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Abstract

Virtual Reality (VR) can enhance qualitative understanding of data by making measures and scales experiential, but often sacrifices
quantitative precision. In contrast, traditional visualizations such as charts excel at quantitative analysis but fail to convey natural
experiences of data. We introduce BridgeVis, an approach that bridges this gap by integrating interactive 2D charts into 3D VR
environments, combining the strengths of both representations. We define a design space comprising three dimensions to guide
the creation of immersive data experiences: interaction modes, linking mechanisms, and mapping directions. Building on this
design space, we developed four prototypes spanning diverse data types and narrative contexts. Findings from a user study (N=12)
indicate that BridgeVis effectively supports both quantitative analysis and qualitative experience, while not imposing additional
cognitive load. This work contributes a validated design framework, empirical validation, and design implications for creating

hybrid immersive tools that bridge precision and immersion.
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1. Introduction

A widely adopted approach to enhancing public understand-
ing of data is visualization. By converting abstract data into
graphical elements, visualization helps audiences grasp com-
plex information, discern relationships, and uncover potential
associations [1]. For example, data-driven storytelling [2], as a
common approach to enhancing users’ understanding of data,
has been extensively applied in fields such as journalism [3]],
business [4], and education [5]. In recent years, the forms in
which the public receives information have diversified along-
side advances in technology. For instance, the growing acces-
sibility of virtual reality(VR) has provided users with an im-
mersive way of experiencing virtual content, thereby extending
the boundaries of data visualization. Building on this charac-
teristic, Lee et al. proposed the concept of Data Visceralization
[6]. Compared with conventional data storytelling approaches,
this method enables users to experience reconstructed informa-
tion within a VR environment, thereby enhancing their com-
prehension of measurements and units in a more engaging and
immersive manner. However, this approach may forfeit some
advantages of traditional visualization, it can be less effective
in conveying precise values and supporting comparative analy-
sis. Moreover, for data that do not represent physical quantities,
data visceralization remains limited, as it still requires users to
engage in mental conversion to fully grasp the meaning.

Therefore, a natural question arises: can the advantages of
traditional 2D visualization and virtual reality be combined to
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complement each other? A substantial body of research has
explored the integration of 2D and 3D visualization through
extended reality (XR) technologies. For example, some ap-
proaches allow seamless switching between 2D and 3D visual-
izations in mixed reality environments [/], while others create
hybrid visualizations by compositing 2D charts into 3D con-
texts 8L 9]. These efforts largely focus on transforming or
comparing data in the form of charts, using XR to strengthen
users’ quantitative analytical capabilities. However, their con-
tribution to qualitative understanding and experiential engage-
ment remains limited. In contrast, the work of Zhou et al. [[10]]
offers a new direction, by leveraging the strengths of 2D screens
(effective for presenting precise data) and 3D environments (ca-
pable of delivering concrete, experiential immersion) they pro-
pose a hybrid data storytelling method designed to enhance per-
suasiveness, immersion, and user experience. Nonetheless, this
study primarily outlines potential design directions and chal-
lenges, without conducting detailed testing or analysis.

To further explore the potential of combining 2D visualiza-
tion with immersive 3D scenes in supporting data comprehen-
sion, we propose BridgeVis, an experience that embeds inter-
active 2D charts within virtual reality experiences. In this ap-
proach, while data is reconstructed or narrative experiences are
designed in a VR environment, an interactive 2D chart is simul-
taneously added to the scene, enabling users to connect quan-
titative analysis with qualitative engagement via interactions.
For example, when exploring a reconstructed skyscraper model
in VR, users can quickly fly to the top of the building to gain
an intuitive sense of its height. However, precise height com-
parisons within the scene is less convenient due to perspective



distortion. Similarly, when the fluctuations of the NASDAQ
index are represented as a roller coaster ride experience, users
unfamiliar with the stock market may vividly experience the
thrills of its volatility, yet their perception of macro level trends
remains less clear than with traditional 2D charts. To address
these issues, we designed an interactive panel that follows the
user’s left hand during the VR experience. The panel displays a
2D chart visualization of the scene’s corresponding data, along
with supplementary information. Compared to static annota-
tions embedded in the environment, our approach allows users
to engage through a series of interactions, providing a more in-
tuitive experience while strengthening the connection between
qualitative understanding of the data and quantitative analysis.

In this study, we introduce a design space to better charac-
terize BridgeVis, consisting of three dimensions: Interaction
Mode, Linking Mechanism, and Mapping Direction. Interac-
tion Mode captures the ways in which users interact with 2D
charts and 3D environments within VR. Linking Mechanism
describes how qualitative experiences and quantitative analysis
can be connected through different strategies in immersive set-
tings. Mapping Direction reflects whether user behaviors are
primarily driven by 2D quantitative information or 3D qualita-
tive experience, thereby illustrating the direction of interaction
flow. Building on this design space, we developed four VR pro-
totypes using real-world datasets. Among them, S1 and S2 fo-
cus on reconstructing physical measurement data at scale, while
S3 and S4 explore the integration of immersive data-driven sto-
rytelling with interactive charts for abstract data. Each pro-
totype demonstrates the application of our design space from
different categories and perspectives. Specifically, we instanti-
ated the dimensions of Interaction Mode, Linking Mechanism,
and Mapping Direction to tailor the experience for each data
type, ensuring a structured connection between the 2D analyti-
cal charts and the 3D immersive environments.

To evaluate the effectiveness of BridgeVis, we conducted
a mixed-method user study with 12 participants from diverse
backgrounds. The study followed a within-subject compar-
ative design, combining task-based experiments, free explo-
ration, questionnaires, and post-study interviews. Our aim was
to investigate three core questions: whether BridgeVis increases
cognitive load, whether it can simultaneously support quanti-
tative analysis and qualitative experience, and how interaction
modes and linking mechanisms influence user experience. Re-
sults from task performance and NASA-TLX scores showed
that introducing interactive 2D charts into immersive environ-
ments did not significantly increase cognitive workload. Ques-
tionnaire ratings further indicated that participants perceived
BridgeVis as highly effective in supporting both quantitative
accuracy and qualitative understanding, with many highlight-
ing the complementary relationship between 2D charts (as an-
alytical anchors) and 3D environments (as experiential medi-
ums). Interviews reinforced these findings, offering rich in-
sights into user preferences for direct selection, semantic as-
sociations, and quantitative-to-qualitative mappings. Together,
these results provide empirical evidence that hybrid immersive
visualization can balance analytical precision with experiential
immersion, while suggesting design strategies for optimizing

user interaction. From the collected data, we derived six de-
sign implications, which provide actionable guidance for future
implementations of BridgeVis. Finally, we discuss broader as-
pects of the system, outline its limitations, and future work.

2. Related Work

2.1. Data-Driven Storytelling

Data visualization has long played the role of supporting sto-
rytelling, finding broad applications across diverse domains.
Segel and Heer [2]], through their study of cases such as re-
ports, blogs, and academic papers, introduced the concept of
narrative visualization. Previous research has introduced nar-
rative design patterns to systematically construct data stories
[L1} [12] . These patterns encompass narrative intents such as
engagement, empathy, and pacing, which can be applied in-
dividually or in combination within storytelling practices [13]].
Scholars have extended this work by examining data-driven sto-
rytelling in various formats and domains, including data videos
[14]], data comics [15], and animated data-gifs [[16] and so on.

With technological advances, the media through which data
stories are delivered has also evolved, from early print, to desk-
top and mobile screens, and more recently to immersive devices
such as AR [17] and VR [18 [19]. Méndez et al. [20]] summa-
rized developments in immersive data storytelling by reviewing
recent research as well as applications in journalism and gam-
ing. For instance, Casamayou et al. [21] transformed data into
first-person sensory experiences within VR by designing a vir-
tual roller coaster, replacing the traditional practice of visual
inspection. In our work, data-driven storytelling provides es-
sential support for designing qualitative experiences. We build
on related design methods to enhance users’ understanding of
data, and through interaction, we map narrative-driven experi-
ences onto users’ qualitative engagement with data.

2.2. (2D + 3D) Hybrid Interface

Many applications have attempted to embed familiar 2D pan-
els into 3D environments [22} 23|24} [25]]. This approach makes
it possible to preserve spatial structure while at the same time
conveying abstract attributes [26]]. Foundational work on inter-
face integration strategies distinguishes among several types of
connections: interaction linkage [27], visual linkage [28]], and
state transitions between 2D and 3D elements [26, 29, 30]. Sit-
uated brushing-and-linking studies evaluate highlights (halos,
outlines, arrows) that help users find 3D referents after brush-
ing 2D marks [31,[32]]. In geo-VR, coordinated multiple views
arranged as stacks/grids can outperform single-view toggles for
multilayer comparisons [33l]. Animated transformations pre-
serve mental maps when morphing between representations [7]].

However, prior research also highlights that introducing 2D
panels into VR is not cognitively neutral. When 2D interfaces
are poorly integrated into the 3D context, such as floating over-
lays that occlude the scene, require frequent context switch-
ing, or provide visually dense information, they can increase
extraneous cognitive load by forcing users to divide attention
between incompatible representational formats. For example,



traditional 2D text overlays in VR impose higher mental ef-
fort compared to more spatially integrated representations [34].
Likewise, Rzayev et al. found that head-fixed paragraph-style
2D text increased perceived task load and reduced usability in
VR reading tasks, demonstrating that poor placement of 2D el-
ements can hinder comprehension [35]. Reviews of immersive
learning environments similarly warn that interface elements
that are not aligned with the spatial logic of VR, such as dense
charts or flat HUD-style displays—tend to elevate users’ cog-
nitive burden and disrupt immersion [36]. These findings col-
lectively suggest that while hybrid 2D-3D interfaces are pow-
erful, their benefits depend strongly on design decisions that
minimize unnecessary mental effort. In this work, our approach
seeks to retain the clarity and precision of traditional data visu-
alization while enhancing immersion and experiential engage-
ment, without imposing additional cognitive load.

2.3. Understanding Data in Immersive Environments

The rise of immersive technologies such as VR and AR has
provided powerful tools for enhancing users’ understanding of
data. By reconstructing objects in virtual environments, these
technologies can rapidly build immersive worlds that enable
users to interact with and better grasp abstract concepts or sce-
narios. This potential has also been explored in data visualiza-
tion. For example, Lee et al. introduced Data Visceralization
[6], a VR-based approach designed to restore intuitive under-
standing of physical measurement units. Testing showed that
participants found this method effective in improving data com-
prehension. However, challenges remain in presenting precise
quantitative information. Distortions caused by perspective and
other spatial factors in 3D environments can bias users’ percep-
tion of data. Thus, traditional chart-based visualizations remain
necessary to complement immersive representations and ensure
quantitative accuracy. Moreover, the study primarily addressed
data grounded in physical measurements. Whether similar ap-
proaches can extend to virtual or abstract data remains unex-
plored. In addition, techniques such as scale perception [37],
data physicalization [38} |39} 40, 41]], and embodied measures
and perception [42] 43| 144} 145]] can be rapidly instantiated and
embedded within virtual environments, offering users vivid and
concrete experiences of otherwise abstract information, thereby
facilitating more intuitive and profound data understanding.

In this study, we propose a hybrid visualization approach
designed to synergize qualitative immersive experiences with
quantitative analytical precision. Rather than relying on scene-
based annotations—which often suffer from clutter and ambi-
guity—we introduce an interactive 2D panel to structure user
engagement. This design preserves the immersive qualities of
VR while ensuring distinct accessibility to precise quantitative
information, thereby effectively bridging the gap between ex-
periential understanding and analytical interpretation. Further-
more, we expand the scope of immersive representation beyond
physical measures (e.g., speed, height) to encompass abstract
data. By integrating strategies such as Concrete Scales [46]
and Concrete Re-Expression [47], we map abstract values onto
familiar analogies (e.g., equating volume to everyday objects),
grounding numerical concepts in relatable experiences.

2.4. Visualization Task and Interaction

Task-centered frameworks effectively scaffold visualization
design, ranging from high-level user intents [48] |49]] to atomic
analytic operations [50]. Comprehensive typologies further
map these abstract goals to concrete interaction techniques [51]],
categorizing intents [52]] and dynamics [53]] into actionable pat-
terns. Recently, Immersive Analytics [34] has extended these
goals to XR, utilizing novel multimodal or cross-device inter-
actions to enhance analytical efficiency [S5}156].

However, designing hybrid interactions that balance quanti-
tative analysis and qualitative immersion in 3D settings remains
underexplored. To address challenges such as perspective dis-
tortion and navigation, we adapt the taxonomies of Yi et al.
[52]] and Heer and Shneiderman [53] for the general public.
We prioritize familiarity by retaining standard 2D operations
(e.g., filtering, sorting) for quantitative control [48] 53], while
restricting 3D interactions to basic modalities like teleportation
and ray-based selection to minimize learning costs.

3. Design Space

In developing our design space, we adopted an iterative semi-
systematic process. We began by taking interaction as the pri-
mary entry point, brainstorming possible interaction patterns
that could be applied in data explorations. From this process,
we identified three initial dimensions: interaction modes, link-
ing mechanisms, and mapping directions, which served as the
foundational categories for our framework. These concepts
were embodied in a series of prototypes that allowed us to ex-
amine their practical applicability (Section 4). Based on the
evaluation of these prototypes, the design space was further re-
fined to better capture effective strategies while addressing ob-
served limitations. Our goal is that this design space functions
as a conceptual starting point for future creators of BridgeVis,
offering both inspiration and guidance by bridging theoretical
insights with practical design strategies.

3.1. Dimension I: Interaction Modes

Interaction constitutes the core component of the immersive
experience: it enables users to explore the environment and, be-
yond visual and auditory perception, serves as the initial step
between qualitative engagement and quantitative understand-
ing. In this dimension, we considered common interaction pat-
terns in both 2D views and 3D environments, and from these
we developed three representative interaction modes.

Direct Selection is among the most common and in-
lllq tuitive forms of interaction, broadly adopted in both 2D

and 3D contexts. In VR, both 3D objects and 2D inter-
faces can be selected through ray or touch. This form of in-
teraction is well-suited for simple tasks, providing immediate
and easily interpretable feedback. For example, selecting a bar
in a 2D bar chart may trigger corresponding changes in the 3D
scene, thus linking quantitative data with qualitative experience.
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Spatial Navigation represents the core set of inter-
actions that support movement within immersive envi-
ronments. These include walking, teleportation, climb-
ing, and flying. Through spatial navigation, users can explore
the virtual environment while receiving dynamic feedback from
linked 2D visualizations. For instance, users move within the
3D environment, the associated 2D chart can update in real time
to present location-specific information, thereby strengthening
the link between embodied exploration and data understanding.

Parametric Control involves adjusting parameters,
which is more complex than direct selection. Given
users’ greater familiarity with 2D operations, this inter-
action mode primarily relies on 2D interfaces, such as sliders,
toggles, or sorting mechanisms. These interactions allow users
to manipulate numerical values directly. For example, adjust-
ing a timeline slider on a 2D chart can induce corresponding
changes within the VR scene, thereby linking parameter-based
manipulation with immersive qualitative experience.
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3.2. Dimension II: Linking Mechanisms

This dimension reflects the methods by which qualitative ex-
periences and quantitative information are mapped to one an-
other. Unlike interaction, which serves as the entry point, link-
ing mechanisms occur after user interaction and form the core
bridge between qualitative understanding and quantitative anal-
ysis. Based on analysis of prior work and our own design prac-
tices, we propose four representative linking mechanisms.

Spatial Mapping links positions in 2D charts with
corresponding locations in the virtual environment. It
is particularly effective for values expressed in spatial

or physical units (e.g., length or height), and can also support
object rearrangement within the scene as well as rapid spatial
navigation. For example, by selecting a specific height value
on a 2D chart, the user can be directly transported to the corre-
sponding height in the 3D environment.

Visual Encoding establishes correspondence be-
tween 2D data and 3D representations through visual
changes. By altering features such as color and shape,

this mechanism enables users to quickly identify relevant data
and perform tasks such as observation or categorization. For
instance, selecting a group of data in a 2D chart can change the
associated 3D objects’ color, drawing user’s attention.

Temporal Synchronization connects data and
experiential changes through event-based or time-
dependent relationships. It is most suitable for datasets

with temporal attributes. For example, as a user selects differ-
ent time points in a 2D line chart, the state of a 3D object or
environment may change accordingly, allowing the user to ex-
perience temporal dynamics in a more intuitive manner.

Semantic Association introduces additional quali-
tative information to facilitate the interpretation of ab-
stract data. In 2D, this often appears as text or graphical

annotations, while in 3D environments, it can be implemented
by constructing related virtual objects or employing analogy
models such as those in the Concrete Scales framework [46]].
For example, when a user selects a volume value in a chart,

the VR scene displays a familiar object of equivalent capacity,
making the numerical information easier to comprehend.

3.3. Dimension IlI: Mapping Direction

In our work, 2D charts primarily support quantitative analy-
sis, while 3D environments emphasize qualitative understand-
ing. Mapping direction reflects the flow of interaction, from its
starting point to its destination, which is determined once the
user initiates an interaction. Within this dimension, we identify
three mapping directions: Quantitative to Qualitative, Qualita-
tive to Quantitative, and Bidirectional Synchronization.

Quantitative to Qualitative: In this direction, in-
teractions begin with the 2D panel and are then prop-
agated to the 3D environment through a linking mech-

anism, providing users with corresponding qualitative experi-
ences of the selected data. Since interactions originate from
the 2D interface, suitable interaction modes primarily include
Direct Selection and Parametric Control.

Qualitative to Quantitative: In this way, interac-
tions are initiated in the 3D environment and reflected
back in the 2D chart. Through linking mechanisms,

users can access complementary quantitative information to
supplement their immersive experiences. Interactions originat-
ing in the 3D environment are best supported by Direct Selec-
tion and Spatial Navigation.

Bidirectional Synchronization allows 2D and 3D
interfaces to update in parallel, maintaining consis-
tency across both modes of representation. Achieving

this effect typically requires a common medium, with time be-
ing the most common choice, especially for datasets with con-
tinuous temporal dimensions. For example, as the timeline pro-
gresses, both the 2D chart and 3D environment evolve simulta-
neously to reflect the changing data. While initial synchroniza-
tion may be triggered by a simple interaction such as Direct
Selection, subsequent updates occur automatically, ensuring a
linkage between quantitative and qualitative representations.

4. Prototype

To further explore BridgeVis, we developed a series of VR
prototypes. All prototypes were implemented in Unity 3D
and tested on the Meta Quest 3 headset. The datasets used in
these prototypes were adapted from real-world sources, includ-
ing academic publications, news articles, and publicly available
data. For clarity, we refer to the four prototypes as S1, S2,
S3, and S4. Both S1 and S2 emphasize clear 1:1 mappings
with physical units, and prove effective in conveying qualita-
tive understanding. Each of these scenes contained multiple
data objects, allowing for strong comparative relationships that
supported quantitative analysis. Moreover, their datasets could
be straightforwardly represented in both 2D interfaces and im-
mersive 3D environments. Prototypes S3 and C4, by contrast,
introduced additional objects and narrative experiences beyond
strict physical unit mappings. Instead of directly reconstruct-
ing physical quantities, these prototypes employed immersive
storytelling and analogy-based models to provide users with a



qualitative sense of quantitative data. This design approach al-
lowed us to examine how narrative immersion and metaphorical
representations can complement traditional data-driven visual-
ization. In addition to the 3D scenes, each prototype incorpo-
rated a 2D interface attached to the user’s left-hand controller.
This panel primarily featured interactive charts, designed to
provide users with precise quantitative information that com-
plemented the immersive experience of the virtual environment.

S1: Skyscraper Height Comparison

For decades, countries have competed to construct ever-taller
skyscrapers, repeatedly breaking height records. While the
exact numerical heights of these buildings are readily avail-
able through news reports or online encyclopedias, most peo-
ple rarely gain a firsthand sense of scale unless they physically
visit such structures. Even then, comparing one building with
another in real world is often impractical, long distance inter-
vals making it difficult to retain a clear sense of relative height.

To address the difficulty of perceiving vertical scale and per-
spective distortion in reality, we reconstructed four skyscrapers
(e.g., Burj Khalifa, Merdeka 118, Shanghai Tower, and Tokyo
Skytree) at a 1:1 scale in a virtual 2x2 grid. While this setup
enhances visceral scale perception, precise comparison remains
challenging. We addressed this by integrating an interactive bar
chart on the user’s controller. In the chart, the X-axis represents
the skyscrapers, and the Y-axis their heights, with horizontal
gridlines marking intervals of 100 meters. From the perspective
of our design space, the system primarily utilizes Direct Selec-
tion and Parametric Control with Spatial Mapping. Clicking
on height intervals in the chart teleports the user to the corre-
sponding altitude in the 3D scene (Fig. [I|S1), while a vertical
slider masks portions of the bars to hide corresponding build-
ing segments (Fig. [I|S1). This establishes a clear Quantitative
— Qualitative mapping, turning precise numeric values into an
embodied sense of altitude. Conversely, as users navigate via
joystick, real-time height is reflected on the chart (Fig. [T] S1),
supporting a loose Qualitative — Quantitative loop.

S2: Olympic Men’s 100-Meter Sprint

The men’s 100-meter sprint is one of the most iconic events
in the Olympic Games. Athletes’ performances in this disci-
pline often far exceed the capacities of ordinary individuals,
which makes it difficult for the users to develop a visceral sense
of such extraordinary speed. Although audiences can access
race videos and recorded results, their experience of the data
remains numerical and detached from embodied perception.

To bridge the gap between abstract timing data and the vis-
ceral experience of speed, we reconstructed 15 Olympic medal-
ists (2008-2024) as animated 3D avatars. High data density
and rapid motion made visual tracking difficult, so we inte-
grated an interactive 2D panel to support Parametric Control
and Direct Selection. The x-axis represents the athletes’ names
and competition years, while the y-axis encodes their finishing
times . Users can switch the sorting mode from chronological
to performance-based, which simultaneously reorders the chart
and physically rearranges the athletes on the 3D track (Fig. 1]

S2). Selecting a bar or an aggregated medal count highlights
the corresponding avatar by revealing their authentic race outfit
(Fig. [T] S2). Additionally, filtering by name hides unselected
models to reduce clutter (Fig. [T] S2). This hybrid design al-
lows users to initiate analysis in the 2D panel (Quantitative —
Qualitative) to locate specific athletes, then navigate to the cor-
responding area in the 3D scene to experience the race.

S3: NASDAQ Index Trend

The stock market is closely tied to economic performance,
yet for audiences without direct investment experience, the fluc-
tuations often reported in financial news are difficult to grasp in-
tuitively. The Wall Street Journal, for instance, once translated
21 years of NASDAQ’s price-to-earnings ratios into a VR roller
coaster experience, enabling users to perceive cyclical rises and
falls in a visceral manner [57]]. Inspired by this idea, we recon-
structed the weekly average NASDAQ index values for the first
28 weeks of 2025 as a line chart, where the x-axis represents
calendar weeks and the y-axis denotes the index values. This
line chart was reconstructed in VR as a roller coaster track.

To bridge this embodied experience with analytical preci-
sion, we implemented Temporal and Bidirectional Synchro-
nization: a pointer on the 2D line chart moves in tandem with
the user’s first-person VR view, ensuring real-time correlation
between the "ride" and the data (Fig. [T] S3). The design em-
ploys Visual Encoding by color-coding both the track and chart
segments (e.g., yellow for volatility, red for decline) to maintain
context. Users can navigate via Direct Selection on chart seg-
ments (Fig. [I|S3) or Parametric Control using a timeline slider
(Fig. [T S3) to replay specific phases. This configuration allows
users to situate the physical sensation of fluctuations within a
quantitative context supported by narrative news annotations.

S4: Volumes of Sperm Whale Organs

Many phenomena in the real world cannot be observed in
their idealized state. For example, the internal organs of a whale
are rarely accessible for examination, and even in dissection
they cannot be viewed in a clean and fully structured form.

To visualize internal structures that are physically inacces-
sible or irregular in shape, we constructed a 1:1 anatomical
model paired with an interactive pie chart. The design cen-
ters on Direct Selection and Semantic Association to bridge
quantitative data and qualitative scale.Selecting an organ slice
on the chart triggers Spatial Mapping, automatically teleporting
the user to the optimal viewing angle (Fig. [T] S3), while Visual
Encoding highlights the 3D organ in consistent colors (Fig. [I]
S3). To ground abstract volumetric data, we applied Concrete
Re-Expression strategies [47]: selecting the heart shows a 3D
model of a large trash bin for comparison (Fig. [I] S3). This
Quantitative — Qualitative mapping allows users to transition
from proportional analysis to metaphor-enhanced perception.

4.1. Dimension Combinations

Based on our design space and prototyping practice, we iden-
tified four combinations of dimensions used in the prototypes.
In this section, we elaborate on these combinations in detail,
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Action:
Clicking a data area in the bar chart

Result:
Teleport to the corresponding
location on the skyscraper model
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Action:
Clicking a data area in the chart

Result:
Highlight both the bar and the
corresponding athlete model
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Action:
Experiencing the “roller - coaster”
animation along the timeline

Result:
Real-time marker on the chart
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Action:
Clicking the organ label

Result:
Change the organ’s color of the
m corresponding model
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Action:
Navigating (climbing/flying) to a
location on the skyscraper model

Result:
Highlight that position on the chart
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Action:
Changing the X-axis order

Result:
Rearrange athlete positions
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2013

Action:
Sliding the timeline

Result:
Move the user to the corresponding
roller-coaster segment
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Action:
Clicking the organ label

Result:

it

Action:

Dragging the Y-axis mask on the
chart

Result:
Hide the corresponding region of
the skyscraper model

[ I

Action:
Dragging the Y-axis mask on the
chart

Result:
Toggles visibility of the
corresponding athlete

g Be

Action:
Clicking a region in the chart

Result:

Trigger a corresponding roller -
coaster ride with related news
beside the chart.

] Be

Action:
Clicking the organ label

Result:

Teleport user to observe the organ

Display measurement scale model
of the organ

Figure 1: Explanations of different actions and results in the prototypes, including representative screenshots and icons used to indicate the corresponding design

dimensions.

outlining their design rationale, suitable application scenarios,
and expected outcomes. The correspondence between specific
interactions and the dimensions of the design space is illustrated
in Fig. [T Our goal is to provide a set of references that can
guide future creators in selecting appropriate strategies for de-
signing immersive data experiences.

Direct Selection + Spatial Mapping / Visual Encoding /
Semantic Association + Quantitative — Qualitative / Qual-
itative — Quantitative: This combination provides users with
the most intuitive connection between detailed quantitative data
and corresponding qualitative experiences. On the one hand,
users can begin from a 2D chart and obtain immersive feedback
in the 3D scene. On the other hand, by selecting objects in the
3D environment, users can access supplementary details and
precise data in the 2D interface. This bidirectional link makes
the combination especially effective for tasks that require both
experiential immersion and access to granular information.

Parametric Control + Spatial Mapping / Visual Encod-
ing + Quantitative — Qualitative: This combination excels
in comparative analysis tasks involving larger datasets. Para-
metric operations, such as sliders or sorting allow users to effi-
ciently filter and lock onto data objects of interest in 2D views,

while spatial or visual linkage maps these selections into the
3D scene. As a result, the environment can highlight only the
relevant objects or reorganize spatial configurations to suit the
user’s exploration. This setup supports focused, user-driven ex-
ploration while maintaining contextual clarity.

Spatial Navigation + Spatial Mapping + Qualitative —
Quantitative: This combination is particularly well-suited for
geospatial or spatially structured datasets. It allows users to
navigate freely within a rich 3D environment through immer-
sive movements such as walking or teleportation. At the same
time, the 2D interface dynamically updates to provide precise
numerical information corresponding to the user’s current po-
sition. This design supports exploratory experiences while en-
suring access to detailed quantitative data when needed.

Direct Selection + Temporal Synchronization + Bidirec-
tional Sync: This combination is suited for time-continuous
datasets. Users can immerse themselves in experiencing events
over a given time span, while both the 2D chart and the 3D
scene remain synchronized in real time. This also enables users
to directly compare quantitative information with lived immer-
sive experiences. Furthermore, temporal synchronization al-
lows users to control, pause, or revisit specific time segments,



making it suitable for applications where repetitive exploration
of temporal dynamics is critical, such as historical event recon-
struction or dynamic system simulations.

5. User Study

To investigate users’ perceptions of BridgeVis and evaluate
its effectiveness, we conducted a mixed-method user study. Par-
ticipants were invited to directly experience our BridgeVis pro-
totypes, allowing us to systematically assess the potential ben-
efits and challenges of integrating 2D and 3D data representa-
tions in immersive environments.

Through this study, we aimed to address the following re-
search questions:

e RQ1: Does BridgeVis increase users’ cognitive load, po-
tentially leading to cognitive overload?

e RQ2: Can BridgeVis effectively support both quantitative
analysis and qualitative experience simultaneously?

e RQ3: How do different interaction modes and linking
mechanisms influence users’ experiences?

By addressing these research questions, our study seeks to
clarify the cognitive, analytical, and experiential implications of
hybrid data visualization in immersive environments, providing
insights for the design of BridgeVis.

5.1. Participants

We recruited 12 participants (P1-P12) through online adver-
tisements. The group included 7 females and 5 males, with ages
ranging from 20 to 35 years. Among them, 9 participants had
prior experience using virtual reality devices. In terms of data
literacy, 7 participants reported regularly reading data journal-
ism and stories, whereas 3 participants indicated that they rarely
engaged with such content. Participants came from diverse
backgrounds, including interaction design, computer science,
management, and sports science, ensuring a range of perspec-
tives. All participants signed an informed consent form prior to
the study, and received a payment of $8-$12.

5.2. Study Procedure

The study consisted of three main phases: Introduction, a
within-subject comparative experiment, a free-form exploration
session, and a post-study interview. Each participant spent ap-
proximately 90 minutes completing the study.

Introduction. At the beginning of the study, participants
were introduced to the research background and the experimen-
tal procedure. They were then equipped with a VR headset and
given time to familiarize themselves with its basic operations as
well as the interaction methods used in our prototypes.

Within-Subject Comparative Experiment. To examine
whether BridgeVis may impose cognitive overload, we de-
signed a within-subject comparative experiment using proto-
types S1 and S2, along with their control versions (Fig. [2)). In
the control condition of S1, participants were not provided with
a 2D chart; instead, building heights were annotated directly

within the scene. In the control condition of S2, participants
were not given a 2D chart either; instead, they distinguished
athletes by their clothing colors and annotations.

We designed four tasks (T1-T4) simulating potential user be-
haviors in the scenes. While real-world analysis often involves
complex workflows, such as multi-attribute filtering or deriv-
ing trends from large datasets, these complex activities are built
upon low-level tasks [50]. Therefore, we selected representa-
tive atomic tasks (Retrieve Value, Filter, and Find Extremum)
to establish a baseline for cognitive load assessment.

For tasks T1 and T2, participants were asked to compare the
structural height of two specific buildings, an attribute that is
difficult to gauge from 2D charts or a ground-level perspec-
tive and then navigate to the taller one to experience its height.
Tasks T3 and T4 simulated a dynamic event, requiring partici-
pants to rapidly locate a specific athlete’s spatial position at the
exact moment the winner crossed the finish line. To evaluate
interface efficacy, T1 and T3 utilized a chart-based condition,
while T2 and T4 only relied on in-scene annotations. By iso-
lating these fundamental interaction units, we aimed to assess
the cognitive cost of the hybrid interface itself, minimizing con-
founding variables associated with complex reasoning.

To control for learning effects, the experiment order was
counterbalanced using a Latin square design. Task comple-
tion times were recorded, and after each task, participants com-
pleted the NASA-TLX [58]] questionnaire to measure cognitive
load. Before recruiting participants, we conducted a pilot study
with two experienced VR users to ensure comparable task dif-
ficulty across conditions and to refine the study procedure.

Free-Form Exploration. Following the comparative ex-
periment, participants were introduced to all four prototypes
(S1-S4) along with their background and interaction methods.
They were given 20 minutes to freely explore the prototypes.
After exploration, participants completed a short questionnaire
consisting of four five-point Likert-scale items, evaluating their
experiences in terms of immersion, quantitative and qualitative
understanding, and integration between the two.

Post-Study Interview. Finally, a semi-structured post-study
interview was conducted with each participant. The interview
included 13 questions covering three major themes: (1) connec-
tions between quantitative and qualitative understanding, (2)
interaction experience, and (3) perceptions of immersion and
cognitive load. A complete list of the interview questions is
provided in the supplementary materials.

5.3. Results

Cognitive Load. During the within-subject comparative ex-
periment, we collected two types of data: task completion
time (including time spent on failed attempts until success) and
NASA-TLX scores. To examine whether BridgeVis increases
cognitive load, and whether this effect differs across scenes, we
conducted a 2x2 repeated-measures analysis of variance with
Scene (S1 vs. S2) and Chart Presentation (with vs. without
chart) as independent variables, and NASA-TLX scores and
completion times as dependent variables.

As shown in Fig. [3] the main effect of chart presentation
on perceived cognitive load was not significant, F(1,11) =



Figure 2: Comparative experiment scenarios: (A) S1 control condition, building height information is provided through in-scene annotations; (B) S1 experimental
condition, building height is obtained via interactive chart with masking; (C) S2 control condition, athletes are distinguished by annotations above their heads and
different clothing colors; (D) S2 experimental condition, athletes are distinguished through interactive chart with highlighting.

0.04, p = .85, with a negligible effect size (nf, = 0.003). The
mean TLX scores for the "With Chart" condition (Scene 1:
M = 28.95; Scene 2: M = 24.10) were almost identical to the
"Without Chart" condition (S1: M = 28.39; S2: M = 23.54).
This lack of difference is statistically reinforced by the highly
overlapping 95% confidence intervals (Cls). For instance, in
S1, the CI for "With Chart" [19.11, 38.78] was nearly indistin-
guishable from "Without Chart" [19.60, 37.18]. This constitutes
a core finding of our study: adding interactive charts in VR
did not lead to a statistically significant increase in perceived
workload. The main effect of scene was also not significant,
F(1,11) = 2.86, p = .12, suggesting that the two scenarios did
not differ in inherent perceived difficulty. Importantly, the inter-
action effect was negligible (F = 0.00, p > .99), indicating that
the neutral influence of charts on cognitive load was consistent
across both scenarios.
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Figure 3: Subjective workload analysis using NASA-TLX scores. Left: Inter-
action plot displaying mean scores with 95% confidence intervals (CIs). Right:
Boxplots showing the distribution of raw scores.

We also analyzed task completion time (Fig. [) as a proxy
indicator of cognitive load, under the assumption that higher
workload tends to prolong task execution. Results showed
no significant main effect of chart presentation, F(1,11) =
0.034,p = .86. Crucially, the 95% confidence intervals
for time were notably wide and overlapped substantially
across chart conditions. In S1, the CI for "With Chart"
[93.49,206.84] completely encompassed the range of "Without
Chart" [124.91,200.75]. This high variability (wide CIs) sug-
gests that individual differences played a dominant role, mask-
ing the specific effects of the charts. Observations indicated
that this variance was largely driven by users’ varying VR pro-

ficiency. While VR-proficient users utilized charts efficiently to
speed up analysis (contributing to the lower bound of the CIs),
novice users struggled with basic interactions (contributing to
the upper bound), which inflated completion times regardless
of the chart condition.

Interestingly, although the interaction was not statistically
significant, distinct trends appeared in the means. In the simpler
S2, the presence of charts slightly increased average task time
(from 96.17s to 115.08s), whereas in the complex S1, charts
appeared to decrease time (from 162.83s to 150.17s). This sug-
gests a nuanced trade-off: when tasks impose low intrinsic cog-
nitive demand, additional chart information might act as a dis-
traction; however, in complex tasks, the cognitive offloading
benefits of charts may begin to outweigh the interaction costs.
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Figure 4: Analysis of task completion time. Left: Interaction plot of mean
completion times with 95% confidence intervals. Right: Boxplots showing the
distribution of data.

Taken together, these findings strongly support RQ1: in VR,
carefully designed 2D charts can serve as an effective medium
for information presentation. The overlapping CIs in both sub-
jective scores and objective time confirm that BridgeVis does
not impose additional cognitive burden on users’ mental re-
sources, provided the user has sufficient familiarity with VR.

Questionnaire Results. To evaluate the effectiveness of
BridgeVis in VR environments, we collected participants’ sub-
jective feedback using a five-point Likert scale (1 = strongly
disagree, 5 = strongly agree) on four key dimensions: Im-
mersion, Quantitative Analysis, Qualitative Understanding, and
Quant-Qual Integration. Results are summarized in Fig. [3]

In terms of quantitative analysis capability, 11 out of 12 par-
ticipants (91.7%) rated the experience positively, with 7 par-
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ticipants (58.3%) giving the highest rating. Only one partici-
pant remained neutral. Similarly, for qualitative understanding,
11 participants (91.7%) provided positive ratings, again with 7
participants (58.3%) selecting “strongly agree.” These results
strongly suggest that BridgeVis successfully supports both pre-
cise quantitative interpretation and immersive qualitative com-
prehension, providing empirical support for RQ2.

To determine whether participants perceived the 2D and 3D
views as a cohesive whole rather than separate components, we
evaluated integration between quantitative and qualitative in-
formation. Ten participants (83.3%) agreed that the system ef-
fectively combined the two perspectives (6 “strongly agree,” 4
“agree”). This indicates that participants regarded BridgeVis as
a seamlessly integrated analytic tool, rather than two discon-
nected modalities. Such integration was identified as a key fac-
tor enabling users to transition smoothly between quantitative
and qualitative modes of reasoning.

As immersion is a critical factor for usability in VR-
based systems, we also assessed participants’ sense of immer-
sion. Ten participants (83.3%) provided positive evaluations (6
“strongly agree,” 4 “agree”), demonstrating that the design not
only fulfilled analytical needs but also delivered an engaging,
distraction-free experience. Participants reported being able
to focus on the data itself without being hindered by interface
complexity or environmental disruptions.

Overall, participants’ feedback provides strong evidence that
BridgeVis is an effective solution for hybrid visualization in
VR. It not only enables immersive user experiences but also
delivers dual support for quantitative and qualitative reasoning,
with a high level of integration between the two. These findings
will be further elaborated through qualitative insights from the
post-study interviews presented in the next section.

Interview Analysis. In this section, we present an analysis of
the post-study interviews conducted with 12 participants. The
interviews were designed to complement the quantitative find-
ings by providing deeper insight into participants’ subjective
experiences and perceptions of BridgeVis. The semi-structured
format allowed us to capture nuanced feedback across three ma-
jor themes: qualitative understanding, quantitative analysis, and
the integration of the two, as well as reflections on interaction
design, immersion, and cognitive load.

The 3D environment primarily supported qualitative un-
derstanding: Reconstructing physical quantities at a 1:1 scale
in virtual reality can enhance users’ grasp of the underlying
meaning of data [6]. For instance, one participant reflected: “In
the skyscraper comparison scene (S1), it recreated measure-
ments that are almost impossible to experience in real life. By

placing several buildings side by side and allowing me to view
them from different perspectives, it gave me a very direct sense
of scale” [P8]. Similarly, another remarked: “In the sprinting
scene (S2), I could clearly feel how much of a difference 0.1
seconds makes, which is something I could never experience
Jfrom TV” [P4]. Beyond reconstruction, participants also noted
that alternative strategies could effectively enhance their sense
of data. P6 explained: “In the whale organ comparison, be-
cause you provided familiar everyday objects as analogies, this
approach really helped me understand the scale better”.

2D Panel as Anchors for Quantitative Analysis and Nav-
igational Exploration: Participants consistently regarded the
interactive 2D chart as the foundational "anchor" for explo-
ration. It served as a unified interface that prevented disori-
entation, with P3 noting it provided a "sense of orientation" and
security during operations. The chart acted as a "shortcut" for
rapid teleportation [P8] and efficient information retrieval via
filtering [P10]. As P8 summarized, the chart offered a neces-
sary overview, allowing users to "directly navigate to the corre-
sponding object" for detailed inspection.

The perceived utility of the chart scaled with complexity.
While participants noted that simple annotations sufficed for
basic tasks like height comparison [P10], the chart became in-
dispensable for complex analytical goals. P11 emphasized that
multi-dimensional tasks, such as filtering athletes by country,
would be "impossible... purely in the 3D scene." This suggests
that while simple tasks may not strictly require BridgeVis, its
value maximizes in sophisticated analytical workflows where
2D precision complements 3D immersion.

Complementary Relationship Between Charts and Envi-
ronments: Participants emphasized the synergy between 2D
quantitative analysis (e.g., exact values) and 3D qualitative ex-
perience (e.g., visceral scale). While the majority (9/12) fo-
cused primarily on the immersive environment, they relied on
the chart to “interpret the numbers in context” [P11] and an-
other noted that attention could shift dynamically: “Az the be-
ginning I was mainly attracted by the environment, but after
some time I still wanted to use the chart to check relationships
and comparisons, especially in scenes that interested me” [P8].
A minority (2/12) reported being so absorbed in the 3D scene
that they initially overlooked the chart. However, even they
acknowledged its indispensability for structured exploration:
“With the chart I was able to explore the scene more thoroughly.
It helped me find perspectives and details that I would have
missed on my own. I tried to imagine whether these scenes
could work without the chart, but I don’t think so, the chart is
still indispensable” [P9]. Participants described the 2D panel
as a necessary “entry point” or outline: it allows users to “jump
straight” to data of interest, preventing the inefficiency of man-
ual navigation and making comparisons obvious [PS8].

Cognitive Load Stemming from Inappropriate Informa-
tion Presentation: Participants confirmed the appropriateness
of the controller-attached interface, reporting minimal fatigue.
Even with multiple charts, the experience remained manage-
able due to "clear" logical relationships [P12]. However, cog-
nitive load increased with information density. Participants ex-
pressed reluctance to engage with dense text, with PS5 noting



they “would not choose to read so much text in a VR,” high-
lighting the inefficiency of textual content in immersion. Visual
clutter also contributed to strain; P6 found the "red auxiliary
height lines" in S1 initially "overwhelming." These findings in-
dicate that cognitive load stems not from the charts themselves,
but from their presentation, suggesting a need for lightweight,
multimodal cues over dense textual or visual overlays.

5.4. Reflection on Design Space

Interaction Modes: Direct Selection was overwhelmingly
preferred (8/12) for its efficiency. In contrast, Spatial Navi-
gation, while essential for orientation, was deemed less effi-
cient for specific retrieval. P12 highlighted a key tension be-
tween immersion and analysis: “When I am fully immersed in
the environment, I no longer want to look back at the numbers
on the chart,” suggesting that deep spatial engagement can re-
duce the motivation for quantitative checking. Parametric Con-
trol served as a valuable auxiliary layer, which P8 described as
a "supporting method" to filter distractions once targets were
identified. Taken together, these findings indicate that direct se-
lection best satisfies users’ needs for quick and intuitive inter-
action, while spatial navigation supports immersive orientation
and parametric control provides targeted refinement.

Linking Mechanisms: Semantic Association and Visual En-
coding were praised (5/12 each) for grounding abstract data. In
dense scenes like the sprint track, P11 noted that visual high-
lighting “really reduced my burden,” enabling immediate iden-
tification of targets from a distance. While Spatial Mapping was
fundamental, participants pointed out potential disorientation
after teleportation, suggesting a need for better post-travel vi-
sual guidance [P12]. Although participants expressed different
preferences for linking mechanisms, they consistently affirmed
that, across all four prototypes, the feedback after interaction
aligned with their expectations and mirrored the conventions
they were accustomed to when working with 2D platforms.

Mapping Directions: Quantitative — Qualitative was favored
(7/12) as the most natural flow. P5 provided a compelling
metaphor for this preference: “If I think of this experience as a
kind of game, the chart is like the instruction manual... clicking
on the chart and seeing a response feels like a natural reaction.”
Bidirectional Synchronization received mixed feedback: while
offering flexible perspective switching [P1], dynamic updates
(e.g., S3’s roller coaster) risked dividing attention [P8].

Beyond these individual preferences, the study also revealed
how participants gravitated toward specific combinations of di-
mensions in practice. The most frequently enacted pattern cor-
responded to the “Direct Selection + Spatial/Visual Linking +
Quantitative — Qualitative” combination described in Section
4.1. Participants often began by clicking on items or ranges
in the 2D panel to teleport to, highlight, or filter the corre-
sponding objects in the 3D scene. This pattern allowed them
to first establish a precise quantitative reference (e.g., an ex-
act height or time) and then immediately experience its qual-
itative meaning in situ. A second common pattern combined
Parametric Control with Spatial Mapping or Visual Encoding,
especially in scenes with many similar objects. Here, sliders
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and filters on the panel were used to reduce clutter and reorga-
nize the scene, after which participants switched to more em-
bodied exploration—illustrating how parametric controls and
spatial navigation worked together as a refinement layer on top
of direct selection. In contrast, combinations centered on Spa-
tial Navigation and Qualitative — Quantitative mappings were
favored by participants who valued orientation and free explo-
ration, while the “Direct Selection + Temporal Synchroniza-
tion + Bidirectional Sync” combination in S3 was perceived as
powerful yet demanding: it enabled repeated replay and cross-
checking of a time series, but also risked dividing attention be-
tween the moving chart and the roller-coaster motion. Over-
all, these patterns show that participants did not use the di-
mensions independently; instead, they appropriated a small set
of recurring combinations that balanced efficiency, immersion,
and cognitive effort in different ways.

6. Implications for Design

Based on the findings of our study, we distill six key design
implications for creating the BridgeVis experience.

11: Use 3D for “Explorers” and 2D for “Analysts.”

A successful VR data experience must be flexible, adjust-
ing the relative weight of 2D versus 3D interfaces, interaction
modes, and information presentation depending on the user pro-
file. Design must balance between “explorers” and “analysts.”
For novices or the general public (explorers), curiosity and in-
tuitive impressions are the primary motivations. As seen in our
study, some participants became so absorbed in the 3D envi-
ronment that they “forgot the chart existed.” For such users, the
3D environment should play the leading role, with storytelling-
driven design, simplified interactions, and direct semantic cues,
while the 2D chart should be reduced to a simple chart or a
navigation menu. Conversely, for experts or analysts, precision
and efficiency are paramount. These users require a powerful
2D dashboard with advanced filtering and multi-dimensional
comparison capabilities, while the 3D environment serves as a
contextual “field site” for validating and experiencing data.

12: Use Annotations in 3D for Simple Datasets, Prioritize 2D
Chart for Complex Datasets

Effective design must also take into account the type of the
dataset, as this directly shapes both user experience and modes
of presentation. From the perspective of data complexity, de-
sign must shift between environment-first and chart-first strate-
gies. For simple datasets (e.g., skyscraper comparisons), the 3D
environment is already intuitive, and annotations alone may suf-
fice. Here, complex 2D charts may even add unnecessary cog-
nitive load. In contrast, in scenarios with abundant or complex
data (e.g., athlete comparisons or the NASDAQ roller coaster),
3D environments are full of distractions, making it hard to lo-
cate and compare. In these cases, the 2D chart becomes indis-
pensable as a data manager, providing filtering, highlighting,
and overview functions that enhance efficiency and perception.



13: Unify 2D Precision and 3D Immersion into One Seamless
System

Our results confirm that 2D charts and 3D environments play
complementary roles rather than competing ones. Designers
should treat them as an integrated system. The 3D environ-
ment excels at providing qualitative, embodied understanding,
such as recreating physical scales or offering metaphoric analo-
gies. Participants highlighted the value of such experiences.
Meanwhile, the 2D chart ensures precise quantitative analysis,
offering values, classifications, and filtering tools. Together,
they answer the dual questions: “How much is it?” and “What
does it feel like?” The design goal, therefore, should not be
to balance attention equally, but to enable seamless switching
between quantitative overview (2D) and qualitative immersion
(3D), thereby forming a complete cycle of data comprehension.

14: Make Simplicity the Default, Complexity Optional

Interaction choices directly shape the fluency and efficiency
of the user experience. Our study shows that direct selection
was overwhelmingly preferred (8/12 participants) for its effi-
ciency and intuitiveness, enabling users to rapidly link charts
and environments. Other modes, such as spatial navigation and
parametric control, are best treated as secondary tools tailored
for specific tasks (e.g., fine-grained exploration, filtering). A
layered interaction design is recommended: direct selection as
the default mode, supplemented by context-sensitive support
for navigation and filtering. Experience should also anticipate
user intent, for example, when a user lingers near a 3D object,
the interface could automatically highlight corresponding chart
items or suggest parameter controls.

15: Be Faithful to Reality, Be Prudent with Metaphors

For concrete data (e.g., entities with physical measurements),
the core design principle is to remain faithful to reality. The
strength of such experiences lies in the high-fidelity, one-to-
one reconstruction of real-world scales, enabling users to per-
ceive phenomena that would otherwise be inaccessible due to
physical limitations. In these cases, the main design challenges
involve ensuring the precision of the models, the naturalness
of interactions, and the smoothness of navigation. Because the
experience is grounded in users’ existing world knowledge, the
cognitive cost of understanding is relatively low.

By contrast, for abstract data (e.g., financial trends or so-
cial statistics), the design challenge shifts toward creating
metaphors. Designers must translate invisible numerical rela-
tionships into perceptible spatial or physical experiences. Such
metaphors create strong emotional connections and memorable
impressions. However, they must be applied with caution, as
not all users can tolerate or enjoy intense physical simulations.
For instance, in S3 while some participants reported excite-
ment, others, particularly those prone to motion sickness, ex-
perienced discomfort. For these users, the metaphor not only
failed to communicate information but actively disrupted data
interpretation, diverting attention from understanding data to
coping with physical unease. Therefore, when designing em-
bodied metaphors for abstract data, it is essential to assess the
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preferences and physiological tolerance of the target audience.
High-intensity or provocative metaphors should be used spar-
ingly, or offered as optional modes rather than defaults.

16: Replace Dense Text with Icons, Images, and Voice in VR

One of the most consistent findings is that VR environ-
ments are poorly suited to dense text-based content. Design-
ers should avoid long textual descriptions and instead rely on
icons, concise keywords, voice narration, or visual legends. Vi-
sual elements must also be carefully calibrated: for example,
strongly salient features like the red auxiliary height lines in
the skyscraper scene caused unnecessary stress for some par-
ticipants [P6]. Overall, information presentation in VR should
prioritize visual clarity and comfort, converting complex textual
data into graphical or auditory formats. By doing so, designers
can deliver rich information while minimizing cognitive load,
thereby preserving the quality of immersive experiences.

7. Discussion

7.1. Use BridgeVis for Future Design

Our study demonstrates that BridgeVis effectively bridges
the gap between quantitative analysis and qualitative experi-
ence in VR by integrating interactive 2D charts with immer-
sive 3D scenes. The design space we propose is not merely
descriptive but generative. It offers a systematic method for
combining interaction modes, linking mechanisms, and map-
ping directions into effective hybrid designs. For example, Di-
rect Selection X Visual Encoding represents the most intuitive
combination, enabling rapid highlighting and comparison tasks.
In contrast, Spatial Navigation X Spatial Mapping emphasizes
exploration, making it particularly suitable for cultural heritage
or geographic datasets. Other combinations extend the design
possibilities: Temporal Synchronization X Bidirectional Sync
is well-suited for time-series contexts such as climate change
or financial data, where interactions in either charts or immer-
sive environments update one another in real time. Meanwhile,
Semantic Association X Parametric Control allows abstract data
to be connected to familiar metaphors, giving users impressions
of ratios and concrete scales. By articulating these combina-
tions, our design space illustrates how BridgeVis can guide the
creation of new prototypes, enabling designers to flexibly tailor
configurations to dataset type, narrative goals, and user profiles.
The design space and its dimension combinations provide not
only a way to design future prototypes, but also a lens to inter-
pret how different hybrid configurations channel users toward
particular patterns of attention, movement, and reasoning.

7.2. Application Domains

domains. In education, BridgeVis can help learners con-
nect abstract concepts with concrete experiences, for exam-
ple, linking physics equations to embodied visualizations. In
journalism, immersive narratives could combine data-driven re-
ports with experiential metaphors, deepening public engage-
ment with complex issues such as climate change or economic



inequality. In scientific visualization, BridgeVis could help re-
searchers explore multidimensional data by pairing quantita-
tive dashboards with embodied spatial representations, foster-
ing both accuracy and intuition. Similarly, in public exhibitions
[S9]] or tourism [6Q], hybrid experiences could make data-rich
content more engaging for general audiences by combining sto-
rytelling, exploration, and interactive analysis.

7.3. Limitations

Although our findings are promising, several limitations
should be acknowledged. First, the study was conducted with
a relatively small sample (N=12), which restricts the general-
izability of the results. We observed notable individual differ-
ences in participants’ responses, suggesting that a larger and
more diverse participant pool is needed to validate the robust-
ness of our conclusions. Second, our experimental tasks were
intentionally designed as simple, atomic operations (e.g., iden-
tify, locate) to control for confounding variables in measur-
ing cognitive load. However, this simplicity may underesti-
mate the benefits of 2D charts, which typically excel in com-
plex analytic scenarios involving multi-attribute filtering, sort-
ing, and pattern recognition [51, 53]. Consequently, our re-
sults likely represent a conservative estimate of BridgeVis’s ef-
ficiency gains. Future studies should incorporate open-ended,
complex problem-solving tasks to fully evaluate the system’s
performance in high-level analytic workflows. Third, issues of
VR usability and comfort remain. Some participants reported
distraction or discomfort in certain embodied experiences, such
as the roller coaster metaphor, underscoring the need to care-
fully balance immersion with user tolerance.

7.4. Future Work

Future research should address these limitations while also
exploring new opportunities. Expanding the scope of the study
through larger-scale experiments with more diverse participant
groups would strengthen the external validity of our findings.
Additional prototypes could be developed in different data do-
mains to further examine the versatility and applicability of the
design space. From a technical perspective, integrating multi-
modal input and output channels (e.g., haptic feedback [61],
spatial audio) could enhance the complementarity between 2D
charts and 3D environments by engaging additional sensory
modalities. Another promising direction lies in Al-driven adap-
tive design [62], where systems dynamically adjust elements
such as chart styles or metaphorical models according to user
profiles, task complexity, or cognitive state. Such adaptivity
could also extend to augmented reality (AR) contexts, where in-
teractive quantitative panels are overlaid on the physical world
to support hybrid analysis in real environments. In addition,
while our study reveals clear user preferences and tendencies
regarding hybrid visualization, there is still a lack of rapid,
practical evaluation methods to help designers assess the effec-
tiveness of data storytelling and data understanding in immer-
sive contexts. Developing such evaluation frameworks could
greatly accelerate design iteration and make immersive data sto-
rytelling more accessible to practitioners.
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8. Conclusion

In this paper, we introduced BridgeVis, an approach that
integrates interactive 2D charts into immersive virtual reality
environments to bridge the gap between quantitative precision
and qualitative experience. We proposed a design space com-
prising three dimensions and instantiated it through four proto-
types covering diverse data types and narrative contexts. A user
study with twelve participants demonstrated that BridgeVis ef-
fectively supports both quantitative analysis and qualitative un-
derstanding without causing cognitive overload. Participants
described the 2D panel as an analytical “anchor” and the 3D
environment as an experiential “medium,” confirming the com-
plementary relationship between the two modalities. Based on
these findings, we derived five design implications. By em-
phasizing how 2D visualisation and 3D representations can be
integrated into a unified experience, this work lays a foundation
for future research and practice in immersive analytics.
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