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* The king's robe features nine symbolic patterns
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Figure 1: SpatialSlides enables instructors to signal to learners how textual concepts in the slide deck translate into spatial
reality. (Left) Authoring Mode: The instructor captures the 3D model’s current state and embed it into the active slide, generating
a spatial keyframe. (Right) Viewing Mode: As the presentation advances, the XR client automatically animates the 3D model to
the corresponding viewpoint, synchronizing the spatial visual with the instructional text.

Abstract

We present SpatialSlides, a system that connects standard presenta-
tion software with an XR client to guide learners from traditional 2D
lecture materials to specific viewpoints within 3D content. While
XR offers significant pedagogical value, it typically remains frag-
mented from the primary lecture medium, treated as a disconnected,
standalone activity. SpatialSlides addresses this gap by synchroniz-
ing 2D slides in a presentation file with specific 3D spatial view-
points. The system features two core modes: an authoring mode
that enables users to capture spatial views and link them to spe-
cific 2D slides, and a presentation mode that automatically guides
learners through these pre-authored spatial perspectives as the
slides advance. Results from an exploratory study indicate that this
integrated approach provides useful spatial guidance for learners
and yields further design considerations for future hybrid work-
flows. To support future research, we also provide the underlying
open-source framework, bridging XR clients directly with Microsoft
PowerPoint.
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1 Introduction

Extended Reality (XR), including Virtual and Augmented Reality
(VR/AR), is transforming educational landscapes by enabling the
exploration of complex 3D phenomena — from cellular structures
to safety scenarios — with a level of engagement and spatial com-
prehension that is difficult to achieve with traditional static media
[1, 19]. However, integrating XR into standard classroom settings
introduces workflow challenges. While the slide deck remains the
dominant medium for presentation and archival record [22, 31], im-
mersive content typically resides in standalone applications or game
engines. This fragmentation treats the instructional narrative (the
slides) and the spatial visualization (the XR app) as separate entities.
Consequently, instructors bear the burden of manually aligning


https://doi.org/XXXXXXX.XXXXXXX
https://doi.org/XXXXXXX.XXXXXXX

VRST ’26, November 2026, Sendai, Japan

their existing materials with 3D content and independently author
narrative guidance for these unstructured immersive environments.

To address these workflow challenges, we explore a complemen-
tary approach. Rather than assuming open-ended exploration is
the only mode for classroom XR, we investigate how immersive
tools can function as a directly integrated spatial extension of ex-
isting linear course materials. Conceptually, this approach builds
upon foundational AR research that embeds 3D content within
physical artifacts like books and documents [8, 24], as well as cross-
device systems that extend desktop applications into immersive
space [21, 55]. We apply this paradigm to the delivery of linear
educational narratives: slide-based presentations.

To achieve this, we introduce SpatialSlides, a system that enables
instructors to explicitly signal to learners how textual concepts
in traditional course materials translate into spatial reality (see
Fig. 1). By implementing this concept as an extension to a standard
presentation application, e.g., Microsoft PowerPoint, we leverage
desktop tools that are already ubiquitous in education. Within this
familiar environment, instructors capture specific 3D perspectives
in an XR viewer and embed them directly into individual 2D slides.
When viewed in presentation mode, these embedded perspectives
transform the slide deck into a sequence of keyframes: as the pre-
sentation advances, the linked XR client automatically animates
the 3D model to match the viewpoint intended by the current slide.
However, creating a slide deck is rarely a one-time process; instruc-
tors constantly adapt their materials after generating an initial draft
— frequently reordering topics, changing content length for specific
audiences, or merging separate lectures into a new presentation.

To support this iterative process, the underlying architecture
of SpatialSlides embeds 3D viewpoint parameters directly within
standard presentation image components (see Fig. 3d). By treating
this augmented image as a self-contained spatial token, the XR
content inherits the editing affordances of traditional slide software
— allowing instructors to copy, paste, or reorder the 3D timeline
using familiar desktop editing practices. Crucially, because this
data does not interfere with native presentation features, a single
presentation file can serve as a synchronized 3D scaffold when
connected to the XR viewer while remaining immediately usable
as a standard 2D lecture in a traditional classroom. This allows
educators to adapt their delivery method based on their current
pedagogical needs or available hardware.

In summary, our specific contributions are:

e (primary) the design of a hybrid presentation system that
bridges the gap between immersive 3D environments and stan-
dard 2D lecture slides to align spatial content with the narrative
flow,

o the development of an open-source framework! that con-
nects XR clients directly with ubiquitous desktop productivity
applications (Microsoft PowerPoint), and

o user feedback and insights from an exploratory study (N =
16) confirming the system’s baseline usability and providing
suggestions for future hybrid presentation workflows.

Thttps://github.com/JungWhoNam/SpatialSlides
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2 Related Work

The benefits of using XR in education are well-established in prior
work, with studies demonstrating its potential to enhance engage-
ment, comprehension, and recall through the affordances of immer-
sion and interactivity [1, 13, 19, 27, 41]. However, the literature also
highlights significant challenges, such as the risk of cognitive over-
load and the importance of applying sound instructional principles
[30, 39, 47]. The focus of this paper is not to re-evaluate these es-
tablished benefits and drawbacks. Rather, we accept the consensus
that different modalities are not replacements for one another but
are complementary tools to be used interchangeably [12, 57]. We
therefore focus on the design challenge of architecting systems that
facilitate this seamless integration of media. The following sections
review the state of the art in authoring tools that attempt to bridge
these workflows.

2.1 XR Authoring Paradigms and Barriers

The creation of interactive XR content has traditionally been the
domain of skilled developers using game engines such as Unity
and Unreal. While powerful, these platforms present a high bar-
rier to entry for non-programmers [29, 45]. A central challenge
for accessible authoring tools is balancing a low “threshold” (ease
of use for beginners) with a high “ceiling” (the power to create
complex experiences) [43]. Beyond the initial learning curve, tools
that require users to constantly switch between a desktop interface
for authoring and a VR headset for testing make debugging difficult
and frustrating [3].

To address these challenges, researchers have explored several
authoring paradigms that move beyond traditional coding. One
common approach is the use of Visual Programming Languages
(VPLs), like the immersive dataflow editors found in [14, 60, 63], to
make authoring more intuitive [62]. Other approaches use Program-
ming by Demonstration (PbD) [44], where users define interactions
by performing them directly in XR, as seen in tools like Mucho
for multimodal interactions [33] and Teachable Reality for tangible
interactions with real-world objects [42].

Research in pedagogical and training contexts has further refined
the requirements for these tools. There is a demand for minimal
coding solutions [29, 45] and the ability to import and reuse assets
is consistently cited as a critical feature for usability [16, 58]. How-
ever, several critical gaps remain. As the effectiveness of a learning
experience is highly dependent on the learner’s prior knowledge
[20, 52] and the specific learning content [9, 32, 51, 54], many tools
fail to support diverse learners by producing content for only a
single level of immersion [53]. To address this, some tools like
XRAuthor have been developed to generate content for multiple
levels of immersion — such as 2D video, 360° interactive video, and
full VR — from a single authoring process [53]. However, even with
these advancements, these tools still force instructors to adopt new,
standalone workflows rather than building upon the familiar linear
presentation materials they already use.

2.2 Extending Traditional Media into XR

To bypass the friction of adopting new workflows, another para-
digm focuses on using familiar, traditional media as a foundation
for authoring immersive content. This approach leverages users’
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existing skills and artifacts while increasing compatibility between
VR and non-VR working modes [6].

One thread of research focuses on augmenting physical me-
dia to create hybrid interactive experiences. A primary focus has
been on paper-based documents to retain their advantages, such
as robustness, portability, and flexibility [37]. By overlaying vir-
tual content, AR books, e.g., [8, 25, 56], can convey information
difficult to present in static pages, such as temporal changes and
3D scenes. Furthermore, AR enables interactivity that supports
reader-driven storytelling through features like providing details
on demand [4, 24] and dynamic changes to storylines [50]. Systems
like Paper Trail [48], Living Paper [15], and HoloDoc [34] exem-
plify this by providing tools for instructors and children to augment
physical documents with AR content.

Another thread of research explores using XR HMDs to enhance
interaction with familiar desktop and mobile applications. By in-
tegrating these immersive technologies, developers can establish
significantly larger display spaces [7, 21], present world-grounded
stereoscopic information that users can interact with directly [6, 21],
and even increase privacy by rendering virtual content exclusively
through headsets [7]. For instance, Gesslein et al. [21] introduced
a system that extends a mobile spreadsheet application with VR,
enabling users to view multiple tabs simultaneously and expose
dependencies between cells. This paradigm of using VR to augment
traditional 2D software has also been applied to data visualization
[61, 64] and modeling [38, 55, 65]. The pioneering DART toolkit
followed a similar philosophy by extending the 2D timeline-based
workflow of Macromedia Director to allow multimedia designers
to author AR experiences [36].

inally, this paradigm has recently been applied to presentation
systems. Recent studies on XR presentations validate our approach
by outlining design considerations for hybrid workflows [23] and
demonstrating techniques to enhance spatial understanding [59].
Notably, PoVRPoint [6] utilizes VR’s expansive display space to
facilitate the search for specific 2D slides and enhance desktop edit-
ing tasks. In contrast, SpatialSlides employs the XR environment
as a complementary 3D display for spatial content that cannot be
effectively conveyed through 2D slides alone. We therefore focus
on interactive techniques for capturing 3D perspectives and link-
ing existing presentation slides with specific spatial viewpoints
according to the instructor’s pedagogical intent.

3 Design Criteria and Concepts

Based on the challenges identified in prior sections and the literature
in XR authoring and educational technology, we established core
design criteria for our system:

C1 Accessible Authoring: Effective tools must enable domain ex-
perts to curate spatial narratives using interactions they already
know, without requiring programming skills or knowledge of
complex 3D software [29, 43, 45].

C2 Integration with Existing Workflows: The solution should
support the user’s primary workflow (e.g., presentation soft-
ware), leveraging existing skills, content libraries, and file man-
agement practices [6, 23, 29, 36].
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C3 Sophisticated Instructional Structures: The system should
support complex instructional flows where multiple, chore-
ographed views of a single 3D model can be linked across sev-
eral slides to build a concept step-by-step [8, 24].

C4 Flexible Navigation: The interaction paradigm should provide
a clear, guided path synchronized with the narrative while
allowing learners to temporarily break away for self-directed
exploration [12, 22, 23, 31, 59].

To ensure seamless integration into the familiar lecture mate-
rials, the XR system must prioritize an authoring process that re-
spects the existing 2D slide workflow (leading to C2). Furthermore,
because our target users are students and educators rather than
developers, the tools must be accessible to those who may lack
expertise in 3D modeling software or game engines (leading to C1).
Finally, unlike typical AR books where a single model often follows
a simple one-to-one mapping with a physical page, lecture slides
require more complex delivery. A single concept may need to be
deconstructed across multiple specific 3D viewpoints, requiring
sophisticated choreography beyond simple model loading (leading
to C3). To support active learning, the system must balance this
structured guidance with the ability for learners to freely explore
spatial content when needed (leading to C4), while providing a
mechanism to easily return to the narrative flow.

3.1 Design Concepts

To address the established criteria, our framework implements three
key design concepts:

Slide-Driven Spatial Narrative — To support sophisticated
instruction (C3), we introduce a mapping between the linear pre-
sentation deck and the spatial environment. Fundamentally, this
concept establishes the slide deck as the primary state controller:
each slide serves as a distinct spatial keyframe, where advancing the
slide automatically transports the viewer to the next viewpoint via a
smooth transition. This synchronization further extends to internal
slide animations, allowing a single slide to trigger a sequence of
sub-views for detailed step-by-step explanations. To ensure flexible
navigation (C4), we enable learners to temporarily detach for free
exploration before seamlessly re-synchronizing with the narrative.

Snapshot Authoring — To support accessible authoring (C1),
we map the complex task of 3D camera placement to the familiar
mental model of taking a photograph. An author simply positions
the model in the immersive view and captures it; this action in-
stantly inserts a static image of that view onto the active slide.
Because this proxy image acts as a standard image object, users can
leverage existing workflow skills (C2): copying the image inherits
the embedded metadata, effectively duplicating the viewpoint, and
applying standard presentation animations to these images drives
the multi-step spatial choreography described above.

Portable Embedded Metadata — To ensure seamless integra-
tion with existing workflows (C2), rather than relying on external
save files — which fragment the document and complicate shar-
ing — SpatialSlides embeds spatial metadata directly into native
file structures (e.g., image Alt-Text). This ensures the presentation
remains a shareable unit that retains backward compatibility with
standard viewers while activating immersive features only when
the add-on is present.
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Figure 2: Core UI components implementing the design con-
cepts. (Top-left) The Reference Frame defines the capture
boundary for the snapshot authoring metaphor. (Top-right)
The Slide Linker visualizes the synchronization link between
the active slide and the 3D view. (Bottom) The Data View Man-
ager stores captured snapshots as reusable spatial keyframes.

4 Detailed Design and Implementation

To implement the design concepts introduced in Section 3, Spa-
tialSlides provides a set of immersive user interface (UI) compo-
nents. The system automatically mirrors the host application’s state,
switching between Edit Mode (for authoring) and View Mode (for
presentation).

4.1 System Overview: Core Ul Components

The immersive space is structured around three primary UI compo-
nents that provide a consistent interface for the user (Fig. 2).

o Reference Frame: A designated 3D bounding box that acts as
the virtual stage. This frame serves as the coordinate origin for all
spatial captures, ensuring that content authored in one physical
environment remains consistent when presented in another.

e Slide Linker: The primary control panel for managing the syn-
chronization state. It visualizes the connection between the cur-
rent slide and the AR view, displaying an “empty eye” icon to
provide unambiguous feedback when the active slide lacks a
linked spatial keyframe.

o Data View Manager: A spatial library for all captured 3D views.
It displays views as clickable thumbnails, allowing the author to
recall, modify, or delete saved perspectives.

4.2 Edit Mode: Linking 3D Views to Slides

The primary goal of Edit Mode is to allow the presenter to define
specific 3D perspectives — such as wide establishing shots or de-
tailed close-ups — that link to the content of a specific slide. The
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presenter executes the snapshot metaphor via a four-step process
(Fig. 3) to create synchronized spatial narratives.

4.2.1 Capturing 3D Views. The authoring process begins in the
XR space, where the user manipulates the 3D model relative to
the Reference Frame to compose the desired shot (Fig. 3a). Using
native hand-tracking, the user utilizes pinch-to-grab gestures to
physically position, rotate, and scale the virtual artifact. The frame
remains visible to provide spatial context. When the capture action
is triggered (Fig. 3b), the system saves an image and records the
model’s transformation matrix (position, rotation, scale) relative to
the frame origin, saving it as a reusable spatial keyframe.

4.2.2  Linking and Managing Views on the Desktop. To synchronize
this view with the presentation, the user initiates a link action from
the AR interface (Fig. 3c). This triggers the system to generate a
thumbnail image containing the serialized 3D metadata and in-
sert it onto the active PowerPoint slide (Fig. 3d). Importantly, this
thumbnail serves as a self-contained data object. Because the spatial
coordinates are embedded within the image’s properties (Alt-Text),
standard PowerPoint operations become spatial authoring tools:
copying the thumbnail to a new slide duplicates the camera angle,
while deleting it removes the link.

4.2.3 Sequencing Multiple Views in a Slide. SpatialSlides leverages
the native PowerPoint animation timeline to sequence multiple 3D
views within a single slide. When a user links additional views, the
system automatically inserts each new thumbnail vertically below
the previous one. Instructors can sequence these spatial transitions
by applying standard "Appear” animations to the thumbnails. In
View Mode, the XR environment automatically transitions to the
new perspective whenever a thumbnail appears on the screen. Fur-
thermore, authors can seamlessly synchronize these 3D transitions
with 2D visual aids, e.g., text blocks or highlighting shapes, by
triggering their "Appear" animations simultaneously (Fig. 5). This
co-animation ensures that a single click executes both the 2D visual
cue and the immersive 3D movement, aligning the learner’s textual
and spatial attention.

4.3 View Mode: Viewing the Presentation

View Mode is designed to support a fluid transition between a
guided, narrative-driven tour and unscripted, free exploration. To
reduce visual clutter, authoring components are hidden, and the
Reference Frame becomes invisible by default.

4.3.1 Synchronized Navigation. In Guided Mode, the slide deck acts
as the driver. As the presenter advances the slides, the 3D model in
the AR space automatically interpolates to the perspective linked
to the new slide, aligning the learner’s spatial attention with the
instructor’s intent.

4.3.2  Free Exploration and Resume Mechanic. To enable further
investigation, the user can break away from the guided path at
any time. Grabbing and moving the model automatically triggers
Exploration Mode. During this state, the Reference Frame reappears
(see Fig. 4), providing a visual cue that the model is no longer
synchronized with the narrative. To return to the guided tour, the
user can simply drop the model near the Reference Frame, triggering
a smooth animation that resets the model to its synchronized state.
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Figure 3: The snapshot authoring process. (a) The author manipulates the model within the Reference Frame to set a desired
view. (b) They capture the view’s state as a spatial keyframe using the Data View Manager. (c) The user initiates a link action in
the Manager, which (d) embeds a thumbnail containing the 3D transform metadata directly onto the desktop slide.
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Alternatively, navigating to a new slide overrides the exploration
state, instantly re-synchronizing the view with the new content.

4.3.3 Advanced Presentation Controls. To accommodate different
physical environments, the user can reposition the Reference Frame
to move the entire virtual stage. Additionally, the synchronization
toggle in the Slide Linker allows the presenter to temporarily de-
couple the model from the slide deck, maintaining a specific 3D
view while advancing through multiple text slides.

)
Monitors state
(via COM API)
PowerPoint
| Reads/Writes metadata N
(JSON in Thumbnail Alt-Text)
Python
Server
) ( \
| Publishes state changes
(ZMQ PUB/SUB) XR
(_Pushes authoring commands__ Client
(ZMQ PUSH/PULL)

Figure 6: The SpatialSlides architecture.

4.4 System Architecture

SpatialSlides is implemented as a decoupled client-server architec-
ture, comprising two primary components: a Python-based mid-
dleware that manages the PowerPoint instance via the Windows
Component Object Model (COM) AP, and an immersive XR client
built in Unity (see Fig. 6). 3D models are managed within the Unity
client build. These components communicate via ZeroMQ, estab-
lishing a low-latency, bidirectional link. The server uses a PUB/SUB
pattern to broadcast state changes (e.g., slide advancement) to the
client, and a PUSH/PULL pattern to receive real-time authoring
commands (e.g., snapshot capture).

To handle data persistence without breaking the standard . pptx
file format, we embed the 3D keyframe metadata (position, rotation,
scale) as a JSON string directly within the ALt-Text property of the
slide’s proxy images (see Fig. 3d). At runtime, the Python middle-
ware monitors the PowerPoint state for slide changes. When a new
slide is detected, the middleware scans the slide’s image objects,
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parses valid JSON strings from their A1t-Text fields, and transmits
the spatial data to the Unity client. Upon receipt, the client updates
the Slide Linker UI to reflect the active connection and immediately
interpolates the 3D model to align with the retrieved viewpoint. De-
tailed class structures and protocols are provided in the Appendix.

5 Usage Scenario: Cultural Heritage

The cultural heritage domain is particularly well-suited for guided
presentations. While the general forms of historical artifacts (e.g.,
traditional garments or mythical sculptures) are often familiar, they
contain dense, hidden symbolisms. XR provides a unique opportu-
nity to examine the spatial details of these objects. However, subtle
material textures or obscured emblems can still be easily overlooked
when learners explore 3D models without proper instructional guid-
ance. To demonstrate how SpatialSlides addresses this pedagogical
need, we describe the presentation flow of a module that layers 3D
model views to unpack these complex historical details (Fig. 7).

Presentation Flow: The author designs a three-slide presenta-
tion focusing on a traditional Joseon King’s royal attire. To describe
the artifact, the presentation transitions the audience from a macro-
level understanding down to micro-level details:

o Slide 1 (Overview): Establishes the general historical back-
ground using a single, zoomed-out view of the entire garment.

e Slide 2 (Structural Details): Focuses on the upper garments
(the traditional hat and collar) using a sequence of close-up views.

o Slide 3 (Symbolism): Unpacks the meaning of specific emblems
distributed across the clothing using localized, micro-level views.

Visual Linking and Pacing: Progressing into dense, micro-
level details introduces the challenge of grouping multiple, spatially
distinct 3D views within a single slide without visually overwhelm-
ing the audience. To manage this density on Slide 3, for instance, the
instructor choreographs the scene to reveal one 3D perspective at a
time. Driven by the animation synchronization described in Section
4.2.3, the system automatically interpolates the 3D model to focus
on each specific emblem sequentially as the presenter advances
the slide. Crucially, the presentation establishes a clear visual link
between the modalities. This pairing uses the 2D slide elements to
answer what the audience is learning, while the immersive 3D view
immediately shows them where it is located on the artifact (Fig. 5).

6 Exploratory Study

We conducted a two-phase mixed-methods study (N = 16) to gather
initial usability insights, specifically observing how users interact
with the integrated viewing experience (Phase 1) and the authoring
experience (Phase 2). We selected Korean Cultural Heritage as
our evaluation scenario because it balances cultural familiarity
with spatial complexity. While the general forms are recognizable
to our participants, verifying distributed features (e.g., emblems)
necessitates active 3D manipulation (rotation and scaling). Our
evaluation was guided by the following research questions:

e RQ1 (Learner Experience): To what extent does an integrated,
instruction-driven XR system influence learning outcomes, per-
ceived workload, and user preference when compared to un-
guided 3D exploration?

Nam, et al.

Table 1: Descriptive statistics and statistical analysis results
(N = 16). Wilcoxon Signed-Rank tests revealed no significant
differences between the Guided and Unguided conditions
across all measured metrics (all p > .05).

Unguided  Guided Wilcoxon
Variable M (SD) M (SD) w P r
Knowledge Recall (%)
Spatial Recall 85 (20) 95(9)  13.50 0.130 0.267
Information Recall 93 (14) 86 (17) 29.00 0.417 0.144
System Usability (0-100)
SUS Score 86.56 (8.98) 84.76 (11.12) 49.50 0.548 0.106

User Engagement (1-5)

Focused Attention 433(0.72)  4.23(0.75) 9.00 0.396 0.150
Perceived Usability 431(0.61)  4.17(0.62) 35.50 0.781 0.049
Aesthetic Appeal 440 (0.60)  4.38(0.56) 21.50 0.905 0.021
Reward Factor 4.59 (0.55) 4.58 (0.39) 9.00 0.750 0.056
Workload (0-100)

Mental Demand 46.88 (26.76) 36.56 (22.49) 24.00 0.132 0.266
Physical Demand 35.31 (25.46) 28.44 (20.14) 36.50 0.528 0.112
Temporal Demand 21.88(19.14) 19.06 (17.34) 31.00 0.858 0.032
Performance 27.50 (19.83) 26.25 (21.79) 25.00 0.798 0.045
Effort 37.19 (24.15) 38.75 (26.74) 60.00 1.000 0.000
Frustration 15.62 (13.02) 20.62 (22.65) 14.00 0.308 0.180

¢ RQ2 (Authoring Feasibility): To what extent does the author-
ing workflow support non-experts in creating intuitive spatial
presentations?

Participants: The study was approved by our Institutional Re-
view Board, and all participants provided written informed consent
prior to the experiment. We recruited 16 participants (2 female,
14 male, age M = 24.31, SD = 3.24) from the campus community.
Eligibility criteria required basic computer literacy (mouse and
keyboard proficiency) and normal or corrected-to-normal vision
suitable for HMD usage. Each participant received KRW 10,000 in
cash as compensation. The majority reported low familiarity with
XR technology: 5 participants had no prior experience, 9 reported
using VR only a few times a year, and 2 reported using VR monthly
or more frequently. Prior knowledge regarding the learning topics
(Korean sculpture and traditional clothing) was also low, averaging
2.00 (SD = 0.52) and 2.62 (SD = 0.72) on a 5-point scale.

Apparatus: The experiment was conducted using a Meta Quest
3 headset. We utilized the headset’s color passthrough capability to
allow the physical monitor and 3D augmented model to be viewed
side-by-side. The physical workstation consisted of a 27-inch UHD
4K (3840 x 2160) IPS display paired with a standard keyboard and
mouse. To encourage seamless transitions between spatial interac-
tions (manipulating 3D models) and physical interactions (typing or
using the mouse), we instructed participants to utilize the system’s
native hand tracking (Meta Interaction SDK) rather than VR con-
trollers. Participants performed all tasks while seated at the desk,
mirroring a typical workspace environment. During the session,
the experimenter monitored the participant’s view in real-time via
the Meta Horizon Casting system.

Procedure: The entire session lasted about 60 minutes. To eval-
uate both ends of the slide-driven paradigm, participants completed
a two-phase sequence and an interview:



SpatialSlides: Integrating Presentation Software with Extended Reality for Contextualized 3D Exploration

Myeon-bok (H) Gon-bok (the Robe)

« The highest-ranking official
ceremonial robe for kings of
the Joseon Dynasty

Myeon-gwan (the Crown)
* A symbol of the king's divine
authority and status

Worn during major events:
« Coronations, ancestral rites
« State funerals, major holidays

< Includes the upper and lower garments.
« Patterns indicate the wearer's status.

[ A slightly lowered front and a raised back.

« Beaded strings signify rank: King: 9 strmgs
Crown Prince: 8, Crown Prince's Son: 7

Bang-sim-gok-ryeong (the Neck Accessory)
« Womn during ancestral rites.
« The round top symbolizes Heaven.
« The square bottom symbolizes Earth.
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The Nine Symbols

« The king's robe fi ne boli
(5 on the upper garment. 4 on the lower).

Dragon: Fire:

Royal authority, Prot.iuctivity

the power of

transformation. and power
Mountain: Axe:
Virtue and < Decisiveness
the stability to > and the power

vt Nl nurture all life. of judgment

Figure 7: Joseon King’s attire presentation module. (Top) The three-slide presentation breaks down the artifact from an overview
to structural details. (Bottom) The eight corresponding 3D views are sized equally and arranged sequentially. Vertical dividers
map the view clusters to their respective slides: Slide 1 establishes a single macro overview, Slide 2 captures three structural
details, and Slide 3 unpacks four distinct emblems. Image credits: Myeon-bok photograph by Steve46814 (Wikimedia Commons);

additional images and the 3D model by the Korea Heritage Service.

e Phase 1 (Learner Experience): Participants assumed the role
of a student to evaluate the viewing experience.

e Phase 2 (Instructor Workflow): Participants assumed the role
of a presenter to evaluate the authoring interface via an ex-
ploratory walkthrough.

e Post-Study Interview: The session concluded with a semi-
structured interview regarding their viewing experience and the
system’s pedagogical feasibility. The interviews were recorded
and transcribed for a six-phase thematic analysis [10]. One re-
searcher performed the coding and the research team collabora-
tively refined the final overarching themes.

6.1 Phase 1: Learner Experience (RQ1)

6.1.1  Task, Design, and Procedure. To evaluate the integrated view-
ing experience, participants acted as students tasked with studying
provided handouts to prepare for a post-task knowledge test. We
developed two learning modules based on historical artifacts: a
sculpture of a mythical creature (Appendix) and the royal attire of a
Joseon King (Section 5). Each module consisted of a 3-slide handout
paired with a 3D model. Participants were encouraged to actively
explore the 3D models to verify the spatial forms and structural
details described in the slides.

The study employed a within-subjects design with one indepen-
dent variable: Interaction Condition. To mitigate learning effects,
we utilized a balanced Latin Square design to counterbalance the
assignment of conditions and the two learning topics. The two
interaction conditions were:

o Integrated-Guided (Our System): Participants used Spatial-
Slides with the synchronized, slide-driven navigation features
enabled.

e Standalone-Unguided (Baseline): Participants used the same
viewer but with the synchronization link disabled. This required
them to manually manipulate the model to match the text de-
scriptions, simulating a standard standalone model viewer.

For each condition, participants first received a brief tutorial
on the specific interaction technique. They then performed the
learning task for 10 minutes. Immediately upon completion, they
filled out the post-condition questionnaires and the topic-specific
knowledge test. A 2-minute break was enforced before repeating the
procedure for the second condition to minimize cognitive fatigue.
After completing both conditions, participants performed a final
comparative evaluation, rating the perceived usefulness of both
systems side-by-side and stating their overall preference.

Measures: To evaluate the learner experience, we collected the
following dependent variables:

o Knowledge Recall: A 10-item multiple-choice knowledge test
comprising 5 spatial recall questions (identifying physical loca-
tions/structures) and 5 information recall questions (understand-
ing concepts/functions).

e Subjective Questionnaires: The System Usability Scale (SUS) [11]
to assess usability; the NASA Task Load Index (NASA-TLX) [26]
for cognitive and physical workload; and the User Engagement
Scale - Short Form (UES-SF) [46] for engagement and focused
attention.

o Preference and Usefulness: A comparative perceived useful-
ness rating on a 5-point scale, and a categorical preference selec-
tion (Guided, Unguided, or Both) collected at the conclusion of
the session.

6.1.2  Quantitative Results. Due to the ordinal nature of our subjec-
tive scales and violations of normality indicated by Shapiro-Wilk
tests, we utilized non-parametric statistical methods for our primary
condition comparisons.

As detailed in Table 1, Wilcoxon Signed-Rank tests revealed
no significant differences between the two conditions for Infor-
mation Recall (W = 29.00,p = 0.417,r = 0.144) or Spatial Recall
(W =13.50,p = 0.130, r = 0.267). Similarly, we found no significant
differences between the two conditions across the System Usabil-
ity Scale (SUS), User Engagement Scale (UES-SF), and NASA-TLX
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workload assessments (all p > .05, with r ranging from 0.000 to
0.266).

Regarding categorical preference, 10 participants chose the Guided
mode, 5 preferred the Unguided mode, and 1 selected both. An exact
binomial test excluding the neutral response indicated this split
was not statistically significant (p = 0.302, g = 0.167). Subjective
ratings for perceived usefulness were also not significantly different,
with the Guided condition scoring M = 4.69 (SD = 0.48) and the
Unguided condition scoring M = 4.44 (SD = 0.63) (W = 46.50,p =
0.247,r = 0.205).

For spatial knowledge recall, a Wilcoxon Signed-Rank test indi-
cated a significant practice effect; participants scored significantly
higher in their second trial (M = 97.50%, SD = 6.83%) compared
to their first (M = 82.50%, SD = 19.15%) (W = 21.00, p = 0.013,r =
0.439). In Trial 1 (n = 8 per group), no statistically significant dif-
ference was observed between the Guided (M = 90.00%,SD =
10.69%) and Unguided (M = 75.00%,SD = 23.30%) conditions
(U = 16.00,p = 0.183,r = 0.333). No other significant order ef-
fects were observed across the remaining metrics.

Finally, a paired t-test confirmed no difference in Spatial Knowl-
edge between the Haechi and Myeonbok modules (M = 90.00,SD =
16.33 for both; ¢t = 0.000, p = 1.000,d = 0.000). However, Myeon-
bok yielded slightly higher Conceptual Knowledge scores (M =
96.25,SD = 8.06) than Haechi (M = 82.50, SD = 19.15;t = —2.300,p =
0.036,d = 0.575).

6.1.3 Qualitative Insights. Post-study interviews revealed three
primary themes regarding the learner experience.

Guided vs. Unguided Trade-offs: Interview responses detailed
behavioral differences between the modes. Eight participants de-
scribed the Guided system as a helpful scaffold that clearly commu-
nicated the author’s educational objectives (P2: “...I could immedi-
ately tell, it’s talking about this”), describing it as a helpful scaffold.
Eleven users valued its convenience, with three highlighting the
utility of the automated “view reset” during slide changes. Five par-
ticipants emphasized that this automated guidance is beneficial for
novices unfamiliar with 3D navigation. However, two participants
reported that this automated realignment caused visual fatigue
when it conflicted with their preferred viewing posture. For the
Unguided mode, three users appreciated the freedom to explore on
their own, and four participants reported that the lack of guidance
promoted active learning (P8: “...I had to touch it, confirm ‘it’s really
here,... T had to interact more””). Conversely, six participants flagged
the manual wayfinding and searching as a cognitive and physical
burden.

Exploration Behaviors in Guided Mode: Ten participants
reported engaging in free exploration while the guide was active.
One user (P3) described the ability to override pre-authored camera
views as an “essential” feature. Six participants explained that they
broke away from the guide to investigate structural details not
visible in the author’s frame. Additionally, one participant used
this feature to reposition the object and clear their field of view for
physical comfort (P9: “Moving it so it wouldn’t block my view”).

Perceived Engagement and Comprehension: Regarding the
overall immersive viewing experience across both conditions, par-
ticipants highlighted how hands-on physical model manipulation
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supported their learning process. Eight users noted that this spa-
tial setup promoted active learning, and eight participants linked
this physical interaction to improved comprehension. Seven users
noted that the immersive nature of the setup made studying capti-
vating (P11: “Even if I didn’t feel like studying, it made me study.”).
Two participants stated that physically interacting with the models
helped them better remember the material.

6.2 Phase 2: Instructor Workflow (RQ2)

6.2.1 Task, Materials, and Procedure. Following the learning phase,
participants were introduced to the authoring interface. To evaluate
the authoring workflow, participants assumed the role of a presenter
tasked with creating a new spatial presentation. They were provided
a separate 3-slide handout featuring a Buddha sculpture (Appendix).
Unlike the learning modules in Phase 1, these slides contained only
raw text, with no pre-authored spatial views. Participants were
instructed to read the text descriptions and capture and save a 3D
view that best visualized the specific details described (e.g., zooming
in on a specific hand gesture). Upon completing the authoring
task, they filled out the authoring-specific questionnaires (SUS,
meCUE [40]). The session then concluded with the semi-structured
interview.

6.2.2 Quantitative Results. The mean SUS score was 82.19 (SD =
7.58, Mdn = 81.25), which was significantly higher than the accept-
ability benchmark of 68(W = 136.0,p < .001,r = 1.0) [5]. On the
7-point Likert scale of the meCUE questionnaire, the mean ratings
for usability and perceived usefulness were 5.39 (SD = 1.23) and
5.90 (SD = 0.74), respectively. Both meCUE dimensions were rated
significantly above the neutral midpoint of 4 (Usability: W = 100.5,
p =.001, r = 0.91; Usefulness: W = 136.0, p < .001, r = 1.0).

6.2.3 Qualitative Insights. Post-study interviews revealed three
primary themes regarding the workflow.

Authoring Concept: Eleven participants described the core
view capture concept as clear and intuitive. While the majority
rated the authoring process as easy, six participants noted an initial
learning curve, describing the workflow as “difficult but learnable”
for those unfamiliar with 3D environments. Additionally, three par-
ticipants required a brief demonstration to fully grasp the linkage
between the 3D spatial view and the 2D slide.

Workflow and Interaction Challenges: Participants identi-
fied specific bottlenecks regarding interaction fidelity, precision,
and modality switching. The most prominent usability issue, cited
by nine participants, was the unreliability of native hand-tracking
for grasping and manipulating objects (e.g., the pinch gesture fail-
ing to release). To mitigate this, users suggested adding axis con-
straints for rotation (P11) or providing an option to use standard
VR controllers for precise authoring (P8). Regarding spatial preci-
sion, three participants reported difficulty positioning the 3D model
at the exact angle required for their intended view. Furthermore,
users suggested features like automatic visual clipping (P2, P6) to
handle parts of the model falling outside the intended authoring
frame. Finally, one participant (P9) noted that constantly switching
between spatial manipulation in XR and 2D slide editing on the
desktop (via mouse and keyboard) felt cumbersome, suggesting a
need for fully immersive, in-VR authoring controls.
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Suggested Applications: When asked about the system’s poten-
tial, participants frequently mentioned domains involving complex
spatial structures. Suggested use cases prominently included prod-
uct engineering and mechanical demonstrations (7 participants),
museum and historical exhibits (6 participants), and scientific edu-
cation and training simulations. For example, regarding mechanical
structures, P11 noted: “...a firearm has internal mechanisms... when
I operated it in 3D, I could understand it immediately.” Partici-
pants also proposed commercial and spatial planning use cases.
For instance, P15 suggested applying the system to interactive e-
commerce showcases, where 3D models automatically highlight
specific features corresponding to text descriptions. Additionally,
P12 noted the system’s utility in physical environments, stating
that viewing augmented models alongside real-world surfaces (e.g.,
a physical desk) allowed them to verify the scale and placement of
virtual objects.

7 Discussion, Limitations, and Future Work

While the quantitative metrics reflect comparable final performance,
post-study interviews revealed a distinct trade-off. Participants re-
ported that the Unguided mode promoted active learning by forcing
them to manually search and verify spatial features, though several
users flagged this constant manual searching as cumbersome or
tedious. In contrast, users valued the Guided mode as a helpful
scaffold that removed the overhead of visual searching, yet this
automation sometimes caused friction when pre-authored views
conflicted with a user’s preferred physical posture. Rather than pas-
sively accepting the automated guide, the majority of participants
broke away from the guide to investigate structural details inde-
pendently, describing this freedom as an “essential” feature. These
findings suggest that effective XR educational tools — even those
that extend traditional linear study materials like ours — should not
rely solely on rigid guided tours. Instead, instructional guidance
must be fluid — supporting the learner through automated view-
point resets while seamlessly permitting temporary, exploratory
deviations.

Regarding authoring feasibility, the high system usability (SUS)
score and positive meCUE ratings demonstrate that the concept of
an integrated XR system was clear, though it may require a brief
initial learning curve for novices. Beyond this baseline usability,
participants recognized the tool’s potential for applications like
mechanical demonstrations, historical exhibits, and e-commerce.
This suggests that the core interaction loop — pairing explicit text
with an automated spatial viewpoint — can be useful in scenarios
where one needs to take a step-by-step approach and use multi-
ple modalities (e.g., text, images, 3D views) to explain 3D struc-
tures or concepts. Furthermore, viewing models alongside physical
desks highlighted AR’s unique pedagogical value. By leveraging
real-world environmental anchors, learners intuitively grasped the
physical scale and context of virtual artifacts. Consequently, these
findings indicate that we should actively design for how virtual
objects relate to both 2D presentation text and the surrounding
physical environment.

Additionally, based on user feedback and observations, building
upon the system goals outlined in Section 3, we describe three
design takeaways to guide future hybrid presentation tools:
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e Dynamic Ergonomic Adaptation: Participants frequently fought
the automated camera alignment to manage visual occlusion
and preserve physical comfort. Future systems must decouple
spatial framing from ergonomic scale, incorporating dynamic
auto-scaling or collision avoidance that respects the author’s in-
tended view while adapting to the learner’s physical constraints
and workspace setup [18, 35].

o Enabling Spatial Precision: Observations of participants strug-
gling to capture precise viewpoints due to natural hand jitter
indicate that free-form manipulation is insufficient for precise
authoring tasks. Tools must complement macro-level spatial cap-
ture with micro-level constraints (e.g., axis snapping, rotational
locks) to ensure reliable spatial formatting [2, 28].

¢ Bidirectional Interaction Continuity: Participants experi-
enced difficulty switching between immersive hand tracking
and the desktop mouse. To resolve this known Cross-Reality (CR)
hurdle [17, 49], future tools should minimize modality switching.
Systems should integrate emerging CR techniques, such as Spa-
tialTouch [64], to enable bidirectional control (e.g., mid-air slide
navigation) without breaking the user’s operational context.

Our quantitative results revealed no significant differences in
learning outcomes or workload between the Guided and Unguided
conditions. High recall scores suggest a potential ceiling effect (see
also Table 1), and the significant improvement observed in the
second trial indicates a practice effect, both of which complicate
the interpretation of these outcomes. Furthermore, 10 of the 16
users in the Guided condition actively engaged in free exploration,
temporarily overriding the pre-authored views. This blending of
interaction styles likely blurred the experimental boundaries, which
may also explain the lack of statistical difference. Moreover, because
Phase 2 lacked a baseline comparison to conventional workflows,
our findings reflect perceived usability rather than objective reduc-
tions in coordination effort or authoring thresholds. Future studies
should incorporate comparative baselines and objective metrics.

Additionally, our participant pool was gender-imbalanced and
consisted primarily of university students. Although students pos-
sess high familiarity with PowerPoint, evaluating an instructor
workflow with learner-profiled participants may not fully capture
the practical needs of professional educators. Future work should
validate this slide-driven workflow with domain experts in authen-
tic curriculum development. Finally, our learning assessments were
developed without formal pilot-testing, and the results revealed that
the traditional clothing module (Myeonbok) yielded significantly
higher conceptual recall scores than the sculpture module (Haechi).
Future studies should employ formally validated instruments to
ensure strict equivalence. From a technical perspective, the current
prototype relies on the Windows-specific COM API to interface
with PowerPoint, and storing metadata in Alt-Text compromises
accessibility for screen-reader users. Future iterations will migrate
to modern cross-platform APIs to eliminate COM polling latency,
extend compatibility, and utilize dedicated, non-visible metadata
storage.

8 Conclusion

SpatialSlides bridges traditional lecture materials and immersive
3D content. Rather than treating XR as an isolated activity or a
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disconnected post-classroom supplement, our integrated approach
provides a seamless transition into contextualized 3D exploration.
By anchoring virtual content to familiar classroom materials, the
system guides users to contextualize and locate spatial information
based on prior learning. Furthermore, effective information delivery
is inherently multimodal, requiring a synthesis of text, 2D images,
and spatial data. We facilitate this integration by leveraging presen-
tation software — the dominant medium for educational text and
2D imagery — as the primary control interface. Because slide decks
remain the ubiquitous standard for classroom instruction, hand-
outs, and student review, tools like SpatialSlides ensure that the
knowledge captured in these traditional formats can be translated
into immersive environments.

User feedback from the exploratory study indicates that this
integrated approach clarifies the instructor’s intended messages
while making the content easier to follow. However, delivering this
guided experience requires a nuanced approach. Because users still
highly value independent spatial exploration, integrated immersive
educational tools should support fluid, seamless transitions between
automated scaffolding and self-driven discovery as user needs shift.

Finally, we contribute the open-source framework of Spatial-
Slides as a reference for the community. By linking immersive
clients directly with standard desktop applications, this work pro-
vides a practical blueprint for how everyday educational workflows
can serve as a bridge to immersive spatial environments.
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