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Figure 1: An example use case of Thing2Reality. Alice and Charlie are discussing room decorations in a shared XR space (b).
Alice begins by bringing a shelf fromher physical office (a) into the virtual environment. She then searches for a cute cat planter
using the web browser interface. With Thing2Reality, she summons 3D Gaussian of the planter and places it onto the virtual
shelf. Alice and Charlie then engage in a discussion about various planter designs, projecting 3D Gaussian representations of
the planters (c) onto a whiteboard in the space. This allows them to transform 2D images into interactive 3D objects, which
can be collectively viewed, manipulated, and compared in real-time, facilitating a seamless and collaborative ideation process.

ABSTRACT
During remote communication, participants often share both digital
and physical content, such as product designs, digital assets, and
environments, to enhance mutual understanding. Recent advances
in augmented communication have facilitated users to swiftly cre-
ate and share digital 2D copies of physical objects from video feeds
into a shared space. However, conventional 2D representations
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of digital objects limits spatial referencing in immersive environ-
ments. To address this, we propose Thing2Reality, an Extended
Reality (XR) meeting platform that facilitates spontaneous discus-
sions of both digital and physical items during remote sessions.
With Thing2Reality, users can quickly materialize ideas or objects
in immersive environments and share them as conditioned mul-
tiview renderings or 3D Gaussians. Thing2Reality enables users
to interact with remote objects or discuss concepts in a collabora-
tive manner. Our user studies revealed that the ability to interact
with and manipulate 3D representations of objects significantly en-
hances the efficiency of discussions, with the potential to augment
discussion of 2D artifacts.

CCS CONCEPTS
• Human-centered computing → Collaborative and social
computing.
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1 INTRODUCTION
Shared artifacts, including digital resources (e.g., text, images, videos),
and physical objects (e.g., prototypes, printouts), play a crucial role
in facilitating e�ective communication of spatial concepts and the
generation of design ideas, especially in creative �elds such as prod-
uct design, architecture, and marketing strategy development. They
provide common spatial reference points that bridge gaps between
collaborators, enhancing creative exploration and ideation [4]. Be-
sides physical artifacts, designers frequently use online platforms
like Google and Pinterest to source relevant digital artifacts that
can support their design processes [24]. However, using shared
artifacts in remote meetings often pose challenges, especially in
scenarios that require quick and spontaneous sharing, such as brain-
storming and early stage design sessions. First, artifacts shared via
remote meetings are typically in 2D, whether they are captured
via camera or retrieved from online repositories, limiting the un-
derstanding compared to interactions with physical objects or 3D
models. Second, in physical meetings, participants can easily ob-
serve and interact with tangible artifacts, which facilitates creative
exploration and idea generation processes [4]. However, in remote
meetings, this level of interaction is often unavailable or limited.

Several methods have attempted to address these challenges,
such as preparing 3D models in advance via CAD or 3D scanning
[34], or employing specialized real-time 3D capture setups [62, 78].
While e�ective, these approaches have limitations: pre-made 3D
assets do not supportspontaneoussharing, and specialized setups
are often impractical for general use. Recent advances in AI-driven
text-to-3D and image-to-3D technologies [75] present an accessible
and intuitive alternative, lowering barriers to 3D content creation
and enabling broader participation in collaborative e�orts.

In this paper, we aim to investigate how on-the-�y transfor-
mations between 2D content and 3D representations can support
object-centric ideation and spatial sense-making in collaborative
XR meetings, and how the design of such a system can enhance
user experiences by integrating interactive image-to-3D work�ows
across various XR meeting context.

We designed and implemented Thing2Reality, an XR meeting
platform that enables �uid interactions with 2D and 3D artifacts.
Thing2Reality allows users to segment content from any source
(video streams, shared digital screens) within the XR environment
(Figure 1a), generate multi-view renderings (Figure 1b) with condi-
tioned multi-view di�usion models, and transform them into shared
3D Objects with Gaussian splatting for interactive manipulation
(Figure 1c). We conducted two user studies: a preliminary study
(N=12) analyzing the usability of using digital and physical sources
for 3D object creation, and an exploratory study (N=18) explor-
ing how the co-existence and transformation between 2D and 3D
formats shape collaboration patterns across tasks such as avatar
decoration, spatial layout, and open-ended design brainstorming.
Our �ndings suggest that 3D objects facilitate intuitive explana-
tions, detailed visualization, and interactive collaboration, whereas
2D representations are more often used for �nal pitch deliverables,

suggesting a context-dependent trade-o� between the two formats
based on task objectives.

In summary, we contribute:

� Thing2Reality, an XR meeting platform that provides on-
the-�y 3D objects generation by enabling users to present and
share spontaneous thoughts, and augment their shared digital
and physical artifacts with remote collaborators.

� Findings from a usability study (# =12) examining the digital
and physical inputs of Thing2Reality.

� Findings from an exploratory user study (# =18) evaluating
the use of Thing2Reality (both 2D-to-3D and 3D-to-2D work�ow)
for discussing and presenting both 2D and 3D objects in XR
meetings.

2 RELATED WORK
Our work is inspired by prior art on distributed communication
around 2D and 3D artifacts, task-space collaboration, and emerging
3D generation techniques that span both computer-mediated work
and XR systems.

2.1 Distributed Communication and
Collaboration in XR

Remote collaboration platforms have evolved signi�cantly, with
researchers exploring various approaches to enhance computer-
mediated communication through shared visual content [29, 30].
Drawing on prior research in computer-mediated cooperative work,
shared media such as screen sharing and image annotation serve
as crucial �common ground� elements that facilitate mutual under-
standing and support referential communication [53, 56]. However,
these 2D channels � while e�ective for documents or slides � strug-
gle to convey the spatial nuances of physical objects or complex
3D scenes.

XR-based meeting platforms promise higher co-presence and nat-
ural referencing, with the ability to place collaborators and shared
artifacts in a uni�ed 3D environment [55, 79]. They have been ap-
plied to and studied in diverse domains such as education [57, 65],
entertainment/gaming [10, 86, 90], and physical task demonstra-
tion [45, 78]. Despite these advances, many XR systems rely on
static or pre-made 3D assets; they o�er limited support forspon-
taneouslysharing new objects or seamlessly shifting between 2D
and 3D media in real time.

A persistent challenge in both traditional 2D and XR-based com-
munication is supporting �object-focused collaboration�, where
discussions center around physical artifacts [31, 47]. Research has
identi�ed several critical challenges in this domain, including the
coordination of viewpoints [22,64], the communication of gaze [23]
and gestural information [76], and the management of object orien-
tations [12]. While XR environments can support multiple shared
perspectives and virtual replicas [60], creating these representa-
tions typically requires specialized capture equipment or complex
setup procedures. This creates a tension between the need for
quick, �exible 2D sharing and the desire for richer, more spatially
aware 3D collaboration�a challenge that motivates our approach
in Thing2Reality.
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2.2 Advances in 3D Content Generation
E�ciently creating 3D representations remains a challenge for
remote XR collaboration. Traditional modeling with CAD tools
is often slow and requires expertise [11, 60]. Depth-based recon-
struction using RGB-D sensors [34, 62] enabled faster capture of
real-world geometry but requires specialized hardware setups.

More recently, neural representations such as NeRF [33, 70] have
improved the �delity of 3D reconstructions from multi-view im-
ages, o�ering realistic scene rendering. Meanwhile, generative AI
approaches have emerged as a promising direction for 3D content
creation. Text-to-3D and image-to-3D methods, such as DreamFu-
sion [63], focus on score distillation sampling (SDS) that utilizes
pretrained 2D di�usion models to generate 3D content, but faces
problems with speed and diversity. Recent advances in large recon-
struction models [28, 46] use non-SDS methods. Large Gaussian
Models (LGM) [75] use similar methods to [40], with algorithms
to convert 3D Gaussian into meshes. Advances using multi-view
di�usion models as a prior have also made generation of complex,
textured 3D models possible. These generative models provide a
foundation for transforming 2D visuals into 3D representations.
While foundational models primarily relied on text prompts [44],
some approaches [41,88] incorporate spatial controls through depth
maps, skeletons, or point-based inputs.

Thing2Reality leverages these recent AI breakthroughs, integrat-
ing Gaussian splatting [40] and LGM pipelines [75] into an XR
collaboration context. By enabling users to highlight regions of in-
terest in a 2D snapshot (or otherwise provide spatial prompts), our
system caninstantly produce lightweight, manipulable 3D objects
without requiring specialized hardware. We believe that XR meet-
ings can bene�t from additional perspectives of shared artifacts,
whether sourced from digital content or physical environments.
This motivates us to better understand how AI-generated views
from single images invite participants to explore novel concepts
for idea generation, and how they may support or hinder commu-
nication through generated visual details.

2.3 2D and 3D Content in Shared Task Spaces
Building upon Buxton's framework [6], many researchers have
looked at ways to embed shared artifacts�whether physical or dig-
ital�directly within remote meeting systems, as shared task spaces.
The evolution of shared task spaces has seen a progression from
simple 2D sharing to increasingly sophisticated 3D representations.
Early approaches focused predominantly on 2D visual informa-
tion. For instance, IllumiShare [38] allowed sharing of physical and
digital content on any arbitrary surface, while ThingShare [31]
recently incorporated 2D snapshots of physical objects to support
remote discussion. Systems such as Visual Captions [49] further
enrich 2D conferencing by automatically augmenting language
with visual aids, showing how 2D imagery can enhance clarity in
communication. These systems, along with research on cohabiting
physical and digital artifacts [20, 38, 69], demonstrated how 2D
representations could enhance collaborative tasks. Media space
research [50, 51, 61] expanded these capabilities through multi-
camera setups and shared desk areas. However, these 2D approaches
struggled to capture the spatial relationships and physical a�or-
dances crucial for object-centered tasks.

To �ll this gap, researchers have explored point-cloud render-
ings and volumetric telepresence, enabling lifelike 3D captures of
users or objects [62, 70]. Systems like SharedNeRF [70] and Virtual-
Nexus [33] leverage neural radiance �elds (NeRFs) for high-�delity
scene reconstruction. However, they are limited to capturing and
reconstructing physical environments and objects, and require ei-
ther specialized hardware or multi-view captures of the same object.
Recent advances in generative AI have enabled the creation of uni-
�ed 2D and 3D virtual environments that support co-presence in
new ways. For instance, BlendScape [66] uses Stable Di�usion and
inpainting techniques to synthesize shared virtual spaces, while
SpaceBlender [59] transforms user-provided 2D images into im-
mersive 3D environments for telepresence. Despite these advances,
Current research has yet to explore the possibilities of creating
3D objects from single images and other 2D content, such as text,
sketch, or digital search, during distributed collaboration [58, 67].

In contrast, Thing2Reality adopts a more �exible approach by en-
abling real-time transformation between 2D and 3D formats. Similar
to Loki [78] that integrates 2D and 3D media, Thing2Reality sup-
ports 2D images and videos as well as 3D Gaussians, but crucially
does so with single 2D image as the input. This design allows users
to create 3D representations directly from minimal 2D sources (such
as digital search, or camera feed), expanding the possibilities for
collaborative work�ows. By moving beyond a strict 2D-versus-3D
dichotomy, Thing2Reality further focuses on how �uid transitions
between these formats (2D-to-3D and 3D-to-2D) can improve re-
mote communication, foster shared understanding, and address a
wider spectrum of collaborative needs.

2.4 Summary: A Design Space for
Thing2Reality

We situate Thing2Reality into prior literature of collaborative work
around 2D and/or 3D artifacts (Table 1). Prior work also explores
di�erent ways of creating pre-made or catalog assets, such as using
gestures to approximate and imitate the object [27] among a data-
base of known objects, or understanding the role of virtual replicas
in remote assistance [60, 79]. We did not include this line of work
because we focused on the spontaneity of sharing things during
the communication regarding the spatial arrangement, scale, and
aesthetic properties of objects.

The media representation dimension (2D vs. 3D) captures how
systems support di�erent forms of visual representation, ranging
from 2D-only or 3D-only formats to a small number of systems that
integrate both. We also distinguish systems by their sharing gran-
ularity, comparing scene-level (SL) and object-level (OL) sharing.
Our work builds on prior research ininformation artifacts[53] and
object-focused collaboration[12, 26, 38], in contrast to scene-level
customization and editing explored in systems like [14, 48, 59, 66].

Through this design space, we emphasize object-level interac-
tions across three dimensions: spontaneous generation, transforma-
tion, and cohabitation of 2D and 3D artifacts. Our approach enables
users to identify objects of interest from both digital information
spaces and physical environments.
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Method 2D 3D Scene-Level (SL) Object-Level (OL)
IllumiShare [38] X X

Remixed-Reality [48] X X
SharedNeRF [70] X X

Loki [78] X X X X
ThingShare [31] X X

Holoporation [62] X X
Visual Captions [49] X X

BlendScape [66] X X
Thing2Reality X X X X

Table 1: Comparison of related systems based on media rep-
resentation and sharing granularity.

Figure 2: Human-human communication methods: 1) text or
speech, 2) sketch, 3) images or videos can be used asinput
to achieve ideal 2D images via digital search, image/video
capturing, or GenAI/ML models ( text-to-image, sketch-to-
image), which can then be converted to arbitrary segmented
image, conditioned multiview renderings, and 3D Gaussian.

3 THING2REALITY SYSTEM OVERVIEW
A key takeaway from our design space highlighted the e�ective-
ness of integrating 3D object a�ordances with the spatial organi-
zation advantages of 2D artifacts, which motivated the design of
Thing2Reality. Before delving into the system's design, it is crucial
to clarify the de�nition of �Thing� in the context of our work.

3.1 What the �Thing�? Exploring the Role of
User-Generated 3D Assets in Spontaneous
Communication

We outline the typical approaches individuals take when spon-
taneously incorporating various artifacts (i.e., sketches, searched
images, and physical objects) into discussions as a source of inspi-
ration, explanation, or clari�cation (Figure 2).

� Text-based content (Figure 3 - 1): Text-based content uses lan-
guage to convey ideas, including written descriptions, transcribed
speech, and notes. Text-based contents can be transformed into
2D images use text-to-image methods like Imagen1.

� Hand-created visual content (Figure 3 - 2): Hand-created vi-
sual content encompasses manually produced images, diagrams,

1Imagen: https://deepmind.google/models/imagen/

or visual representations, either physical or digital. This includes
sketches, drawings, and hand-drawn diagrams, providing intu-
itive and spontaneous representations of ideas, spatial relation-
ships, or abstract concepts in communication. Current methods
such as ControlNet [88] use sketches as one of the ways for
controlling image generation.

� Digital visual content (Figure 3 - 1): Images found through
online searches like Google images or Pinterest, screenshots, and
digital artwork stock photos to �nd images that closely align
with their discussion topics, utilizing these images as a reference
point [24].

� Captured real-world content (Figure 3 - 3) : Photographs or
scans of physical objects and environments, which can serve as
a powerful means of conveying ideas, but their integration poses
challenges for distributed users [4, 31], who might opt to digitally
capture and share these items. It is important to note that these
digital 3D representations of real-world content do not always
capture the speci�c details of an object as accurately as a virtual
replica (e.g., NeRF). Instead, they serve as a proxy for the original
object. Furthermore, it can be hard for users to reconstruct an
item when some sides of it is not easily capturable (e.g., a large
shelf), or when it's di�cult to capture at close range.

From an HCI perspective, we aim to explore how images (or
objects of interest) can serve as amiddle ground, connecting a per-
son's inputs�such as text, sketches, and digital searches�with their
intentions to communicate (Figure 2). These inputs can be dynami-
cally converted into �exible data representations (spanning both
2D and 3D), facilitating spontaneous and e�ective communication
with others. Transforming these variations of 2D content into 3D
objects can help enhance the immediacy and tangible engagement
with abstract concepts, such that users can gain a deeper mutual
understanding during discussions. Furthermore, text-to-image and
sketch-to-image generation methods often produce less predictable
results due to the vagueness of such inputs, making precise con-
trol challenging. In contrast, searching for images or capturing
real-world content indicates more direct and explicit selection.

Recognizing this di�erence in control between AI-based gen-
eration and human-curated or directly captured visual content,
Thing2Reality's design primarily focuses ondigital visual con-
tent andcaptured real-world content with image-to-3D approaches.
This ensures more precise control over the images used in commu-
nication, enhancing the system's reliability and user experience.

3.2 Design Goals
Based on the design space and prior literature, we formulated the
following three objectives.

DG1 Spontaneity: Enable Spontaneous Communication Us-
ing Digital and Physical 3D Artifacts As Visual Aids . Acknowl-
edging the importance of both physical and digital artifacts during
collaboration, we aim to facilitate a seamless conversion of 2D
artifacts from diverse data sources (e.g., digital �les and physical
objects via camera feeds) into 3D representations.

DG2 Cohabitation: Support for Co-Habitation of 2D and
3D Objects During Communication. While remote conferenc-
ing typically relies on single data modalities like 2D visuals [1], some
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Figure 3: An example user journey: (a) a user selects content by painting regions in the web browser or camera feed. The
system processes these selections from 2D segmentation through multi-view rendering to 3D Gaussian representation. The
orthogonal views appear in the Pie Menu rings, (b) followed by the 3D Gaussian object appearing within 1-2 seconds. (c) The
user can re-position and re-scale it via the Sphere Proxy. (d) Users can capture snapshots from di�erent perspectives of the
3D Gaussians, and project it on the whiteboard for collaboration. (e-f) with video see-through mode, users can bring physical
objects and sketches to the shared space in XR.

work (e.g., [78]) demonstrates incorporating multiple modalities
enhances remote guidance and understanding. To facilitate e�-
cient discussions and collaborative sessions, Thing2Reality should
enable users to �exibly choose and combine di�erent data repre-
sentations to better support their speci�c communication needs
during collaborative sessions.

DG3 Transition: Enable Flexible Bi-Directional Transfor-
mations Among Digital Media Forms ( i.e., 2D images, videos,
and 3D). XR workspaces can be more dynamic and open com-
pared to traditional videoconferencing, and the presence of multiple
data modalities may introduce friction for users [15, 77]. Recogniz-
ing the diverse needs of remote collaboration with multiple data
modalities inDG2, it is also essential to allow users to frictionlessly
switch between di�erent forms of these representations (2D images,
videos, multi-view representations, and 3D models) according to
the context of their discussion. This requirement would imply that
Thing2Reality should not only store and organize various forms
of media but also allow for their easy retrieval and transformation
during discussions. By enabling �exible bi-directional transitions
between digital media forms (2D-to-3D, 3D-to-2D), users can adapt
their communication style to the speci�c requirements of the task
at hand, leading to more e�cient and e�ective collaboration.

3.3 Overview and Interaction Work�ow
To balance comfort and input accuracy in collaborative XR ses-
sions, Thing2Reality prioritized controller-based interactions sim-
ilar to prior work on mixed reality collaboration [19, 78] over
other interaction choices of midair gestures or multimodal in-
puts [25, 36, 42, 52, 81].

Main Components. Three main components were incorporated
for the XR workspace.

� interactive portals, including browsers for accessing digital con-
tent and portals connecting to physical environments;

� collaborative surfaces, like whiteboards and tables, which struc-
ture user formations, and allows collaboration activities;

� avatars, remote participants are represented as embodied avatars
who can freely navigate the space, with shared head and hand
gestures, body orientation and position in the space.

While existing XR meeting platforms like Mozilla Hubs and
Meta Workroom o�er common collaborative features as above, such
as browsers, shared surfaces, and remote avatars, Thing2Reality
uniquely enables �uid transitions between 2D and 3D content. Our
system extends beyond traditional XR collaboration by support-
ing spontaneous identi�cation and bi-directional transformation
of content in shared spaces, allowing users to seamlessly switch
between formats based on their communication needs.

3.3.1 Workflow.Here we describe the default interaction work�ow
using the example of a digital search. A key distinction from prior
object-focused collaboration work is that ourinformation artifacts
are not merely brought into meetings but are also actively gener-
ated and transformed (e.g., 2D-to-3D, 3D-to-2D) during meetings,
enabling on-the-�y illustration of ideas.

Interactive Object Segmentation. Multi-view di�usion mod-
els [72] generate images that often contain varied backgrounds,
which requires precise object identi�cation and segmentation be-
fore 3D fusing. To address this challenge in XR environments, we
developed an interactive object segmentation system that builds
upon two established approaches: the marking paradigm fromIn-
teractive Graph Cuts[3], which demonstrated the e�ectiveness
of user-guided mark-based segmentation, and the Segment Any-
thing Model (SAM), a state-of-the-art prompt-based segmentation
method. Instead of relying on multiple precise clicks, which is im-
practical with VR controllers, our system leverages continuous
marking gestures to extract three key points. These points act as
intelligent prompts for SAM's segmentation algorithm, achieving
a balance between segmentation accuracy and continuous user
interactions in VR.

Users identify objects of interest through a simple interaction:
holding the controller's grip button while using the trigger to mark
start and end points. Segmented results are displayed alongside the
user's hands for review before proceeding to multi-view rendering
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and 3D Gaussian creation. This demonstratesDG1, enabling spon-
taneous identi�cation and transformation of any 2D content into
3D through ad-hoc interactions.

Ad-Hoc Creation of Multi-Views and 3D Generated Objects
(2D-to-3D). Prior work demonstrates the value of remote collabo-
ration via 3D virtual replicas in immersive environments [33, 89],
and the e�ectiveness of AI-generated 2D elements in furnishing
video meeting activities [66]. Building on this work, we explore
how dynamically generated 3D objects created from 2D content can
enhance collaborative interactions while maintaining on-demand
�exibility.

After the user con�rms the object of interest, the multiple con-
ditioned views will be rendered on a 2DPie Menu (Figure 3b)
attached to the user's left controller. The center of the Pie Menu
shows the original image being cropped from the data source (web-
views, images from physical space) or generated from the image
generation model. The four orthogonal views, generated with con-
ditioned di�usion models, will be displayed on the top (front view),
left (side views), right (side views) and bottom (back views) of the
outer ring of the Pie Menu. Selecting the central image also displays
a 360°video of the object. The user can show or hide it by pressing
the �X� button on the controller.

Once generated, the 3D object becomes a shared entity in the en-
vironment. Users can interact with it collaboratively, moving, grab-
bing, or re-scaling it through the semi-transparent Sphere Proxy
(Figure 3c), which serves as a collider.

The design of Pie Menu and the 3D Gaussian leverages the cog-
nitive bene�ts of orthogonal 2D views for understanding 3D struc-
tures [7, 80]. The orthogonal views on the 2D Pie Menu remain
private to the creator/current holder, where everyone can achieve
it from any 3D objects. The combination of private visualization of
orthogonal views and shared 3D object interaction enables users to
examine object details independently without overwhelming the
shared workspace with extraneous visuals. This illustrates theDG2
that enables the cohabitation of 2D images, videos, and 3D objects
in a uni�ed workspace for users to choose and combine �exibly.

Projecting Continuous Perspectives of Shared 3D Gaussians
to Surrounding Collaborative Surfaces (3D-to-2D) . The table
and whiteboard surfaces can act as shared information space among
users [17, 18], where prior work has examinedspatially continu-
ous workspaces[13, 68] for users to seamlessly move digital 2D
content from portable computers, to the table and wall displays
as shared workspaces for group collaboration. The system allows
users to capture snapshots of generated 3D objects from any angle
and project these perspectives onto collaborative surfaces, such as
a whiteboard or a table (Figure 3). Unlike the discrete orthogonal
views, these snapshots providecontinuousperspectives by using
3D Gaussians as a proxy. This functionality addresses the need for
dynamic visual communication during collaborative tasks.

To interact with projected snapshots, users can drag objects us-
ing raycasting, rescale them via the thumbstick's Y-axis, or delete
them by pressing the �B� button. Users can also select discrete
orthogonal views from their private 2D menu, which can be pro-
jected on the whiteboard. The central image can be projected on
the whiteboard to show 360-degree videos of the object, support-
ing a holistic understanding of the object. This demonstrates the

bi-directional transformations between 2D and 3D objects (DG3)
that allowed users to adapt their communication methods based on
task requirements for e�cient object sharing.

4 IMPLEMENTATION
The virtual environment was developed using Unity 2022.3.19f1
and the following SDKs: Oculus Interaction Toolkit, Meta Avatar
SDK for rendering avatars, gestures, and lip-syncing, and Photon
Fusion and Voice SDK for voice streaming between avatars, and
ZED SDK for physical space sensing.

System Setup. The system operates on an Intel i7-13700K CPU
and NVIDIA RTX 4070 Ti GPU, running MobileSAM [87], text-
conditioned [72] and image-conditioned [83] multi-view di�usion
models, and Large Gaussian Models [75] to fuse multiview render-
ings into interactive 3D Gaussians. Due to the privacy issues of
capturing data from physical environments via current passthrough
technologies of VR/MR HMD, we mounted a ZED Mini stereo cam-
era2 on the Meta Quest 3.

3D Object Rendering Pipeline. A Unity web browser plugin [82]
enables the integration of web content directly into 3D virtual envi-
ronments through webview functionality. Real-world elements are
incorporated into the XR experience using image frames captured
by the ZED Mini camera. These frames are seamlessly rendered
within the Unity environment, allowing users to interact with both
physical and digital content in a uni�ed space.

Hence, users can identify objects in both web-based content and
live camera feeds capturing physical spaces via ZED and turn the
identi�ed 2D images into 3D. This includes the ability to perform
actions such as making strokes or taking snapshots. Interactions
within the virtual environment are managed through a custom
event listener via a Python Flask server. The original input (Fig-
ure 4:3) is the selected image frame with the three points on the
selected image frame �ltered from the user's stroke interaction
using the raycaster of the Meta Quest 3 controller.

The Unity application communicates with the Python Flask
Server via HTTP POST requests (Figure 4:4). activating models
for quick segmentation. This process identi�es objects of inter-
est based on user interactions. The 3D Gaussian output can be
visualzied as a 2D 360 video, or a 3D visual e�ect in the Unity envi-
ronment. The 3D Gaussian were then imported and visualized in
Unity as Gaussian splats, surrounded by a semi-transparent sphere
around it as a proxy collider to enable interactions like grab, scale,
and move with hands or controllers. System performance metrics
are detailed in the Appendix in Figure 11.

5 APPLICATION
While our primary focus was on object-centric collaborative work
and meeting scenarios, from lightweight social interactions to fo-
cused object discussions, Thing2Reality's applications can extend
beyond workplace collaboration. Our exploratory study revealed
the potential to enhance casual social interactions through 3D ob-
ject generation. Users naturally progressed from virtual try-ons to
sharing personal items during informal conversations [16], suggest-
ing applications from co�ee chats to family gatherings.

2ZED Mini: https://store.stereolabs.com/products/zed-mini
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Figure 4: Implementation Diagram of Object-Level Thing-to-3D between Unity and Python Flask Server.

Figure 5: Setup for physical object scanning in Study 1

While 2D emojis, GIFs, and memes are widely used in online com-
munication, Thing2Reality can be used to allow users to transform
online images or memes into the 3D version. This feature enhances
social gatherings, and VR live streams, moving beyond pre-designed
3D emojis like those in Meta Workroom. Di�erent from Apple's
recent Genmojis3 that enabled 2D text-to-emoji in text-based dig-
ital interactions, Thing2Reality might enable more intuitive and
spontaneous user-controlled 3D expressions during XR meetings.
Building on research in remote reading and social play [35, 86],

these capabilities could particularly bene�t long-distance and inter-
generational connections.

6 SINGLE-USER USABILITY STUDY
The goal of the �rst IRB-approved study is to evaluate the usability
of Thing2Reality and to identify limitations or opportunities for
future improvements. We recruited 12 participants (8 male, 4 female,
ages 20-33,�G= 26”1) from our university. All sessions consisted of
two tasks. In the �rst task, the experimenter demonstrates all of the
basic functionalities of Thing2Reality by going through the work-
�ow of 2D-to-3D, and 3D-to-2D, and communication around objects
with the experimenter in the virtual space. Then, the participants
were asked to perform example tasks without the experimenter's
help, which includes (1) capturing the digital and physical objects,
and turn them into 3D, and then (2) decorate the wall by projecting
some objects as 2D stickers, and (3) �nally �nd a personalized object
3Genmojis: https://www.apple.com/newsroom/2024/06/introducing-apple-
intelligence-for-iphone-ipad-and-mac/

to decorate their avatars, and communicate with the experimenter
in the virtual space to simulate casual meet up. We chose two exam-
ples (room decoration and avatar decoration) as evaluation tasks.
Physical objects were placed in the environment for physical object
scanning (Figure 5). After the session, we asked the participants
to give feedback about the interface and interactions with a sur-
vey. Sessions lasted around 45-60 minutes and participants were
compensated USD $20.

6.1 Findings
All participants successfully completed the assigned task. Overall,
they responded positively to the usability, potential applications,
and unique a�ordances of Thing2Reality. They found the inter-
actions intuitive, easy to learn, and enjoyable, and recognized its
potential for supporting ad-hoc communication and object-centered
collaboration. Participants rated the overall work�ow highly (Mean
= 4.9/5), with engagement receiving an average score (Mean = 5/5).

Comparison Between Physical and Digital Inputs.For the physical
and digital image sources, participants found that interacting with
physical objects was generally simpler than interacting with digital
ones. This was largely due to the complexity of web pages, which
often include numerous cookies and advertisements�making typ-
ing, clicking, and navigating signi�cantly harder than on a laptop.
As one participant noted,�3D objects scanned better when they were
in the real space (vs. on Google). They were more accurate, provided
they weren't obscured by others (like with the plushies).�Physical
scanning also raised expectations around detail retention and accu-
racy. In contrast, digital images�such as those from Amazon�were
often unfamiliar in 3D form. One participant shared,�It's helpful
to bring in images from Amazon and see where I want it,�suggest-
ing that digital inputs allowed for quick object-centric ideation
brainstorming, even if the 3D rendering wasn't always accurate.

Digital Inputs Provide More Flexibility.Despite this, some partici-
pants mentioned the�lack of options�in physical environments and
suggested that the physical input may be more suitable for casual
use cases, rather than professional settings, especially when scan-
ning personal items that cannot easily be found online. In contrast,
digital sources were viewed as more �exible:�It was easy to �nd the
object I was looking for, and I could easily scan it again.�
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3D Object Quality.In terms of output quality, participants saw
Thing2Reality as useful for early-stage design, such as conceptual
layouts or rough prototyping. However, they found the current
3D models too blurry for �nal decision-making. One participant
remarked,�It would be helpful to get aroughidea on how to organize
ideas/room design, but higher quality would be better when making
a �nal decision�like whether I actually like that striped pattern on a
shirt.� Still, the visual and interactive nature of 3D representations
was appreciated for its speed and accessibility:�For every design
and learning scenario, it is easier, faster, and cheaper.�

Finally, participants observed that Thing2Reality primarily sup-
ports 3D objects. When working with items like paintings�objects
that are more 2D in nature�the system did not perform as well.
This suggests that content creation work�ows might bene�t from
being tailored based on whether the object is inherently 2D or 3D.

7 EXPLORATORY USER STUDY
To explore how Thing2Reality supports communication dynamics,
we conducted an IRB-approved study with nine user pairs (# = 18).
The study examined how the coexistence (DG2) and transformation
(DG3) of 2D and 3D artifacts impact user behavior, comprehension,
mental e�ort, and interaction in XR. 9 pairs of participants were
recruited for three tasks�avatar decoration, furniture arrangement,
and workspace demonstration�that required 3D object use and
transition between formats (2D-to-3D, 3D-to-2D). Since the focus
is on understanding the communication dynamics and user be-
haviors (e.g., number of objects created, spatial analysis of natural
formations, observations of behaviors) a�orded by Thing2Reality,
all tasks used digital search as the primary method.

7.1 Participants
We recruited 18 participants (7 female, 11 male) aged between 22-
29 (�G = 26”1) through the university mailing list. Most of them
(# = 16) reported being somewhat or moderately familiar with VR
technologies (Median = 2, IQR = 1, on a scale from 1 to 5). Regarding
interacting with 2D artifacts in VR, the most common 2D artifacts
they interacted with were through web pages (# = 4) and online
searches in a browser (# = 3). The study took around 90 minutes
per session, and each participant was compensated with $20 USD.

7.2 Procedure, Apparatus, and Study Setup
To explore di�erent facets of object-centric ideation, we designed
three use case scenarios. The social avatar decoration scenario
simulated informal �water cooler� interactions, where participants
searched for personal items online, converted them to 3D, and
used them to decorate their avatars while chatting casually [16].
The collaborative furniture layout scenario focused on how partic-
ipants reached consensus on spatial arrangements without tradi-
tional meeting artifacts. In an open virtual room, they searched for
furniture images, transformed them into 3D, and discussed place-
ment while managing con�icting layout preferences [26]. The multi-
phase ideation and pitch scenario explored structured remote collab-
oration, including planning, individual preparation, brainstorming
and joint presentation around objects. Participants searched for toy
ideas, developed short pitches, and co-presented them using 3D

objects and the whiteboard. This setup was informed by prior work
on �uid transitions between solo and group work [18, 39, 43, 54].

All sessions were video-recorded, and researchers collected �eld
notes on users' communication dynamics and their use of 2D and
3D content. Figure 6 shows the scene con�guration and tasks.

7.2.1 Walkthrough & Avatar Personalization (30 min, Figure 6a-b).
Participants followed a brief tutorial, then searched for personal
items online, converted them to 3D, and decorated their avatars
while conversing casually with their partners.

7.2.2 Collaborative Furniture Layout (10 min, Figure 6c).Pairs searched
for furniture images, converted them to 3D, and placed them in the
environment, collaborating through discussion to decide on layout
and selection.

7.2.3 Multi-Phase Ideation and Pitch with 2D and 3D Objects (20
min, Figure 6d).Participants selected toy ideas via image search, pre-
pared elevator pitches, and delivered a joint 2-minute presentation
using 3D objects and the whiteboard for support.

After each task, participants completed a short survey. We fol-
lowed with semi-structured interviews to assess user experience,
perceived bene�ts, limitations, and observed behaviors.

7.3 Methods
We performed a thematic analysis on interviews and observation
data. Two researchers independently coded the data to identify
initial patterns, then met to discuss, re�ne, and consolidate the �nal
themes.

7.4 Results
Overall, participants found the system easy to use and collaborate
with. They reported it was easy to communicate with their partners
(Median = 5, IQR = 0.5), complete the task using the interface (Me-
dian = 5, IQR = 1), and navigate the interface itself (Median = 5, IQR
= 1). In terms of communication-speci�c questions, participants felt
con�dent both in e�ectively showing the 3D object to their partners
(Median = 5, IQR = 1) and in understanding the perspectives and
object details their partners were referencing (Median = 5, IQR = 1).

Pairs created between 2 to 4 3D objects per session (Mean = 3.00,
SD = 0.87). 2D objects used in �nal presentations ranged from 2
to 8 (Mean = 3.89, SD = 1.83), and the total number of 2D objects
created during sessions ranged from 3 to 9 (Mean = 4.00, SD = 2.12)
(see Figure 13 for more details in Appendix). In two sessions, pairs
found it necessary to create additional 3D objects midway through
their process to better support their presentation visuals, which
demonstrates how participants adaptively responded to emerging
needs during their collaborative work. Furthermore, we observed
participants' communication dynamics, and probed participants'
perceived usability, comprehension, and mental e�orts for three
phases:(P1) the phase of their self-cognitive and examination pro-
cess when orthogonal views and 3D Gaussians were generated from
their selected image (as the objects are spontaneously generated
rather than pre-prepared);(P2) the phase when they use 2D snap-
shots and 3D Gaussians to communicate with their partners;(P3)
the phase they use 2D and 3D objects for the 2-min presentation.
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Figure 6: Study Scene and Tasks of Thing2Reality from �rst-person and third-person views: a) Overview of the immersive
environment; b) Warm-up task: avatar decoration; c) Furniture arrangement task; d) Workspace task: Toy pitch.

7.4.1 Personal Comprehension, Mental Models, and Own-
ership of Generated Objects (P1) . Our analysis revealed con-
trasting patterns in how users comprehended and claimed owner-
ship of di�erent formats: while 3D objects were strongly preferred
for understanding and treated as personal belongings, 2D represen-
tations encouraged more shared manipulation and collaborative
engagement.

Perceived Bene�ts of 3D Objects and 2D Menus. Most par-
ticipants (= = 16) preferred 3D objects over the 2D Pie Menu (= = 2)
with orthogonal views. For usage patterns, 3D Objects were used
across di�erent phases (P1-P3), while participants mainly looked at
2D orthogonal views (P1) before and after the 3D objects were cre-
ated, and rarely achieved it during collaboration. When comparing
di�erent object representations, the participants generally believed
that they could deliver their ideas more clearly with 3D objects
(Median = 5, IQR = 1) than the Pie Menu of multiple views (Me-
dian = 4, IQR = 2). Participants liked that they can spontaneously
turn any images into 3D, which is more helpful than dedicated
models,e.g., P10 articulated - �...using online images was helpful
rather than search for dedicated models.� P18 commented - �I like
its ability to take 2D things on the webpage and convert them to 3D,
I think it increases my options to �nd objects a lot more.� The 2D
Pie Menu, while used less frequently during active collaboration,
o�ered unique advantages during object examination. Its "unfolded
e�ect" provided e�cient access to multiple perspectives without
requiring extensive manipulation, ,e.g., �see the top, left, right, and
bottom makes it easier to retrieve.�Furthermore, P2 highlighted the
complementary role, �2D menu gave me a quick preview of views and
took less e�ort than the 3D manipulation�, making selections easier,
e.g., �Pre-selected views that I select from. Would make working with
many items easier and faster.� (P10), and provided clearer views,e.g.,
� the image quality is clearer� (P1).

When asking about themental e�ortsrequired using Pie Menu
vs. 3D objects for examining details, participants expressed divided
opinions. While most participants found 3D objects requiring less
mental e�ect, a few participants felt that 2D orthogonal views made
it easier to understand di�erent perspectives. For example, P10
expressed, �Easiest is the 2D menu with orthogonal views. Less easy is
2D [snapshots] since I have to select the right view and move it around.
Hardest is 3D view since moving changes how the item actually looks.�
In contrast, P17 stated, �3D object is quite easy to understand, the 2D
snapshots and orthogonal views take some e�ort to use, and I don't
think they are as helpful as 3D objects.� The remaining participants

found both options easy to understand, with P4 expressing, �2D is
same as using computer, and 3D is closer to reality.�

3D Object Ownership and Spatial Boundaries. Most par-
ticipants demonstrated strong territorial behavior in the shared
workspace, treating 3D objects as extensions of personal space.
When objects interfered with others' views, participants relied on
verbal negotiation rather than direct manipulation. For example,
P10 requested �Can you moveyour thing?� instead of moving their
partner's object (Figure 8b). This territorial behavior around 3D
objects contrasted sharply with 2D snapshot interactions. While
participants generally avoided moving others' 3D objects, most
of them treated 2D snapshots on the whiteboard as shared terri-
tory, collaboratively reorganizing them for decision-making and
collective storytelling. We observed two playful exceptions to ter-
ritorial norms that sparked social bonding and collaboration. In
Pair 3 (Figure 7a�b), P5 used her �angry potato� to humorously
invade her partner's view, prompting shared laughter and easing
interaction. In Pair 7 (Figure 10a�d), P14 initiated a spontaneous
object exchange, leading to �uid, co-creative engagement.

7.4.2 Collaborative Object Usage Pa�erns (P2) . Di�erent col-
laborative contexts led to distinct patterns in how users leveraged
2D and 3D representations. While spatial arrangement tasks (like
furniture placement without whiteboard) relied primarily on 3D
manipulation, multi-phase ideation tasks revealed diverse hybrid
strategies by allowing the integration of 2D whiteboard.

Our observations revealed three distinct approaches to using
2D and 3D objects during collaborative activities. Two pairs relied
solely on 2D objects, reorganizing them to construct narratives. The
second approach, observed in three pairs, showed intensive integra-
tion of both 2D and 3D objects, switched back and forth between
3D object discussion to whiteboard-mediated communication. The
third pattern, seen in four pairs, followed a more sequential work-
�ow, starting with 3D objects for concept discussion and consensus
building on the object choices before moving to 2D snapshots for
organizing ideas for presentation re�nement.

2D Spatial Arrangements Enable Narrative Flexibility. Pairs
used 2D-only approaches strategically arranged 2D snapshots to
craft and communicate di�erent stories, showcasing the versatil-
ity of 2D snapshots as a visual canvas for rapidly building and
discussing narratives. For example, Pair 5 developed two distinct
presentation approaches (Figure 8d-e) of their two variations of food
truck using only 2D snapshots, P10 proposed an interior-exterior
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Figure 7: Screenshots of Pair 3: (a-b) P5 used her �angry potato� creation as a tool for playful social interaction, moving the
large yellow character extremely close to her partner's view. This unexpected invasion of personal space resulted in shared
laughter. (c) Iterative design process: discussing pink octopus on whiteboard and (d) identifying need for a blue variant; (e-g)
Integrated use of 2D and 3D octopus models during �nal presentation.

Figure 8: Screenshots of Pair 5: (a) Creating 2D snapshots from 3D models; (b) Object ownership dynamics: P10 requesting "Can
you move your thing?"; (c) Capturing snapshots for presentation and discussion of viewpoint choices with P9 explaining back
view inclusion: "Just for the vibe! You know you wanna look at every angle!" (d-e) Two contrasting presentation strategies using
2D snapshots: organizing views apart for (d) interior vs. exterior design versus (e) arranging snapshots to showcase product
line variety. (f) Presentation.

narrative (Figure 8e) by organizing two variations separately- �This
is the interior of the truck (pink), and this is the exterior of the truck
(blue), so we pitch these are di�erent styles, and the kid can ride
around this one, and the inside it looks like this.� P9 instead preferred
a product line presentation, where he rearranged the separated 2D
snapshots in a line (Figure 8e) to present a chain of food trucks.
While these pairs used 3D objects primarily for generating 2D snap-
shots, a communication challenge emerged: viewers sometimes
confused a user's snapshot-taking process (repositioning 3D ob-
jects for capture) with attempts to grab attention through object
movement.

Hybrid Format Usage Catalyzes Creative Problem-Solving.
The hybrid approach enabled creative problem-solving through for-
mat integration, as demonstrated by Pair 2's rocket presentation
(Figure 9). Their process evolved through several stages, beginning
with contrasting discussion styles where P4 used the whiteboard
for explaining building blocks while P3 demonstrated his rocket
concept through 3D model manipulation. (Figure 9a-b). After select-
ing the rocket, their discussion and preparation of the presentation
structure revealed the complementary use of both formats. When
P4 proposed creating a launch animation of the rocket using 2D
snapshots, P3 identi�ed a constraint: "The ladder was there, so it
can only be static." This challenge led to an e�ective solution where
P4 used the 3D model to demonstrate how rotating to the rocket's
back view could hide the ladder (Figure 9c). They looked at the back
of the 3D model from the same perspective and reached consensus

(Figure 9d). The pair further explored creative presentation tech-
niques, with P4 enlarging the 2D snapshot beyond the whiteboard
boundaries to create a dramatic e�ect, explaining �See, we can show
that it is breaking through the sky!� (Figure 9e).

Ad-Hoc Format Referencing Bridges Exploration and Re-
�nement. The sequential work�ow demonstrated how partici-
pants could e�ectively transition between formats while maintain-
ing focused progression. While primarily sequential, these pairs
occasionally made strategic cross-format references when needed.
For example, participants e�ectively complemented 3D object dis-
cussions by quickly highlighting speci�c perspectives with 2D
whiteboard. A clear example (Figure 10e-f) emerged in Pair 9's
interaction when P17 asked questions about P18's creation, asking
� Is that supposed to be a teddy bear?� while leaning to examine the
3D object. P18 responded by utilizing the 2D whiteboard, saying
�Yes, but if you look at the side of it, I can show you the image...� and
projected a speci�c view to clarify the design, showing its imperfec-
tions. This seamless switching between 3D and 2D objects emerged
as an intuitive communication strategy, allowing participants to
direct attention where needed for clearer understanding.

Participants expressed distinct preferences for di�erent formats
based on context. Two participants speci�cally mentioned the de-
sire to hold 3D objects in their hands for better clari�cation,e.g.,
P1 shared,�This was demonstrated more fully when conducting a
workspace experiment. When I need to present a toy, holding it in my
hand is more sales-oriented�In contrast, 2D snapshots were seen as
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Figure 9: Screenshots of Pair 2: (a) Initial object selection: rocket and building blocks; (b) Contrasting discussion styles: P4
using 2D whiteboard snapshots while P3 demonstrates with 3D model; (c-d) Problem-solving sequence: P4 suggest showing
rocket launching animation on the whiteboard, while P3 noting ladder constraint, then discovering solution by rotating 3D
model to hide the ladder; (e) Creative scale manipulation showing rocket breaking through whiteboard boundaries; (f) Final
presentation combining 3D demonstration and 2D snapshot reference for retractable ladder concept.

Figure 10: Screenshot of Pair 7: (a-b) P14 grabbed the �ying car from P13, saying, � ...these are just, wings or something?�; (c-d)
P14 shared the transformer with P13, noting -� This one is kind of human-like � (e-f) For Pair 9, P18 projected one perspective
of his 3D object to show the imperfect part.

useful, and a more familiar and usual way for �professional� formats,
as they made it easier to explain particular parts of an object with-
out manipulating the 3D view. P6 mentioned, �it helped us provide
the businessperson with multiple views of the object�. The thought-
ful consideration given to viewpoint selection became evident in
participants' discussions. When P10 questioned the inclusion of
the ice-cream truck's back view on the whiteboard, P9 defended
the choice with �Just for the vibe! You know you wanna look at
every angle!� (Figure 8d). In brief, participants found the hybrid
and sequential use of 2D and 3D artifacts during the whiteboard
task particularly valuable, attributing its advantages to task-speci�c
requirements. Compared to the focused use of 3D objects in the
furniture task, the hybrid approach facilitated richer and more dy-
namic collaboration by e�ectively blending the strengths of both
formats.

7.4.3 Presentation Strategies and Format Preferences . Dur-
ing the multi-phase task, we observed distinct patterns in how
users transitioned between 2D and 3D formats as their presenta-
tions evolved. Figure 12 shows the �nal delivery outcome of the
whiteboard presentation. During preparation, 7 out of 9 pairs proac-
tively captured multiple 2D snapshots from their 3D objects to
build a comprehensive presentation narrative on the whiteboard.
Some pairs went further, using variations of 3D proxy as a creative
tool - for instance, generating multiple versions of objects to show
transitions (e.g., Pair 3 created happy and angry versions of an oc-
topus toy to show how it will change color from pink to blue, Pair
5 explored food truck variations). This re�ects their understand-
ing of how di�erent representations could serve their storytelling

needs. Participants also mentioned that the 2D representation on
the whiteboard show e�ectively the variations of these objects.

While participants generally preferred 3D objects for discussion
during their pitch preparation, they often used 2D representations
in their �nal pitch delivery. The three pairs who incorporated 3D
either to demonstrate dynamic qualities (Pair 1's moving toy car)
or to highlight aesthetic appeal (Pair 8's "cute" cat model). The
3 pairs switched between 3D object showcase to referencing 2D
artifacts pinned to the whiteboard. For example, Pair 3 seamlessly
switched between showing the blue underside of their 3D pink
octopus (Figure 7f) and referencing the corresponding 2D white-
board image (blue octopus) (Figure 7g) to illustrate the character's
emotional transition from happy (pink) to angry (blue) (Figure 7f-g),
e�ectively using both formats to tell the story.

When asking about why they used or did not use 3D objects dur-
ing presentation, participants reported awareness of the di�erent
cognitive demands of formats on presenters versus audiences. While
some (3/18) noted increased mental e�ort and attention allocated
to transitioning between 2D and 3D elements during presentation,
they recognized the value for audience comprehension,e.g., �when
trying to explain a particular part of the object, I think the snapshot
made it easier to do since we didn't have to turn the 3D object and
show it to the audience's perspective.� (P2). This resulted in hybrid
approaches where presenters would switch between 3D demonstra-
tions and 2D materials, as noted by P2: �For presentation, 3D objects
are better for communicating the actions or interactions with objects,
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while 2D can support a better organization.� This highlights the im-
portance of having the �exibility to choose the most appropriate
representation based on the speci�c communication needs.

These patterns reveal that participants don't simply prefer one
format over another, but rather develop their own strategies for
leveraging each format's strengths across di�erent presentation
phases. This validates ourDG3 of enabling �exible transitions be-
tween representations, while revealing how users naturally develop
best practices for such transitions in professional contexts.

8 DISCUSSION
Through Thing2Reality, we examined both system usability and
the broader implications of spontaneous format transformation
between 2D and 3D content.

8.1 Spontaneity of 3D Artifacts Creation
During XR Meetings

We have investigated the user expectation and interactions of
converting objects into 3D from digital vs physical sources. Par-
ticipants appreciated the �exibility to source objects from online
searches and their physical surroundings. While physical object cap-
turing o�ered realistic references, participants desired more detail
and accuracy. Converting digital items into 3D provided a wide vari-
ety of items since most items only have one perspective/view point
available only, but unpredictable sizing was a challenge, since par-
ticipants do not have physical copies in their hand. These �ndings
highlight the need for accurate size estimation in digital generation
and improved detail retention in physical capture. The combination
of 3D Gaussian splatting with multi-view di�usion models enabled
new work�ows that weren't possible with traditional scanning
methods [62, 70]. While sacri�cing some accuracy, this approach
better supported rapid object-centric design brainstorming and
handled challenging capture scenarios (e.g., large objects, occluded
views) that prior methods struggle with. This suggests the choice of
technical approach should prioritize conversation �ow over perfect
�delity. While traditional scanning methods aim for high accuracy,
our �ndings suggest that faster, more �exible approaches better sup-
port the spontaneous and evolving nature of collaborative design
discussions in XR meetings. Systems should o�er variable quality
levels matched to di�erent meeting phases - quick generation for
initial ideation, higher quality for �nal presentations. This matches
how users transition between informal and formal communication
modes during meetings.
8.2 Comparative Use of 2D and 3D Objects for

Speci�c Collaborative Tasks
We have investigated the use of 2D and 3D objects during di�erent
stages of communication and discussion process. First, the formats
showed complementary strengths in supporting collaboration. 2D
snapshots on the whiteboard o�ered easier viewpoint alignment
and consistent perspectives for all users, addressing potential occlu-
sion issues with 3D objects [21]. The 2D Pie Menu with orthogonal
views e�ectively supported spatial understanding. Extending the
Pie Menu to include additional views, such as those at 45°intervals

for a total of eight perspectives, might potentially enhance spatial
understanding but increase cognitive loads.

Second, our �ndings align with prior work on personal space and
territoriality in remote conferencing and co-located spaces with 2D
artifacts [30, 71], where we observed shared 3D objects functioning
as extensions of personal space for participants who created it. Par-
ticipants showed clear reluctance to manipulate others' 3D objects,
while readily embracing the whiteboard as a shared collaborative
space. This behavior might be in�uenced bysocial closeness, as
prior research suggests that sharing personal spaces can strengthen
bonds with family and close others [5, 37]. This might indicate the
need for providing explicit mechanisms for transitioning objects
between personal and shared spaces. We observed that users occa-
sionally misinterpreted 3D object reorientation during 3D-to-2D
projection as intentional sharing behavior. While verbal clari�ca-
tion is possible, this highlights the need for designing clearer visual
cues to di�erentiate between intentional sharing and routine 3D
object projection in mixed-reality environments.

Third, pairs developed diverse collaboration strategies through
format integration. Some only used 2D spatial arrangements for
narrative construction, while others combined formats dynamically
for creative problem-solving. Several pairs adopted sequential work-
�ows, starting with 3D exploration before transitioning to 2D for
presentation re�nement. While this �exibility supported various
collaboration styles, the mixed use of formats during presentations
sometimes increased cognitive load. Our �ndings extend beyond
prior work on 2D artifacts in multi-stage distributed or collocated
collaboration [18, 20, 30] by examining how �uid transitions be-
tween 2D and 3D formats in�uence communication dynamics. Our
study also demonstrated how users naturally developed diverse
strategies for integrating multiple formats based on their collabo-
rative needs, allowing them to tailor artifacts to di�erent contexts
and task requirements.

8.3 Limitations and Future Work
8.3.1 Scope of User Studies In XR Meetings. The two user
studies provided valuable insights into Thing2Reality features, fo-
cusing on di�erent tasks that involves sharing objects. The lab-
based study had limitations, including a small participant sample
and a single-day format that may have constrained participants'
familiarity with the system, potentially overlooking key challenges
and bene�ts. While a baseline condition (e.g., 2D screen sharing)
could o�er useful comparisons in terms of both task time and user
experience, our current focus is on exploring how participants en-
gage with 2D and 3D objects within these emerging interaction
paradigms. As such, we prioritized in-depth, exploratory user expe-
rience feedback. Future work can incorporate baseline comparisons
to more systematically evaluate how these experiences di�er across
interaction formats.

8.3.2 Limitations in Accuracy and Abstract Visualization . Our
system faces two primary challenges: accuracy limitations in pro-
fessional scenarios and di�culties in representing abstract concepts.
In contexts where precision is crucial, such as medical diagnosis
discussions [73], the current generation method may introduce
unacceptable inaccuracies. Similarly, the system struggles to e�ec-
tively visualize abstract ideas and concepts that lack clear physical
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representations. These limitations suggest two key directions for fu-
ture work. First, improving generation accuracy through automated
approaches, such as computer vision for precise object extraction
and context-aware suggestion systems based on conversation analy-
sis. Second, developing more sophisticated visualization techniques
for abstract concepts, potentially through metaphorical or symbolic
representations.

8.3.3 Object-Level Versus Scene-Level 3D Gaussian. While
our system explored 3D object-level interactions, Gaussian splatting
can also be used to generate 3D scenes [40]. This can be extended
to the exploration of the world of miniatures [8, 74] utilizing the
current state of the art. Future work could investigate the scalability
of Thing2Reality to handle larger and more complex 3D scenes
while maintaining usability and performance.

8.3.4 Enhancing Object Fidelity . The �delity of generated 3D
Gaussians can be improved by increasing the input density. How-
ever, that will result in more time spent on the rendering for the
current state [85]. Future work could investigate the integration of
these methods with Thing2Reality to improve the visual quality of
the generated objects while maintaining interactive performance.
Further improvements about the �delity could come through mul-
tiple pathways: integration of point-cloud scanning for enhanced
real-world object �delity [84], physically-based rendering (PBR) for
realistic materials and textures [2, 32], and user-guided re�nement
through 2D snapshots for more controlled generation [91].

9 CONCLUSION
We believe that XR communication has tremendous promise for
co-presence and for bridging distances between humans, yet much
focus today is on realistic rendering of avatars and remote partici-
pants. However, as XR systems mature and become increasingly
realistic, it will also become increasingly important to support a
similar level of spontaneity with objects and artifacts, as what peo-
ple experience in real environments. In this paper, we presented
Thing2Reality, an XR communication system that allows users to
instantly materialize ideas or physical objects and share them as
interactive conditioned multiview renderings or 3D Gaussians for
realistic 3D rendering. Thing2Reality is one of many necessary
building blocks towards increasingly realistic co-presence in XR,
and we hope that our work will inspire continued work towards
augmented communication in both physical and mirrored world [9].
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A APPENDIX
The top panel of Figure 11 shows average system latency broken
down into SAM, multiview diffusion, and Gaussian splatting across
20 objects and 10 trials. The bottom panel plots system performance
(FPS/ms) versus the number of 3D Gaussians with two clients. We
believe the performance and the speed of these models will become
better in the future. autoreffig:toy-pitch and Figure 13 present the
outcomes and types of 2D/3D objects generated in Study 2.
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