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Figure 1: SpatialSync enables quick cross-modal verification through synchronized navigation between 3D reconstruction (e.g.,
Gaussian Splatting) and high-resolution 2D images. Users can transition between modalities while annotatiions such as labels
or drawings remain bidirectionally linked and spatially anchored across representations.

Abstract

Recent advances in 3D reconstruction and view synthesis enable
visually rich models from casually captured images and videos, mak-
ing reconstructed environments increasingly useful for tasks such
as visual inspection and spatial search. However, these reconstruc-
tions remain imperfect. They can be noisy or incomplete, smooth
away fine detail, and introduce artifacts that limit reliable verifica-
tion. As a result, users face a trade-off between pixel-accurate 2D
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images that lack spatial context and navigable 3D models that may
be visually compelling but unreliable for confirming details. We
present SpatialSync, an interactive system that tightly couples side-
by-side 2D and 3D workspaces to reduce the cost of cross-modal
validation. SpatialSync establishes bidirectional correspondence
between modalities, allowing users to synchronize viewpoints, map
2D pixels to precise 3D locations, retrieve 2D evidence from 3D se-
lections, and create persistent cross-modal annotations anchored in
both representations. The system also supports multiple 3D repre-
sentations, including dense point clouds and 3D Gaussian Splatting,
while preserving correspondence. In a user study (N=11), partici-
pants reported that bidirectional transitions and linked annotations
improved contextual grounding and reduced re-orientation effort
when verifying fine details in reconstructions.

CCS Concepts

+ Human-centered computing — Graphical user interfaces.


https://orcid.org/0000-0003-4953-2027
https://orcid.org/0009-0009-2720-1471
https://orcid.org/0000-0002-0809-9696
https://orcid.org/0000-0001-8367-3988
https://orcid.org/0000-0001-6435-3583
https://doi.org/XXXXXXX.XXXXXXX

Conference acronym 'XX, June 03-05, 2018, Woodstock, NY

Keywords

Spatial Interaction, 2D-3D Interaction, Cross-Modal Interaction

ACM Reference Format:

Mose Sakashita, Prajit Krisshna Kumar, David Lindlbauer, Koichiro Niinuma,
and Aakar Gupta. 2026. SpatialSync: High-Frequency Cross-Verification Be-
tween 2D Images and 3D Reconstructions. In Proceedings of Make sure
to enter the correct conference title from your rights confirmation email
(Conference acronym °XX). ACM, New York, NY, USA, 12 pages. https:
//doi.org/XXXXXXX XXXXXXX

1 Introduction

3D reconstruction is shifting from sparse structure estimation to
dense and visually convincing scene representations. For decades,
Structure-from-Motion (SfM) [49] pipelines produced sparse point
clouds primarily used to recover camera poses, but these recon-
structions were visually impoverished and too incomplete for many
visual tasks beyond coarse navigation and alignment. As a result,
the images retained most of the scene’s usable visual information,
and interfaces treated the 3D model largely as a spatial index for
navigation. Today, learning-based reconstruction and view synthe-
sis methods can produce dense geometry and photorealistic novel
views from casually captured photos and video frames. In particular,
methods such as DUST3R [48] and VGGT [45], along with view
synthesis techniques like Neural Radiance Fields (NeRF) [25] and
Gaussian Splatting [16], can generate increasingly realistic 3D rep-
resentations. This progress has expanded the role of reconstructed
3D content from a “navigational skeleton” to an increasingly central
workspace for exploration and spatial reasoning.

Compared to earlier sparse reconstructions, today’s dense or pho-
torealistic models are more usable for visual inspection. They pro-
vide continuous surfaces, stronger spatial coherence, and enough
appearance detail to support many first-pass judgments directly in
3D. However, dense reconstructions remain probabilistic approxi-
mations. Specifically, they may smooth away fine details (e.g., small
text, labels, surface scratches), introduce view-dependent artifacts,
or hallucinate plausible-but-incorrect structure. Even when visually
compelling, reconstructed photorealism is frequently undermined
by artifacts such as floaters and view inconsistencies [21, 30]. As a
result, in many real workflows such as hardware inspection, real-
estate review, infrastructure documentation, users rely on the 3D
model for spatial context and coarse-to-midlevel visual assessment,
while still needing the original 2D imagery as the most reliable
source of ground-truth fine detail. In other words, dense recon-
structions are often sufficient to surface candidate findings and
localize them in context, but they are not consistently trustworthy
to adjudicate those findings at pixel-level fidelity. Users therefore
must repeatedly cross-check 3D observations against the original
2D images, which remain stable, high-resolution, and pixel-accurate
evidence of scene appearance.

Existing interfaces still make this verification loop unnecessarily
expensive. Prior systems (e.g., Photo Tourism [37]) go beyond pure
camera-hopping by spatializing photo collections using recovered
camera poses and supporting object-based photo browsing and
annotations to be transferred across related views. However, their
interaction model remains primarily organized around navigat-
ing among photos/camera viewpoints and sparse correspondences,
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which works well for browsing and storytelling but is less direct for
high-frequency verification on dense reconstructions. Professional
photogrammetry tools expose both images and reconstructions,
but their interfaces are optimized for pipeline maintenance (e.g.,
alignment, masking, control points) and often require expertise or
multi-step operations to answer simple verification questions such
as: “Which image best shows this corner?” or “Where does this
pixel land in 3D?”

We present SpatialSync, an interactive system designed to sup-
port frequent cross-modal validation between 3D reconstructions
and 2D imagery during spatial inspection and analysis. Rather than
spatializing photo collections into the 3D view, SpatialSync main-
tains separate but tightly coupled 2D and 3D workspaces presented
side by side, allowing users to exploit the distinct strengths of each
modality—high-resolution visual detail in images and global spa-
tial context in reconstructions. The system supports bidirectional,
content-centric transitions at the point and pixel levels. Users can
map individual pixels in a 2D image to their precise 3D locations, or
select a 3D region to retrieve all observing source images, ranked by
visibility and viewpoint quality. To support iterative analysis and
documentation, SpatialSync further enables persistent cross-modal
annotations, including comments, freehand drawings, and metric
measurements, that are anchored simultaneously in 2D imagery
and 3D geometry and remain reusable across sessions. SpatialSync
also supports multiple complementary 3D representations, includ-
ing point clouds and Gaussian Splatting, allowing users to switch
or blend representations while maintaining consistent bidirectional
correspondence with the underlying 2D images. We conducted a
preliminary user study (N = 11) in which participants completed
information retrieval and spatial exploratory review tasks using
SpatialSync. The study offers qualitative insights into how users en-
gaged with bidirectional interactions and linked annotations when
conducting cross-modal verification tasks between 2D images and
3D reconstructions.

In summary, our contributions include:

(1) We introduce cross-modal verification as a core interaction
challenge in workflows involving high-fidelity 3D recon-
structions, and present SpatialSync, an interaction frame-
work that enables this workflow through a side-by-side
workspace, enabling bidirectional synchronization, content-
level 2D-3D transitions, and persistent cross-modal annota-
tions.

Findings from a preliminary user study showing how users
combine 3D for spatial context and 2D for fine-detail verifi-
cation, along with implications for cross-modal inspection
systems.

—~
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2 Related Work

SpatialSync builds upon prior research in studies of visual detail
versus spatial context, 3D reconstruction techniques from 2D im-
ages, and interactive systems that bridge 2D and 3D modalities.
This section offers a comprehensive review of significant literature
in these domains.
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2.1 Visual Detail vs Spatial Context

Prior research has shown that 2D and 3D views offer complemen-
tary strengths depending on the task where 2D views typically
support precise inspection and measurement, while 3D views aid in
understanding global shape, structure, or layout [14, 39]. For exam-
ple, Wickens et al. [38] observed that users rely on 3D views to gain
a qualitative understanding of a scene and to present that under-
standing to others, while using 2D projections for tasks that demand
quantitative comparisons or precise parameter tracking. Tory et
al. [43] found that combining 2D and 3D views outperformed either
in isolation for tasks requiring both high-level spatial reasoning and
fine-grained accuracy. A range of prior focus+context visualization
systems have explored techniques to help users balance detailed
inspection with broader contextual awareness [5, 9, 15, 28, 29, 35].
These systems span diverse domains, including multi-resolution dis-
play techniques, augmented reality overlays, scientific data analysis,
and navigation in synthetic 3D environments. Building on these
studies, SpatialSync is designed to provide side-by-side workspaces
supporting smooth cross modal verification between 3D reconstruc-
tion view to help users understand spatial context and 2D images
for precise and detailed validation.

2.2 3D Reconstruction from 2D Images

Recent advances in computer vision have made it increasingly fea-
sible to reconstruct 3D scenes from casually captured images and
videos. Traditional pipelines such as Structure-from-Motion (SfM)
[49] and Multi-View Stereo (MVS) [34] recover camera parameters
and geometry through multi-stage optimization, typically produc-
ing sparse point clouds (and, when successful, coarse meshes) that
are well-suited for pose estimation and navigation. For many vi-
sually grounded tasks, however, these outputs are too incomplete
and visually impoverished to support inspection: fine-grained ap-
pearance remains largely “locked” in the source imagery, and the
3D model functions primarily as a spatial index over 2D views.

In contrast, recent learning-based reconstruction methods, in-
cluding CUT3R [47], VGGT [45], and related approaches [46, 48, 52],
have substantially increased reconstruction density and visual co-
herence. These feed-forward or hybrid methods can produce geom-
etry that is useful not only for navigation, but also for first-pass
visual inspection where users can perceive surfaces, continuity, and
spatial relationships directly in 3D. View synthesis methods such
as NeRF [25] and Gaussian Splatting [16] further improve appar-
ent realism by representing scenes volumetrically and enabling
photorealistic renderings from novel viewpoints. However, even
these dense representations remain imperfect as sources of visual
truth. Reconstructions may smooth away high-frequency detail or
contain missing or inconsistent geometry, while view synthesis
can introduce view-dependent artifacts such as floaters [21] and
popping [30] and often fails to match the sharpness of the original
2D evidence. A growing body of work augments reconstruction
with diffusion-based generative priors [20, 26, 50, 51], for example
by synthesizing additional views to fill gaps and improve appear-
ance. While these techniques can increase visual completeness,
they also complicate verification since generated views may not
correspond to any captured image, making it difficult for users to
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confirm whether a visually plausible detail reflects the physical
scene or the model’s prior.

Across both reconstruction and view synthesis, a persistent ver-
ification gap remains. Dense 3D representations are increasingly
useful for inspection and spatial reasoning, but the original 2D im-
ages still provide the most reliable, pixel-accurate evidence for fine
detail. SpatialSync addresses this gap by introducing interaction
techniques that couple 3D reconstructions with their underlying
2D imagery for rapid, high-frequency validation.

2.3 Spatial and Cross-Modal Interaction

HCI systems have explored cross-modal interaction and annota-
tion across 2D and 3D representations in domain-specific settings.
For example, RealityEffects [19] supports authoring effects and
annotations in volumetric video; VRSketchln [10] and SymbiosisS-
ketch [3] investigate pen- and tablet-based workflows that blend
2D sketching with 3D volumes; and Marcillat et al. [23] project
2D image annotations onto 3D models for underwater scenarios.
Other systems connect modalities for collaboration and learning:
Thing2Reality [13] links 2D whiteboards with 3D content in mixed
reality, LoKi [40] combines high-fidelity 2D video with volumet-
ric 3D data for learning, and TransceiVR [41] enables asymmetric
communication where 2D drawings are projected into a shared 3D
environment. Hybrid interfaces have also been explored in medical
imaging workflows, integrating 2D annotations with 3D models
to support diagnosis [22]. SharedNeRF [32] blends point cloud and
view-synthesis rendering techniques to better support real-time
interactions.

SpatialSync also builds on a long lineage of systems that link
images to spatial representations for navigation, exploration, and
annotation. Early work on spatializing photo collections, most no-
tably Photo Tourism [37], demonstrated how recovered camera
poses and sparse geometry can organize large collections and en-
able object-based navigation and transferring annotations across
views. PhotoCloud [7] supports interactions with coupled 2D and
3D with spatially meaningful photo layout, while Nuernberger et
al. [27] study “snapping-to-photos” techniques for virtual travel in
reconstructed environments. Related systems use reconstruction
as a scaffold to connect overlapping media for browsing and sto-
rytelling, such as Videoscapes [42], or to assist content creation
and labeling during reconstruction, such as interactive architec-
tural modeling from photo collections [36]. More recent work also
aligns photo collections with terrain or map context for immersive
navigation (e.g., Immersive Trip Reports [6]). Much of the founda-
tional literature frames 2D-3D correspondence around browsing
and viewpoint-based navigation rather than rapid, repeated verifi-
cation of fine-grained visual claims against pixel-accurate source
evidence. Commercial photogrammetry and spatial capture tools,
including Autodesk ReCap [4], Agisoft Metashape [2], RealityScan
[12], and Matterport [24], expose links between images and recon-
structions. However, these systems are largely designed around pho-
togrammetry and 3D maintenance workflows (such as alignment,
masking, and control-point editing) and typically require expert
knowledge or multi-step operations to resolve simple verification
queries. In contrast, SpatialSync is designed for high-frequency
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Figure 2: SpatialSync interface overview. SpatialSync combines a 3D Reconstruction Viewer (left), 2D Image List (top right), and
2D Image Viewer (bottom right). The system enables users to explore spatial context in 3D while referencing high-resolution
2D images, with support for bidirectional selection and image search.

2D-3D verification and visual analysis, presenting images and re-
constructions in a side-by-side workspace with bidirectional and
content-level linkage, enabling users to rapidly pivot between pixel-
accurate 2D evidence and spatial 3D context in a few interactions
when resolving routine verification queries.

3 SpatialSync

SpatialSync is designed to support tasks that require the comple-
mentary strengths of high-resolution 2D images and spatially coher-
ent 3D reconstructions. In many real-world scenarios, users should
be able to quickly move between these two modalities, leveraging
the spatial overview and initial observations offered by 3D and
relying on the visual fidelity of 2D images to inspect fine-grained
details such as text, surface defects, or material properties. Alter-
natively, users may notice a detail in a single image and need to
situate it within the broader scene, understanding its 3D location,
its relationship to nearby structures, and whether similar features
appear elsewhere. This process often requires quick access to the
most informative supporting views and shifts between the two
representations. SpatialSync is designed to make these transitions
lightweight and accessible to non-experts, allowing users to move
from 3D to 2D (context — focus), and from 2D to 3D (focus —
context).

3.1 Overview

SpatialSync provides side-by-side 2D and 3D workspaces for high-
frequency cross-verification between 2D images and 3D reconstruc-
tions through three core features. First, it provides Bidirectional
View Synchronization, allowing users to align the 2D and 3D views,
for example, switching the 3D camera to match a selected image’s
perspective or identifying the image corresponding to a selected
3D viewpoint. Second, it supports Modal Transition Navigation, en-
abling users to locate a point of interest in one modality and directly

transition to its counterpart in the other. Users select a detail in
an image to reveal its location in the 3D reconstruction, or start in
3D and reveal relevant original images. Lastly, the system supports
Linked Annotations, user-authored annotations that link image
regions and 3D locations, remaining accessible across sessions to
support iterative analysis or documentation and collaboration. This
workflow enables high-frequent focus< context transitions, al-
lowing users to seamlessly shift between detailed visual inspection
and holistic spatial understanding, and to carry out complex tasks
such as visual search, defect analysis, and spatial documentation.

A user can simply start SpatialSync by providing a set of im-
ages and the system automatically establishes the correspondences
and shows the visualization interface. As illustrated in Fig. 2, the
SpatialSync interface consists of three main components:

3D Reconstruction Viewer: Shows the reconstructed scene
along with camera frustums, allowing users to freely navigate using
mouse or keyboard input to examine spatial layout and identify
regions of interest.

2D Image List: A scrollable panel of thumbnails representing
all input images corresponding to the scene. The image selected
by the user is highlighted in the panel, enabling quick switching
between images.

2D Image Viewer: Displays the selected image in detail, with
support for zooming, panning, and region-based annotations. This
serves as the primary interface for detail-first workflows.

3.2 Bidirectional View Synchronization

When users identify an object or region of interest in a 2D image,
aligning the 3D view to the same perspective typically requires
manual navigation through a process that is time-consuming and
cognitively demanding. Without clear spatial cues, users may strug-
gle to establish a mental connection between the 2D image and
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its 3D location, leading to disorientation or additional effort. Con-
versely, users exploring a 3D reconstruction may want to inspect
finer details via the original images, but locating the most relevant
views requires guessing or tedious search.

To address these challenges, SpatialSync supports bidirectional
view synchronization, which keeps 2D and 3D views spatially
grounded. This functionality helps users rapidly align perspectives
between modalities, making it easier to stay “on the same page”
cognitively and visually. Below, we describe how synchronization
works in both directions.

3.2.1 2D-to-3D synchronization. As demonstrated in Fig. 3, when
a user hovers over an image in the 2D image list, the corresponding
3D camera pose rendered as a camera frustum is highlighted in
the 3D view, providing immediate spatial grounding. These camera
poses represent where these original images were captured. Se-
lecting an image causes the 3D viewer to automatically transition
to that image’s original camera pose and camera parameters such
as field-of-view, aligning the viewpoint accordingly. At the same
time, the image is displayed in full in the 2D viewer for detailed
inspection. This interaction allows users to move seamlessly from
image-based exploration to spatial reasoning by situating the image
within the broader 3D context.

3.22  3D-to-2D synchronization. In many workflows, users begin
by exploring the 3D reconstruction to understand spatial layout or
identify regions of interest, then need to inspect those regions in the
original high-resolution images. In large-scale scenes with hundreds
of source images, manually determining which images provide the
most informative views can be time-consuming and error-prone.
SpatialSync reduces this overhead by providing two complementary
mechanisms for synchronizing from 3D to 2D. First, users can
interact directly with camera frustums rendered in the 3D view
(Fig. 4), each of which represents the position and orientation from
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which a 2D image was captured. Hovering over a frustum highlights
its corresponding image, while selecting a frustum loads that image
into the 2D viewer and aligns the 3D view to the same perspective.
This interaction allows users to quickly connect spatial locations
in the reconstruction with their source imagery. Second, users can
enable an automatic image synchronization mode in which the 2D
viewer continuously updates to display the image whose camera
viewpoint most closely matches the user’s current 3D view (Fig. 5).
This mode supports fluid exploration by automatically surfacing
the most relevant 2D evidence as users navigate the scene, without
requiring explicit selection. Together, these mechanisms provide
lightweight access to high-fidelity 2D imagery from within the 3D
environment, supporting efficient verification of fine-grained visual
details. In some scenarios, users may prefer to explore 2D and 3D
content independently. For example, one might want to maintain a
global overview in 3D while inspecting a series of images in detail,
or keep a single image as a visual reference while freely navigating
the scene. To support these workflows, SpatialSync allows users to
toggle synchronization on or off at any time, providing flexibility
in how views are coordinated.

3.3 Modal Transition Navigation

While bidirectional view synchronization provides spatial ground-
ing at the image level, many tasks require more localized, fine-
grained transitions between modalities. SpatialSync supports modal
transition navigation, enabling users to move seamlessly between
specific features in 2D and 3D—not just aligning camera viewpoints,
but directly identifying and navigating to corresponding elements
with pixel- or point-level precision. For instance, a user may wish
to select a small visual detalil (e.g., a label, a defect, or a tool) in a
2D image and examine its position and surroundings in 3D. Con-
versely, when exploring a 3D reconstruction, a user may encounter

Figure 3: Hovering over a 2D image highlights its correspond-
ing camera frustum in the 3D reconstruction. Clicking a 2D
image automatically orients the 3D viewer to the associated
camera pose and loads the selected image into the focused
2D viewer.

Figure 4: Hovering over a camera pose in the 3D reconstruc-
tion highlights the corresponding 2D image in the image
list. Clicking the camera pose loads the associated image in
the 2D viewer and synchronizes the 3D view to match the
selected image’s viewpoint.
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Figure 5: As the user navigates in the 3D Reconstruction Viewer (top), the system continuously updates and displays the closest

2D image (bottom) based on the current 3D viewpoint.

an object of interest and want to retrieve all images that captured
it, to verify surface textures, lighting conditions, or image quality.

3.3.1 Focus — Context. As demonstrated in Fig. 6, by clicking on
any pixel in the image, the system retrieves the corresponding 3D
point from the reconstruction. The 3D viewer then navigates to
center the camera on the selected point and updates the pivot for
rotation accordingly, allowing users to rotate, pan, or zoom around
the region of interest. This enables smooth transitions from fine-
grained image inspection to spatial exploration at the pixel or point
level.

3.3.2  Context — Focus. While users could manually search nearby
frustums or synchronize the 3D viewpoint with the image viewer,
it is often unclear which images contain the most useful views,
especially when image quality or coverage varies. To support this,

Figure 6: Users can click on a specific region within a 2D
image, and the 3D viewer will automatically navigate to the
corresponding location in the reconstruction.

the user can click directly on the 3D model. As shown in Fig. 7,
the system casts a ray from the screen-space cursor and identifies
points within an adjustable radius of the clicked location. It then
determines which input images observe those 3D points. These
images are ranked based on the number of visible points, then pre-
sented as a sorted list in a dedicated tab within the 2D image list.
The corresponding 3D points are also highlighted in the reconstruc-
tion viewer, offering immediate visual feedback. This mechanism
allows users to quickly retrieve and compare relevant images, iden-
tify the most informative views, and transition into focused visual
inspection with minimal effort.

3.4 Linked Annotations Between Modalities

While transient correspondences presented above provide light-
weight visual link between the modalities and support on-the-fly
navigation and exploration, many tasks require users to preserve
observations, mark important locations, or communicate insights
across sessions. To support these needs, SpatialSync allows users
to create persistent correspondences through spatially anchored

Mimages  Region 0.40-017008

Figure 7: Clicking on a point in the 3D reconstruction triggers
a spatial query that identifies nearby 3D points and retrieves
all 2D images that capture that region. These relevant images
are displayed in a new tab within the 2D image list, allowing
users to select the optimal image for detailed visual inspec-
tion.
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Linked Distance Measurement

Linked Angle Measurement

Figure 8: Persistent Linked Annotations. Users can create bidirectionally linked annotations, such as drawings, comments,
distance, and angle measurements, directly within the 2D Image Viewer. These annotations are automatically synchronized
with the corresponding location in the 3D Reconstruction Viewer and remain accessible across sessions.

annotations that link 2D image content to 3D reconstruction, as
shown in Fig. 8.

3.4.1 Comments. Users can place a comment on any region of an
image by clicking within the 2D viewer and typing a note. The
comment is immediately visualized in both the 2D image and the
corresponding 3D location. These comments serve as persistent
reference points for revisiting observations, leaving contextual
notes, or sharing information with collaborators.

3.4.2 Drawings. Users can draw directly onto the 2D image, such
as sketching outlines, highlighting regions, or adding arrows. These
drawings are projected into the 3D space by finding the correspond-
ing 3D points along the pixel trajectory drawn by the user on the
image, allowing spatially meaningful visual markings that retain
their original context.

3.4.3 Measurements. For quantitative tasks, users can add mea-
surements by selecting two or more points on the 2D image. Spa-
tialSync retrieves the corresponding 3D coordinates and computes
distances or angles, then overlays the results as visual elements
in both the 2D and 3D views. This allows users to analyze object
dimensions or spatial relationships.

These annotations—comments, drawings, and measurements—can
be created directly from the 2D image viewer and are automati-
cally projected into the 3D scene, maintaining a bidirectional link
between modalities. All annotations in 3D are interactively linked
back to their source image.

Because these annotations can persist across sessions, they sup-
port collaborative review, long-term documentation, and iterative
analysis. By tightly linking observations across modalities, Spatial-
Sync enables users to preserve, revisit, and share insights without
losing spatial grounding or identified visual detail.

3.5 Implementation

SpatialSync employs a client-server architecture built on the Viser
visualization framework [1]. The server, implemented in Python,
handles 3D data processing and coordinates communication with

clients, while the browser-based client renders visualizations and
captures user interactions. Upon startup, the server processes a set
of user-provided images to generate a 3D reconstruction using the
VGGT model [45]. The server also manages a WebSocket server to
transmit scenes to connected clients. We extend Viser’s base func-
tionality with custom message handlers for interactions such as
point cloud selection, pixel-to-3D-point mapping, and visualization
management. The client consists of React components that render
the 3D scene using Three Fiber, with components for the image
viewer and interactive visualization tools. Communication between
components operates through a bidirectional WebSocket protocol,
enabling real-time updates as users interact with either the 2D or
3D representations of the scene. Message handlers on both ends
process events including camera movements, image selection, and
the creation of measurements or annotations. The persistent an-
notations are linked across modalities, stored as JSON files, and
can be reloaded in later sessions to support iterative analysis and
documentation.

4 Usage Scenarios

We illustrate how SpatialSync can support various tasks that require
both high-fidelity visual detail and spatial context. The following
scenarios highlight how users can leverage bidirectional navigation,
transient correspondences, and persistent annotations to perform
spatial inspection, visual search, and collaborative analysis. Most of
the datasets used in our scenarios and demonstrations are derived
from the SMERF dataset [11] and the LERF dataset [17], with the
exception of the hardware scene, which was created using our own
custom data.

4.1 Reviewing Hardware Prototyping

Consider a scenario where an engineering student sends a video of a
hardware prototype to their instructor for feedback. Fig. 9 illustrates
that, using SpatialSync, the instructor can view a 3D reconstruction
of the device and quickly identify components like microcontrollers
or sensors based on spatial layout. To verify wiring or identify
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Figure 9: Hardware Review Scenario. Users inspect compo-
nents in 3D, retrieve relevant 2D images to view wiring de-
tails, and leave persistent annotations for documentation.

Figure 10: Label Information Retrieval. Users can select an
item based on its spatial context and geometry in the 3D view,
retrieve all images capturing that region, and examine the
clearest image of the label or price tag in the 2D viewer.

specific modules, they can select a region in 3D and retrieve images
that show the detail at high resolution. If the instructor notices a
wiring issue or component mismatch, they can add a persistent
comment directly onto the relevant image, which is linked to the
3D location for spatial context. These annotations make it easy to
give targeted feedback and support iterative review across versions
or submissions.

4.2 Label Information Retrieval

In retail or storage settings, users often need to verify product
details—such as labels, prices, or placement—across a large, visu-
ally dense environment. With SpatialSync, a user can load image
datasets of a store aisle and explore both the spatial layout and
fine-grained visual details of products, as shown in Fig. 10. For
example, to find the price of a specific fruit, the user can navigate
through the 3D reconstruction to locate the item’s position on the
shelf, then retrieve the most relevant high-resolution image that
clearly shows the price tag. Once identified, they can annotate the
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image with a comment for future reference, preserving both the
visual and spatial context for documentation or review.

5 User Study

We conducted a preliminary user study to explore how SpatialSync
supports tasks that require both spatial awareness and fine-grained
visual inspection, and to better understand how users value and ap-
propriate its bidirectional 2D-3D interaction techniques designed
to support high-frequency cross-modal verification. Rather than
benchmarking performance against an existing baseline, the goal of
the study was to qualitatively assess whether SpatialSync’s interac-
tion techniques and its design support users’ real-world inspection
and review workflows, and to surface strengths, limitations, and
opportunities for refinement. We recruited 11 participants (2 female,
9 male), aged 23 to 45 (Mdn = 27), all of whom received a $60 gift
card for their participation. We did not require prior experience
with 3D software or related tools.

5.1 Tasks

We designed two tasks to reflect common real-world scenarios in
which users must repeatedly transition between spatial context
and detailed visual evidence. These tasks were chosen to exercise
different aspects of SpatialSync’s interaction design.

5.1.1 Information Retrieval Task. Participants were asked to locate
two specific products in a dense grocery store aisle using Spatial-
Sync. They viewed a 3D reconstruction synchronized with a set of
high-resolution 2D images (178 images), showing the same scene as
demonstrated in Section 4.2. Their objective was to quickly find tar-
get items, identify them, and write down the corresponding prices
directly on an aisle diagram (see Fig. 11). This task was designed to
simulate scenarios that require both spatial orientation (e.g., finding
the correct shelf) and visual detail (e.g., reading price tags).

5.1.2  Exploratory Home Review Task. Participants completed two
subtasks simulating real estate scenarios: one from a homebuyer’s
perspective and one from a real estate agent’s perspective.

Task A: Homebuyer Perspective. Participants imagined they were
evaluating a room as a potential homebuyer. They were provided
with a visualization that included several linked annotations in
3D reconstructions and 2D images (see Fig. 12). Their task was

Lemon

red grapefruit

Figure 11: Diagram the participants used to place the items
for the information retrieval task.
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Figure 12: The house scene filled with persistent annotations
created by the “real estate agent,” which participants inter-
acted with to explore and learn about the home during Task
A of the Exploratory Home Review task.

to review key room specifications via annotations, examine high-
lighted design features such as furniture and decor, and use both the
3D view and 2D images (235 images) to develop a comprehensive
understanding of the space. Participants were instructed to take
notes during a 5-minute review and then provide a 1-minute verbal
summary of their observations to the researcher.

Task B: Real Estate Agent Perspective. In this task, participants
assumed the role of a real estate agent preparing a visual presenta-
tion for a client. Using SpatialSync, they explored and identified
items or design features in the same scene (274 images). They were
also asked measure and annotate key spatial metrics, for example,
determining the dimensions of a couch and estimating how many
people it could comfortably accommodate. In addition, participants
identified two or more design features they would recommend to
a client and added linked annotations directly to the visualization.
After 5 minutes of exploration and annotation, participants gave a
1-minute summary of their findings and recommendations.

5.2 Procedure

The study began with participants completing an informed consent
form, followed by a brief tutorial on the core features of Spatial-
Sync. Participants were given time to practice these features before
beginning the tasks. They first completed the Information Retrieval
Task. Then they were introduced to the linked annotation feature.
After practicing this feature, they proceeded with the Exploratory
Review Task. After completing both tasks, participants filled out
a post-study questionnaire, which included the System Usability
Scale (SUS) [8] and open-ended questions for qualitative feedback.

5.3 Results and Feedback

SpatialSync received a mean SUS score of 73.0, placing it in the
“Good” usability category and corresponding to the 70th-80th per-
centile based on industry benchmarks [18]. We now summarize the
insights from the feedback of the participants.

Bidirectional View Synchronization. Participants consistently high-
lighted how bidirectional synchronization helped maintain spatial
grounding and connect views across modalities. P1 found it “bene-
ficial to see the elements from both 2D and 3D views,” while P6 noted
they “definitely switched back and forth between the two views, with
the 3D view providing more of an overview of the space and the 2D
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view providing more details.” This complementarity was central to
task performance, as P6 emphasized: “since the two views provided
different kinds of information, using both helped me complete the
tasks better”

For P5, the combination was not just helpful but essential: “With-
out the 2D views, the 3D would likely be insufficient for identifying
fine details. Similarly, without 3D, it would be more cumbersome to
identify all of the features in a timely manner.” P1 described it as
“intuitive to get some local information from 2D images, and then
mapping it to the corresponding 3D model helps to add its global
position information,” while P11 echoed this need by pointing out
that “the point cloud was too coarse to be able to capture the low-level
details, hence it was useful having the synced 2D views.”

Participants also relied on bidirectional navigation for effective
search: “If the 3D view does not help, quickly looking through the
images helps in navigating the 3D environment,” said P4. P11 found
it helpful to “see the coarse location in the 3D view and then find the
corresponding camera poses and inspect the 2D picture to read the
details.” P1 summarized the general sentiment: “To search for some
spatial information, it is necessary to frequently exchange the views
between the 2D image and 3D model.”

Modal Transition Navigation. Transient point-level correspondences
were especially valued for exploration and verification. P7 described
how they “used the CTRL-click (3D to 2D image retrieval) feature a
ton to find high-res images of objects I found in the 3D model,” and
P5 similarly noted, “clicking on a part of the 3D model to find the
corresponding image greatly improved my workflow.” This helped
narrow the search space, as P4 explained: “sometimes the 3D model
is not accurate, but clicking on it gives the image representation as
well”

Participants found this transition from spatial context to detailed
views highly effective. ‘T found it very easy to match these 3D el-
ements to the corresponding 2D images ... because ... anything in
3D can be tracked back to its 2D source,” said P5. P10 praised the
2D-to-3D pipeline, saying it “was seamless, made it super easy to un-
derstand the 3D point I was interacting with directly from 2D image.”
P2 found that with modal navigation, ‘T could easily find images
I needed,” and P6 emphasized how helpful it was “to look through
multiple 2D images to find one with a good angle to read the price.”

Linked Annotations. Persistent annotations—including comments,
drawings, and measurements—enabled users to externalize their
thinking and revisit observations across sessions. P5 described how
the ability to “add measurements and comments to the scene further
solidified my overall understanding of the scene, allowing me to take
notes along the way.” P11 appreciated the tight linkage across views,
noting that “the ability to add measurements or comments in one
view and seeing those changes reflected in the other view is useful
because then I don’t have to find which specific image I annotated.”

This annotation linking supported personal reference as well as
reviewing existing annotations in the scene. P9 found it helpful that
annotations “helped me keep track of notes to myself,” and P2 noted
that ‘clicking comments and seeing the view from specific viewpoints
are helpful” in quickly regaining spatial context.
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While overall feedback was highly positive, participants iden-
tified a few areas for improvement, particularly related to perfor-
mance and visual quality. Several users reported noticeable lag
when interacting with the 3D model. P11 noted, “there was a bit
more lag than I would’ve liked,” while P3 mentioned the delay in
the image retrieval process commenting that “it would be nice if
the (point-based image) search function was faster.” In addition, par-
ticipants expressed a desire for higher-fidelity 3D reconstructions
to better support detailed spatial reasoning. P5 suggested that “a
higher fidelity scene representation (like 3DGS) would have made it a
bit easier,” highlighting the limitations of the point cloud render-
ing in its current form. These reflections point to opportunities
for improving rendering performance and visual realism in future
iterations of the system (see Section 6.1).

The results from the user feedback validated the core premise of
SpatialSync, that enabling bidirectional, synchronized interaction
between 2D images and 3D reconstructions enhances users’ ability
to perform spatially and visually demanding tasks. Participants
consistently leveraged the strengths of both representations—using
3D views for orientation and global context, and 2D images for fine-
grained inspection and verification. The combination of transient
navigation and persistent annotations supported not only efficient
information retrieval but also meaningful spatial reasoning and
documentation.

6 Discussion

We reflect on the limitations of SpatialSync and outline opportuni-
ties to expand its capabilities in future work.

6.1 Visual Fidelity and Complementary 3D
Representations

Our current system primarily relies on VGGT point cloud recon-
structions, which provide stable geometry and reliable correspon-
dence to source images. However, participants in the user study
noted limitations in visual fidelity, particularly when inspecting
fine-grained spatial detail in the 3D view. In response to this feed-
back, we explored integrating 3DGS [16] as an optional high-fidelity
rendering layer. This extension allows users to access photorealistic
view synthesis while preserving bidirectional correspondence with
the underlying 2D imagery and VGGT spatial structure (see Fig.
13). Users can toggle between or blend point cloud and 3DGS repre-
sentations depending on task needs. The point cloud remains effec-
tive in regions with sparse coverage or uncertain geometry, while

"‘Gaussia‘n Splatting Blended Rendering = VGGT Point Cloud
Figure 13: Users can switch or blend between aligned VGGT
point cloud and 3D Gaussian Splatting (3DGS) renderings

while preserving consistent spatial correspondence.
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3DGS provides smoother and more visually coherent renderings in
well observed areas. This exploration highlights a broader design
opportunity of supporting multiple complementary 3D represen-
tations within a cross-validation interaction framework proposed
by this paper. Rather than replacing one representation with an-
other, enabling users to fluidly switch or combine them may better
accommodate varying data quality and inspection needs.

6.2 Accommodating Dynamic 3D Scenes

SpatialSync is currently designed for static scenes in which the
3D reconstruction is derived from a set of images or video frames
that capture the static scene. However, many real-world scenarios
involve dynamic elements, such as people or vehicles in motion.
Extending the system to support dynamic 3D scenes could open
up new workflows—for example, selecting a moving object in a 2D
image to visualize its trajectory in 3D, or enabling camera-following
behaviors to track dynamic targets across frames. Incorporating
temporal correspondences and persistent 3D trajectories would en-
hance the utility of SpatialSync for analysis tasks involving move-
ment, surveillance, or event review.

6.3 Supporting more modalities to engage with
3D and 2D representations

While SpatialSync currently supports bidirectional navigation be-
tween 2D images and 3D model, participants expressed interest in
richer querying capabilities, particularly the ability to search using
natural language or semantic attributes. For example, a user might
want to search for “chair” or “car” and instantly locate all relevant
2D and 3D instances. This could be achieved by integrating seman-
tic segmentation or visual grounding models into the 2D analysis
pipeline, and propagating those labels to the 3D point cloud. Do-
ing so would enable more flexible, task-driven access to content
across modalities, facilitating efficient inspection, annotation, and
retrieval.

6.4 Asynchronous and Synchronous
Collaboration

Persistent annotations in SpatialSync are well-suited for asynchro-
nous collaboration, allowing users to leave comments, drawings,
or measurements for others to review later with both spatial con-
text and source-image evidence preserved [44]. Future versions of
SpatialSync could similarly support asynchronous handoff through
annotated 2D-3D evidence trails that users can revisit and extend
across sessions. Beyond asynchronous review, SpatialSync could
also support real-time, synchronous collaboration. Since the sys-
tem already operates with a client-server architecture, interactions
such as viewpoint changes, 3D selections, retrieved evidence im-
ages, and annotation creation could be broadcast across multiple
users in real time. Prior work on remote collaboration highlights
the importance of preserving spatial awareness, and collaborators’
locus of attention during distributed spatial tasks [31, 33]. Building
on these ideas, SpatialSync could expose collaborators’ active view-
points, selected regions, inspected images, and annotation activity
as shared awareness cues.
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7 Conclusion

We present SpatialSync, an interactive system that unifies high-
resolution 2D images and 3D reconstruction through bidirectiional
synchronization, modal transition navigation, and persistent linked
annotations. By allowing users to freely move between 2D details
and 3D representations, SpatialSync can support new workflows for
tasks that require high-frequency cross modal verification between
visual detail and spatial awareness, such as spatial search, inspec-
tion, and collaborative documentation. Our user study showed that
participants relied on the complementarity of 2D and 3D views to
complete complex spatial reasoning tasks.
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