you think about the design of the room?
(b) Is the lighting good? What do you think about colours?
(2) Object:
(a) Are the exhibits of a good size?
(b) Are they placed well? (position, direction)
(c) What do you think about the interactions?
(d) Are the buttons easy to use?
(3) Information:
(a) What do you think about the information panel?
(b) What do you think specifically about its: position in the
room, size, readability and appearance?
(4) What do you think about the other objects that are placed
in the room?
(a) Do they fit in?
(b) Are they positioned well?
(c) What about their size and appearance?
(5) Navigation:
(a) Is the moving to the next room mechanism and task divi-
sion clear?

Room 2:

(1) Environment:
(a) What do you think about the design of the room?
(b) Is the lighting good? What do you think about colors?
(2) Object:
(a) Is the exhibit of a good size?
(b) Is it placed well? (position, direction)
(c) What do you think about the interaction panel? Its size
and positioning?
(3) Information:
(a) What do you think about the information panel?
(b) What do you think specifically about its: position in the
room, size, readability and appearance?
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(4) What do you think about the other objects that are placed
in the room?
(a) Do they fit in?
(b) Are they positioned well?
(c) What about their size and appearance?
(5) Navigation:
(a) Is it clear how should you go on with your visit? Is the
teleportation button well positioned and signalled?

Room 3:
(1) Environment:
(a) What do you think about the design of the room?
(b) What do you think about lighting and colours?
(2) Object:
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(a) Is the exhibit of a good size?
(b) Is it placed well? (position, direction)
(c) What do you think about the interaction panel? Its size
and positioning?
(3) Information:
(a) What do you think about the information panel?
(b) What do you think specifically about its: position in the
room, size, readability and appearance?
(4) What do you think about the other objects that are placed
in the room?
(a) Do they fit in?
(b) Are they positioned well?
(c) What about their size and appearance?
(d) Is it clear what is shown in the showcase?
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