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Multi-WIM Paradigm: Comparing Urban Planning Variants with
Worlds-in-Miniature

Karoline Brehm , Ephraim Schott , Manuel Hartmann , and Bernd Froehlich

Fig. 1: Users comparing 3D urban planning variants in immersive virtual reality using, from left to right: Toggle, Swipe and Juxtaposed
visualizations of WIM multiples.

Abstract—World-in-Miniatures (WIMs) are an established technique in virtual reality (VR) that provide an overview of the surrounding
virtual environment. While traditionally used to support navigation over larger distances and distant manipulation in large-scale spaces,
their potential for comparing alternative versions of a virtual environment has not been exploited. In this paper, we introduce a Multi-WIM
paradigm that facilitates the detailed exploration and comparison of urban planning alternatives. Each alternative is visualized in a
separate WIM. The WIMs can be arranged side by side (juxtaposed) or stacked. Stacking allows toggling between alternatives or using
a swipe tool where on each side one alternative is shown. These three modes (juxtaposed, toggle, swipe) provide flexible ways of
exploring differences and similarities between alternatives, with highlighting functionalities that reveal differences of functional units
across designs. We evaluated the Multi-WIM paradigm in a single-factor VR user study (N=24), combining a single-user experiment
with a multi-user exploration. Participants had to identify differences and estimate distances, areas and heights across urban planning
alternatives. Results show that the stacked toggle mode was significantly faster for finding differences while the juxtaposed view better
supported a landmark recall task. Furthermore, toggle was the overall preferred technique in the single-user mode. In contrast, in
multi-user settings participants favored juxtaposed, as it fostered collaborative discussion and shared sensemaking. The identified
design trade-offs between efficiency and collaboration indicate the need to incorporate all three WIM modes, together with seamless
transitions among them, in urban planning applications so as to accommodate both loosely and tightly coupled phases of collaboration.

Index Terms—Virtual Reality, 3D Comparisons, Worlds-In-Miniature, Citizen Participation, Social XR

1 INTRODUCTION

Worlds-in-Miniature (WIMs) are a well-established technique in virtual
reality (VR), primarily employed to facilitate navigation across large
distances, to provide an exocentric overview and to enable distant
manipulation in large-scale environments. Despite their widespread
use for these purposes, the potential of WIMs for supporting systematic
comparison of alternative virtual environment designs remains largely
unexplored. In urban planning, where the evaluation of multiple design
variants is central, WIMs likewise represent a promising tool. Yet, it
remains unclear how such variants should be presented to users and
how different presentation strategies influence the effectiveness and
efficiency of comparison tasks when evaluating the design features of
competing variants.
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In this paper, we address this gap by investigating how multiple
WIM comparison techniques and their transitions can be employed to
support the detailed exploration and comparative evaluation of urban
design variants. In our Multi-WIM paradigm, each alternative is visu-
alized in a separate, navigable WIM, which can be arranged side by
side (juxtaposed) or stacked (see Fig. 1). Stacking supports toggling
between alternatives or employing a swipe tool in which each side
of a separating plane reveals a different design variant. These three
comparison techniques (juxtaposed, toggle, and swipe) provide flexible
ways of exploring differences and similarities between alternatives. In
addition, highlighting functional units across variants facilitates their
localization.

We hypothesized that the three WIM comparison modes of our ap-
proach (toggle, swipe, juxtaposed) provide complementary strengths
for different forms of spatial exploration and comparison. This leads
to two research questions: (1) Which WIM modes best support spe-
cific spatial exploration and comparison tasks? and (2) How does the
setting—single-user versus multi-user—affect their use? To address
these questions, we evaluated the Multi-WIM paradigm in a single-
factor VR user study (N=24), combining a single-user experiment
with a multi-user exploration. In the single-user stage, we recorded
participants performance in tasks such as locating key objects, iden-
tifying differences between variants, counting specified features, and
estimating distances, areas, and sizes across designs. In the multi-user
stage, participants collaboratively discussed various design aspects.
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We administered questionnaires to collect subjective data about the
participants’ experience and preferences at each stage.

This work contributes a Multi-WIM paradigm that extends the es-
tablished concept of WIMs beyond navigation to support systematic
comparison of urban design alternatives. By introducing three comple-
mentary comparison modes (toggle, swipe, juxtaposed), we provide a
flexible framework for spatial exploration and evaluation in both single-
user and collaborative settings. Our empirical study demonstrates that
the modes afford some distinct advantages: toggle and swipe are par-
ticularly effective for focused pairwise comparison, while juxtaposed
appears beneficial for landmark recall. Moreover, the multi-user explo-
ration revealed that the availability of multiple modes fosters productive
collaboration, enabling participants to shift between loosely and tightly
coupled analysis. Together, these findings demonstrate how WIMs can
be employed for comparative evaluation tasks in VR-supported urban
planning.

2 RELATED WORK

Our WIM variant visualizations build on prior research in citizen par-
ticipation, spatial knowledge acquisition, world-in-miniatures, and
comparative visualization. To contextualize our approach, we review
relevant work from these four domains, emphasizing the key insights
and limitations that informed our design.

2.1 Urban Planning
In urban planning contexts, immersive stereoscopic displays have
shown to support planning and evaluation by improving 3D perception
and eliciting social presence (the “feeling of being there” [45]), which
in turn fosters a better understanding of spatial relations [34, 35, 43, 47].
Building on this, a growing body of work explores augmented and
mixed reality [36, 41] as well as virtual reality [7, 25, 33, 51] to enhance
citizen participation. Our work contributes to a higher level of par-
ticipation by explicitly enabling the effective comparison of multiple
variants of the same environment, thereby supporting collaboration and
exchange around different design alternatives.

2.2 Spatial Knowledge Acquisition
Urban development projects need to allow stakeholders, in particular
citizens, to form a mental model of the environment, a process known
as spatial knowledge acquisition or cognitive mapping [13]. This
process leads to an understanding of the spatial layout as well as the
relationships between entities within a space, which is categorized
into knowledge about specific buildings (landmark knowledge), paths
between locations (route knowledge), and the overall layout of areas
(survey or configurational knowledge) [1, 38, 44]. These forms of
knowledge can be acquired through different sources and perspectives
[1, 6]: either through navigation within a real or virtual environment
(navigation learning), through external sources such as maps, WIMs,
or images (map learning), or through verbal instructions (description
learning). Acquired spatial knowledge is typically measured through
spatial memory tasks like recalling or placing landmarks or sketching
space layouts and routes [1, 19, 25].

Our work addresses the acquisition of survey knowledge through
WIMs. The tasks in our study are informed by the mentioned forms of
knowledge acquisition required for building a mental model of a design
variant and its particular characteristics.

2.3 Worlds-in-Miniature
The World-in-Miniature (WIM) metaphor provides users with an ex-
ocentric view of their surroundings, supporting spatial knowledge ac-
quisition by allowing the miniature to be moved, rotated, and scaled,
thereby offering perspectives from different angles and distances. In-
troduced nearly 30 years ago, WIMs were designed to seamlessly
integrate overview and detail within virtual environments [48]. Since
then, WIMs have been explored for a variety of purposes, most com-
monly to support navigation for single users or groups [3, 8, 37, 49], to
provide spatial overviews [10, 27, 32, 51], or to enable distant manip-
ulation [4, 20, 22, 49]. Application domains are diverse, ranging from
biomedical data analysis [9] and storytelling [54] to the exploration

of astrophysical environments [27] and architectural design [51]. In-
teraction techniques such as scaling, panning, and slicing have been
continuously refined to address limitations and adapt WIMs to different
contexts [10,27,52]. Beyond interaction, several studies have compared
WIMs with 2D maps in the context of locomotion [3, 12]. Englmeier et
al. [14] examined alternative WIM visualizations, contrasting a planar
WIM with a spherical “little planet” WIM, and found that despite its
unconventional form, the latter outperformed the original WIM in terms
of navigation efficiency. In the domain of spatial knowledge acquisition,
Hsu et al. [19] demonstrated that reduced WIMs can enhance landmark
and route recall, and that both WIMs and maps are most effective when
complemented by a first-person view enriched with building informa-
tion. Danyluk et al. [11] provide a comprehensive analysis of the WIM
design space and identify WIM multiples as an underrepresented dimen-
sion. Since WIMs support spatial understanding they were a natural
choice for enabling the comparison and exploration of different urban
design variants. However, little work has addressed the intersection of
multiple WIMs and variant comparison. Nam et al. [32] introduced
“WIMs in Wedges” to compare forestry data, yet their approach did
not place WIMs at the center of comparison, nor did it investigate
alternative WIM visualization techniques to support different compari-
son tasks. Other examples include VRGit by Zhang et al. [53], which
employs multiple WIMs to visualize differences in versioned room
arrangements, and TimeTables [55], which uses multiple WIM-like
views to explore and analyze spatio-temporal energy consumption data.
While both systems provide multiple views, they do not provide explicit
mechanisms for comparison beyond visual juxtaposition.

2.4 Comparisons in 2D and 3D Visualizations
While WIMs have not previously been applied to the comparison of
design variants, the cognitive tasks involved are closely related to well-
studied comparison techniques in 2D data visualization and visual
analytics. Prior works have shown that multiple coordinated views
can facilitate effective comparison across alternatives both in desktop
[39] and immersive scenarios [15, 28]. Brushing-and-linking tech-
niques further support this process by highlighting related content
across views [23,39]. For identifying differences among competing 2D
stimuli, studies have compared common paradigms such as juxtapo-
sition, superimposition, sliders, and explicit encoding [17, 24]. Each
approach has been shown to support different tasks; for example, slider
metaphors are particularly effective for analyzing before-and-after im-
ages [16].

Similar techniques have also been investigated in 3D, for example
superimposition to explore generative designs [30] or juxtaposition of
small multiples to explore a 3D gesture dataset [26]. Kim et al. [24]
emphasize that 3D data should ideally be spatially aligned, simultane-
ously visible, and information-preserving, but since this is often not
feasible, balancing of design tradeoffs is necessary.

While the cognitive processes that affect comparison are well estab-
lished in 2D visualization, comparable studies have not been conducted
with WIMs. It is plausible that similar results extend to single-user
WIM interactions, yet it remains unclear whether they also hold in
collaborative scenarios where multiple users jointly compare variants.
These concepts informed the design of our Multi-WIM paradigm.

3 SYSTEM IMPLEMENTATION

Our work investigates the use of WIMs for different comparison tasks,
which arise in diverse contexts, for example when contrasting before-
and-after scans of buildings, comparing medical imaging results, or
assessing variations of architectural designs.

Driven by a collaboration with local urban planners, our work fo-
cuses on recreating citizen information events and decision-making
processes in immersive environments to improve citizen participation
in urban planning. Typically, such events involve presenting the current
situation of a location, introducing planned changes and alternative
design options, and then discussing these alternatives with respect to
planning criteria and citizen concerns.

To replicate these decision processes and enhance them using VR,
we developed a multi-user application using Unity3D and Netcode.

2



© 2026 IEEE. This is the author’s version of the article that has been published in IEEE Transactions on Visualization and
Computer Graphics. The final version of this record is available at: 10.1109/TVCG.2026.3679143

Fig. 2: The interactive comparative visualizations modes Toggle, Swipe and Juxtaposed were evaluated in the study.

Our system allows participants to explore various architectural and
environmental models either by navigating them at full scale or by
inspecting them through WIMs. In the following sections, we detail our
approach, including the Multi-WIM paradigm, its comparison modes,
and additional highlighting features.

3.1 Multi-WIM Paradigm
To foster both individual and collaborative exploration of environment
variants, we propose the Multi-WIM paradigm. The idea builds on
the observation that evaluating and comparing multiple alternatives in-
volves different tasks of varying complexity. Prior research has shown
that spatial comparison tasks, such as orienting oneself, locating fea-
tures, identifying differences, estimating area and size, or comparing
functionalities, cannot be fully supported by a single visualization tech-
nique alone. Following the taxonomy by Kim et al. [24], we therefore
designed a hybrid interaction concept for WIMs that integrates three
established comparison strategies (juxtaposition, interchangeable, and
swipe) into a flexible framework. This allows us to compensate for the
trade-offs of each technique and support a broad range of comparison
tasks within one unified paradigm. We also considered using semi-
transparent superimposition or explicit encoding approaches, but initial
tests showed that these approaches were not suitable for comparing our
urban models.

The core principle of the Multi-WIM paradigm is that each urban
design variant is represented by its own dedicated WIM. Thus, when
comparing multiple variants, a distinct WIM is available for each urban
design. While WIMs can be moved, rotated, and scaled independently
or in lockstep, they can also be combined into a WIM Stack. A WIM
stack spatially aligns multiple WIMs, providing a shared viewport and
enabling access to the toggle and swipe comparison modes (see Fig. 2).

In our implementation, each WIM is equipped with a surrounding
circular handle for direct hand manipulation. This handle allows users
to grab, rotate, place, and scale the WIM within their workspace. The
extent and shape of the WIM are defined by the radius of this circle,
which also determines the viewport of the model. Consequently, the
circle radius defines both the geometry and the size of the WIM in the
virtual environment. By grabbing the displayed “world” with one hand,
users can pan the WIM content whereas two-handed interaction enables
rotation and zooming. For WIM Stacks, the same zoom and pan level
is consistently applied across all variants.

The stackable WIM interaction concept permits users to freely ar-
range WIMs and variants, realized in our implementation through
drag-and-drop manipulation via the circular handle. This allows users
to seamlessly transition between comparison modes: juxtaposed vari-
ants can be simply overlaid which makes them snap into a stacked WIM
or separated again by pulling them apart. The stacked WIM allows
switching between Toggle and Swipe modes. In the following, these
Toggle, Swipe, and Juxtaposed modes are described in detail.

3.1.1 Toggle Comparison Technique
The Toggle mode is an interactive comparative visualization categorized
as an interchangeable approach by Kim et al. [24]. The terms blitting
and temporal multiplexing are also sometimes used to describe the

technique [29,46]. Variants contained in one WIM are spatially aligned,
with one variant visible at a time. Variant selector widgets act as radio
buttons, which allows the user to toggle between variants.

3.1.2 Swipe Comparison Technique

The Swipe mode is an interactive superimposition approach, in which
variants contained in a WIM are spatially aligned. It is an established
technique for image and map comparison [29]. In contrast to Toggle,
two variants can be visible at the same time, as they are shown on
opposite sides of a clip plane that is orthogonal to the WIM surface.
This allows the user to swipe between variants through direct hand
interaction with a slider handle, revealing larger or smaller sections
of the variants. To support more than two stacked variants, selector
widgets allow the users to configure the visible pair.

3.1.3 Juxtaposed Comparison Technique

The Juxtaposed mode implements a widely used comparative design
by displaying variants in separate WIMs that are placed side by side.
Zoom and pan can be either performed in lockstep between WIMs or
independently.

3.2 Feature Highlighting Technique

A feature highlighting technique was implemented to assist users in
locating specific functional entities, structures or areas in the variants
and to support comparison of their areas and sizes.

Feature highlights allow the user to visually single out components,
such as functional entities in an urban design that are identified by name
in the control menu. In our urban planning context, users might view a
life-sized variant from an egocentric perspective, using the WIM as an
overview. In this case, feature highlights provide a link between world
and miniature, providing controls for accessing additional information
and providing orientation in larger environments such as a city block.
Feature highlights are similar to brushing and linking as they link func-
tional entities across variants that might appear at different locations
and in different form. So far, these entities were preselected by the
urban planners to focus the attention on the most relevant aspects. How-
ever, they could also be interactively selected in one variant and then
highlighted in the others, following the classic brushing-and-linking
approach.

4 EVALUATION

Our evaluation focused on assessing the different comparison modes of
our proposed Multi-WIM paradigm in the context of variant comparison
and spatial exploration. Two central research questions guided this
evaluation:

RQ1 What are the different qualities of the WIM modes in the con-
texts of spatial exploration and comparison?

RQ2 How do single-user versus multi-user settings influence the
suitability of these modes?

The following subsections describe the methodology we used to
evaluate the WIM modes and to investigate our research questions.
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Fig. 3: Three fictional worlds, each represented by two variants created to support different types of comparison tasks

4.1 Experimental Setup
The study was conducted in a quiet computer lab with an open area of
approximately 10 m × 5 m, providing sufficient space for participants to
move freely without the need for additional virtual navigation. During
the single-user stage, a mobile partition wall was placed to separated
users. The experimental application was implemented in Unity 6 and
executed in PC-VR mode (“link mode”) on a Meta Quest 3 headset at
72 Hz, displayed at the device’s native resolution (2.064 × 2,208 pixels
per eye). This setup ensured a stable and high-fidelity VR experience.

4.1.1 WIM Modes
The stacking interaction was disabled for the study to reduce the number
of interactions users had to learn. Instead, for the single-user stage of
the experiment, one or two WIMs were configured according to the
condition (Toggle, Swipe, Juxtaposed).

For the multi-user stage of the experiment, the virtual environment
was configured with four WIMs: A WIM for Toggle and Swipe respec-
tively, each containing the variant pair, as well as two WIMs showing
the variants in juxtaposition (see Fig. 4).

4.1.2 Materials
Four fictional city blocks (Tutorial World, World 1, World 2, World
3) were created for the single-user part of the experiment using a
commercially available 3D model pack (see Fig. 3). For each city
block, two variants A and B were created by introducing differences
for each study task.

During the multi-user session, participants explored two design vari-
ants showing potential layouts for the future development of the Weimar
train station, a site likely familiar to students at our institution. This
real-world example was chosen for its relevance and recognizability,
and it reflects the citizen participation use case that originally motivated
the Multi-WIM paradigm.

4.1.3 Comparison and Spatial Knowledge Acquisition Tasks
In the single-user stage, participants completed the following seven
tasks in the given order:

• FIND: Mark the location of a given target object.
• LANDMARK: Memorize the same four landmarks (structures or

buildings) that were placed at different locations in the variants,
and mark their locations in a reduced model.

• DIFFERENCES: In a highlighted area, mark six locations where
differences occurred between the two variants.

• COUNT: Count the occurrences of a given object and indicate
which variant has a higher count.

• AREA, SIZE and DISTANCE (ESTIMATION): Indicate which
variant had the larger area or size of a given structure, or greater
walking distance between two given locations.

The tasks required the user to either indicate locations in the WIM
by placing a marker, or indicating the color-coded variant A or B on a
task panel as the answer to a comparison question.

4.1.4 Feature Highlighting
In the single-user stage of the experiment, the feature highlight menu
contained entries for the items or areas that were featured in the tasks.
The menu was shown only during COUNT and estimation tasks (AREA,

Fig. 4: Colocated users compare two design variants (orange, blue). The
front user swipes stacked WIMs and uses juxtaposed WIMs, while the
back user uses toggle WIM.

SIZE, DISTANCE) to encourage its use only for tasks that related to
the features. In the multi-user stage, the menu was always visible and
the selected features were highlighted in all four WIMs.

4.2 Study Design
We employed a single-factor within-subjects study design. The inde-
pendent variable was the WIM mode with three levels: Toggle, Swipe,
and Juxtaposed. The experiment encompassed a single-user and a
multi-user stage.

In the single-user stage, participants completed the task set once
under each WIM mode condition, with World 1, World 2 and World 3
appearing in fixed order. The order of conditions was fully counterbal-
anced across participants.

In the multi-user stage, participants were asked to collaborate on
answering discussion prompts about four aspects of the train station
designs: design of the bus terminal, identify which features are present
in each of the designs, design of car parking, preferences from a cyclist
perspective.

4.2.1 Measures
To address RQ1 we assessed effectiveness, usability and participant
preferences of each WIM mode. For RQ2, we evaluated the participants’
opinions with respect to the suitability of the different modes for the
multi-user setting.

As a measure of effectiveness, the task completion time (TCT)
was recorded in seconds. Depending on the task, we also determined
the error rate (COUNT, AREA, SIZE, DISTANCE, DIFFERENCES)
or distance of the marker from the target location (LANDMARK),
measured in distance units in the reference frame of the 3D model.

After experiencing each condition, participants filled out a question-
naire about the WIM mode. In this questionnaire, the usability of the
WIM mode was measured using the System Usability Scale (SUS) [5]
and custom 7-point Likert scales for rating frustration and agreement
with the statement "With <WIM mode> I always knew which variant
I am looking at." Participants also gave the WIM mode a 1 to 10 star
rating and described what they did and did not like about it in free text.
The suitability for each task was evaluated by rating agreement with
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the statement "The <WIM Mode> was very useful for the <TASK>."
on a 7-point scale.

After experiencing all three WIM modes, participants completed a
final single user questionnaire. They indicated their overall preference
and provided reasoning for their most and least liked condition in free-
text responses. Suitability of each WIM mode across all tasks was rated
on a 7-point scale. Feature highlighting was evaluated using custom
7-point Likert items rating usefulness, ease of use, clarity, and whether
it complemented the Multi-WIM, making it easier to understand. A
demographic questionnaire was also completed at this stage.

After the multi-user session, participants filled out a final question-
naire. In this questionnaire the suitability of conditions in a multi-user
settings was rated and participants explaining their reasoning for the
WIM mode they found most and least suitable. Aspects relevant for
collaboration were measured using two custom 7-point Likert items:
"I could easily point out content to others when using <WIM mode>"
(Point Out) and "I could follow what content was being discussed when
using <WIM Mode>" (Follow Discussion). Co-presence was evaluated
using a subscale from the Networked Minds Social Presence Inventory
(NMSPI) [18].

4.3 Procedure
Participants were welcomed to the lab and informed about the study
and the experimental procedure. Written consent was obtained prior to
conducting the single-user (parallel) stage, followed by the multi-user
stage of the experiment. Interactions were practiced by participants
following information presented on a tutorial panel in the virtual en-
vironment, each under the guidance of a study conductor. Before the
first trial, each WIM interaction technique was practiced (zoom+pan,
marker placement, activating feature highlights). Interaction with the
WIM modes were practiced at the beginning of each condition (widgets
for toggling variants, using slider to swipe, viewing juxtaposed WIMs).

4.4 Participants
The study was conducted with 24 participants (13 male, 11 female)
aged between 23 and 34 years (M = 26.5, σ = 3.1). Participants were
recruited via university mailing lists and received a compensation of
15 Euro. No participant ended the study early. Most participants were
students in the Computer Science or Human Computer Interaction field
(n = 21), only few from other fields (n = 2), and one participant did not
provide this information (n = 1). In regard to familiarity with VR, 10
participants reported being very familiar and three participants reported
having never used VR before (M = 3.7, σ = 1.4). Five participants
played video games rather often (M = 2.6, σ = 1.4). In regard to the
multi-user stage of the experiment, 10 participants already knew the
other person.

4.5 Hypotheses
To investigate our research questions, we perform an exploratory sta-
tistical analysis on the recorded measures to compare the three WIM
modes. To structure the analysis and reporting of results, we formu-
late hypotheses that are evaluated using non-parametric statistical tests.
Specifically, we apply Friedman tests to identify differences between
the WIM mode conditions, followed by Bonferroni-corrected pairwise
post-hoc tests where applicable. In cases where no significant differ-
ences are observed, additional Bayesian analysis was used to assess the
strength of evidence for the absence of effects.

With regard to RQ1, we expected that specific modes would provide
advantages for particular task types, and that participants would value
and rate the modes differently:

• Usability (H1) and overall ratings (H2) will be different between
WIM modes.

• Performance will be different between WIM modes in the FIND
(H3), LANDMARK (H4), COUNT (H5) and DIFFERENCES
(H6) task, as well as the ESTIMATION tasks (H7).

We expect that Toggle would yield the best TCT in the FIND task, as
it supports fast switching for comparison technique. We also expect that
the stacked WIM modes (Toggle, Swipe), which offer spatially aligned

Fig. 5: Results per WIM mode for 1) overall rating, 2) SUS score, as well
as 3) ease of pointing out features and 4) ease of following discussions
in multi-user setting.

model variants in a shared viewport, will benefit the DIFFERENCES
and ESTIMATION tasks, leading to lower TCTs. In contrast, we
assume that the LANDMARK and COUNT tasks can be completed
sequentially. In this case, the Juxtaposed technique, which does not
require interaction to reveal both variants, might yield the lowest TCT.

Addressing RQ2, we considered that the social dynamics of collab-
oration as well as non-verbal communication such as deictic pointing
would affect the perceived suitability and preference of the WIM modes:

• In the multi-user setting, the perceived ease of pointing out content
(H8) and the ease of following a discussion about content (H9)
will be different between WIM modes.

We expected Juxtaposed to best support communication in the multi-
user setting, because multiple users can view and point to details in
both variants without potentially hiding areas or variants that the other
user is interested when swiping or toggling.

5 RESULTS

In this section, we report on the results of the study. We conducted
statistical analyses of the measured variables to examine whether there
were significant differences that support our hypotheses.

All participants (N = 24) completed the task set described in
Sec. 4.1.3 using each of the three WIM modes. After each condi-
tion, as well as after the single- and multi-user parts, questionnaires
were administered, resulting in five per participant.

We began the analysis by testing for normality using the
Shapiro–Wilk test. As the data did not meet the assumption of normal-
ity, we applied the non-parametric Friedman test. When significant
effects were found (p < .05), Bonferroni-corrected Wilcoxon signed-
rank tests were conducted as post-hoc analyses, resulting in following
significance levels: *p < .017, **p < .003, ***p < .0003. Where no
significant effects were observed with respect to our hypothesis, we
conducted post-hoc Bayesian repeated-measures ANOVAs in JASP
using software defaults (uninformative prior) to quantify evidence in
favor of the null hypothesis [21, 31, 40]. We report the Bayes Factor
BF01which indicates how likely the observed data is to occur under the
null hypothesis compared to the alternative hypothesis, and interpret
the value according to the JASP guidelines [50].

5.1 Usability and Overall Rating
Overall rating and SUS scores are depicted in Fig. 5.

The mean SUS scores for Toggle (81.81), Swipe (78.89), and Juxta-
posed (81.18) all fall within the “good” usability range [2], indicating
comparable usability across modes. A Friedman test revealed no sta-
tistically significant effect of WIM mode on usability (χ2(2)= 0.15,
p = .926, W = .001). Overall, participants rated Swipe highest on a
10 star scale (M = 8.57, σ = 1.20), followed by Juxtaposed (M = 8.22,
σ = 1.41) and Toggle (M = 8.22, σ = 1.76). A Friedman test showed
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Fig. 6: Task Completion Times for all tasks with significance levels in post-hoc tests (*p < .017, **p < .003, ***p < .0003)

Toggle Swipe Juxtaposed

Task M σ M σ M σ

FIND 43.4 44.3 56.9 77.2 32.1 22.0
LANDMARK 82.4 25.3 89.1 34.3 63.3 25.9
COUNT 33.1 15.2 39.2 27.2 31.3 19.8
DIFFERENCES 91.1 42.2 127.3 80.4 130.0 61.4
AREA 17.5 10.1 27.8 30.8 26.5 16.0
DISTANCE 27.1 14.4 29.4 24.6 21.1 8.5
SIZE 13.0 6.2 15.0 12.5 8.7 5.7

Table 1: Task Completion Time (in seconds). Mean (M) and standard
deviation (σ ) per task and condition.

no significant effect of WIM mode on overall ratings, (χ2(2)= 0.11,
p = .947, W= .002).

The post-hoc Bayesian analysis provides moderate evidence in fa-
vor of the null hypothesis H10 for the SUS score (BF01 = 8.318) and
H20 for the overall ratings (BF01 = 5.557), which indicates that these
measures are similar for the different WIM modes.

The feature highlighting received high mean ratings in regards to
usefulness (M = 6.42, σ = 1.14), ease of use (M = 6.46, σ = 1.35), clar-
ity (M = 6.46, σ = 1.44) and tended to be perceived by participants as
complementing the WIM modes well in the right context (M = 6.33,
σ = 0.87).

5.2 Task Results
As described in Sec. 4.2.1, the Task Completion Time (TCT, in sec-
onds) as well as task-specific measures were recorded for each task.
Outcomes are reported in Tab. 1 and Fig. 6.

Task complexity varied greatly, for instance, the LANDMARK task
required placing eight markers, whereas the FIND task required only
two. Consequently, we emphasize that TCT can only be compared
between conditions within the same task. Overall, 72 TCT values were
collected for each task.

5.2.1 Find Task
All targets were found by all participants. A Friedman test revealed no
statistically significant effect of WIM mode on TCT in the FINDING
task (χ2(2)= 0.083, p = .9592, W = .002) and a Bayesian post-hoc
test showed weak evidence (BF01 = 2.780) for the null hypothesis H30.

5.2.2 Landmark Task
In terms of accuracy, participants placed landmarks closest to their
original positions in the Juxtaposed condition (M = 9.17, σ = 7.482),
followed by Toggle (M = 11.703, σ = 8.175) and Swipe (M = 15.287,

σ = 11.854). A Friedman test showed no significant effect of WIM
mode on distance to target (χ2(2) = 1.083, p = .5818, W = .023).

However, the WIM mode did have a statistically significant effect on
TCT (χ2(2) = 10.58, p = .005, W = .220), which supports H4. Post-
hoc tests showed that Juxtaposed (M = 63.3) was significantly faster
than Swipe (M = 89.1) (W = 35.0, p = .0005).

5.2.3 Count Task

Participants made no counting errors with any WIM mode. A Fried-
man test revealed no statistically significant effect of WIM mode on
TCT, (χ2(2)= 0.33, p = .847, W = .007) and the Bayesian post-hoc test
revealed rather weak evidence (BF01 = 3.432) for the null hypothesis
H50.

5.2.4 Differences Task

Participants achieved high accuracy across all conditions, with Toggle
yielding the lowest error rate (7.64%), followed by Swipe (8.33%) and
Side-by-Side (9.03%).

A Friedman test revealed a significant effect of WIM mode on TCT,
(χ2(2)= 6.75, p = .034, W = .141), supporting H6. Post-hoc analysis
showed that Toggle (M = 91.15) was significantly faster than Juxtaposed
(M = 129.96) (W = 65.0, p = .0137).

5.2.5 Estimation Tasks

Estimation tasks required participants to compare functional entities
across variants, in terms of SIZE, AREA, and DISTANCE.

In terms of accuracy, Toggle consistently produced the lowest error
rates. For AREA, error rates were 20.8% for Toggle, 25.0% for Swipe,
and 45.8% for Juxtaposed. In the DISTANCE task, participants per-
formed best with Toggle (0% errors), followed by Juxtaposed (8.3%)
and Swipe (16.7%). Accuracy in the SIZE task was high across all
conditions, with only a single error occurring in Toggle (4.2%), while
Juxtaposed and Swipe showed no errors.

For TCT, a Friedman test revealed a significant effect of WIM mode
on TCT in the SIZE task, (χ2(2)= 12.25, p = .0022, W = .255). How-
ever, no significant effects were found for AREA (χ2(2) = 2.250,
p = 0.3247, W = .047) or DISTANCE (χ2(2)= 4.083, p = 0.1298,
W = 0.085). Post-hoc comparisons for SIZE showed that Juxtaposed
(M = 8.7) was significantly faster than both Swipe (M = 15.0, W = 68.0,
p = .017) and Toggle (M = 13.0, W = 46.0, p = .002) .

Bayesian post-hoc tests for AREA (BF01 = 1.464) proved inconclu-
sive and evidence in favor of the null hypothesis regarding DISTANCE
(BF01 = 2.259) is weak. We therefore find no evidence regarding H7
and conclude that the ESTIMATION tasks require further, separate
investigation in future studies.
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Toggle Swipe Juxtaposed

Question M σ M σ M σ

Frustration 2.52 1.62 2.26 1.29 2.57 2.02
Variant Clarity 5.91 1.38 6.04 1.26 6.52 1.12

Task Suitability
Across Tasks 5.29 1.77 5.54 1.59 5.08 1.56
FIND 5.74 1.05 6.04 1.30 6.17 0.98
LANDMARK 5.17 1.85 5.57 1.34 6.09 1.28
COUNT 6.00 1.31 6.39 0.84 6.22 1.09
DIFFERENCES 5.91 1.65 6.17 1.03 4.65 1.87
ESTIMATION 5.91 1.24 5.65 1.50 5.22 1.48

Table 2: Mean (M) and standard deviation (σ ) of frustration, perceived
clarity and task suitability by condition on a 7-point scale.

5.3 Frustration, Clarity and Task Suitability
As stated in Sec. 4.2.1, the questionnaires gathered data on overall
ratings and system usability (reported in Sec. 5.1), as well as frustration,
clarity, and the perceived suitability of each WIM mode for the different
tasks. Results are summarized in Tab. 2.

Overall, participants reported low frustration (M = 2.4, σ = 1.65) and
found it clear which variant they were looking at (M = 6.2, σ = 1.27).
The WIM modes were rated as suitable across tasks at an average rating
of M = 5.3.

A Friedman test revealed no significant effects of condition on task-
specific suitability ratings (all p > .1207), with the exception of DIF-
FERENCES (χ2(2)= 9.123, p = .0104, W = 0.198), where post-hoc
analysis shows that Juxtaposed (M = 4.65) was rated significantly lower
than both Swipe (M = 6.17, W = 17.0, p = .0026) and Toggle (M = 5.91,
W = 20.0, p = .007).

5.4 Multi-User Results and Preferences
Overall, participants assessed co-presence with an average score of 5.86
(σ = 1.01) in the multi-user part, indicating that they perceived each
other and could effectively attract the other’s attention; requirements
for successful collaboration in the given tasks.

For “Point Out,” the Juxtaposed condition received the highest rat-
ings (M = 6.00, σ = 1.45), followed by Swipe (M = 5.30, σ = 1.43) and
Toggle (M = 4.83, σ = 1.78). A Friedman test confirmed a small but
significant effect, (χ2(2)= 6.00, p = .050, W = .130) which supports
H8. Post-hoc analysis indicated that Juxtaposed was rated significantly
higher than Toggle (W = 28.5, p = .007).

Similarly, for “Follow Discussion,” Juxtaposed again scored high-
est (M = 6.09, σ = 1.20), compared to Swipe (M = 5.04, σ = 1.58) and
Toggle (M = 4.96, σ = 1.58). A Friedman test revealed a significant
effect of WIM mode (χ2(2)= 6.86, p = .032, W = .149) in support of
H9. Post-hoc analysis showed that Juxtaposed was rated significantly
higher than Toggle (W = 31.5, p = .005).

Figure 7 illustrates that in the single-user part, stacked WIM modes
were preferred by 75% of participants, with Toggle being the most
favored technique (41.7%), followed by Swipe (33.3%), while the re-
maining 25% favored the Juxtaposed mode. In the multi-user part, how-
ever, preferences clearly shifted: Juxtaposed became the most favored
technique (62.5%), followed by Swipe (25.0%) and Toggle (12.5%).

5.5 Qualitative Feedback
To assess the qualitative feedback, we analyzed collected answers from
open-ended questions using axial coding.

Toggle: Participants appreciated the Toggle mode for its simple
switching interaction (Comment Occurrence, CO = 11), its support for
comparisons (CO = 7), ease of use (CO = 3), and, in some cases, the
clear distinguishability of variants (CO = 3). As P15 noted in the toggle
questionnaire: “[The Toggle mode] made the process of switching from
one variant to another very simple.”

In the final single-user questionnaire, ten participants favored Toggle,
citing ease of use (CO = 9), support for comparison (CO = 4), and

Fig. 7: Stacked bar charts visualizing participants’ preferences.

quick interaction (CO = 3) as reasons. Participants generally used this
technique to rapidly alternate between variants, which, as P20 remarked,
“made differences easy to find out.” In the multi-user context, however,
only three participants preferred this mode, mainly for its comparison
benefits (CO = 2).

18 participants also mentioned drawbacks. Several noted that it was
unclear which variant was currently displayed (CO = 5), which made
comparisons difficult (CO = 3) and, in some cases, caused eye strain
(CO = 2) due to the need to “pay attention to color” (P17). Consequently,
ten participants ranked Toggle as their least favorite mode in the final
single-user questionnaire, mainly due to interaction issues (CO = 5)
such as “having to locate the toggle buttons” (P15) and finding it “hard
to compare and to remember the features of each place” (P3). In the
multi-user setting, nine participants also disliked this mode, describing
it as confusing.

Swipe: Participants valued the Swipe mode primarily for its ease of
comparison (CO = 9), especially when identifying subtle differences
between variants. They also emphasized its overall ease of use (CO = 7),
followed by the benefits of clear color coding (CO = 4) which supported
the identification of variants and allowed to switch quickly between
variants (CO = 4). In the final single-user questionnaire, nine partici-
pants favored Swipe, describing it as interactive and enjoyable (CO = 4),
and highlighting its benefits for comparison (CO = 4). In the multi-user
setting, six participants rated it as the most suitable, emphasizing sup-
port for comparison (CO = 5) for instance, P15 explained: “In multi
user setting using the swipe one was the easiest because I didn’t have
to move around a lot and also most questions asked were based on
estimation and difference and for both I will prefer swipe.” A few also
noted its collaborative aspect, such as P6: “We could together use one
map and move the slider together taking turns.”

At the same time, Swipe was associated with several drawbacks.
Eighteen negative comments were recorded, including issues with the
grabbing gesture (CO = 7), overlap of views (CO = 3), and annoyance
with repeated swiping actions (CO = 3). P13 described it as “not really
comfortable having to keep the button pressed.” Others criticized
the small inspection area (P9) or inconsistencies when zooming. In
the combined questionnaire, six participants named Swipe as their
least favorite, describing it as confusing (CO = 4) or effortful to use
(CO = 3). In the multi-user context, eleven participants considered it
the least suitable, citing interaction difficulties (CO = 9) and challenges
for collaboration (CO = 2). As P20 summarized: “I think it is hard to
switch between versions meanwhile discussing something.”

Juxtaposed: Participants valued the Juxtaposed mode for clear vari-
ant differentiation (CO = 9), ease of use (CO = 10) without requiring
“extra action” (P11), and support for direct comparison (CO = 9). In
the final single-user questionnaire, only five participants favored this
technique, highlighting its straightforward use (CO = 3) and the advan-
tage of simultaneous visibility (CO = 4). In contrast, in the multi-user
questionnaire 15 participants preferred Juxtaposed, particularly for its
benefits in comparison (CO = 10) and cooperation (CO = 5). P13 noted
that “it was easier to mark the differences and to discuss and observe
at[sic] both variants at the same time” and P21 mentioned that mul-
tiple users “can check both tables at the same time” indicating that
Juxtaposed supported parallel interactions. P1 further reflected that
viewing both variants provided “time to think on my own and not being
controlled by the other person’s decisions,” suggesting that the mode
also supported individual reflection within collaborative settings.
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The most frequent complaint about the Juxtaposed mode concerned
the need to look back and forth between the two WIMs (CO = 7).
Several participants also mentioned memorization and comparison
difficulties (CO = 6), with P1 noting that they often had to remember
details from one view before checking the other. Additional issues
included interaction problems such as linked zooming (CO = 2). Five
participants reported no dislikes at all (CO = 5).

In the single-user questionnaire, eight participants reported Juxta-
posed as their least favorite technique, mainly due to the increased men-
tal load (CO = 4) and the effort of frequent head movement (CO = 4).
In the multi-user questionnaire, only four participants considered Juxta-
posed least suitable. Reasons included interaction issues (CO = 2), such
as difficulties handling the display when multiple users were involved
(P14, P15), and space requirements (CO = 3), with participants noting
that the side-by-side setup occupied too much room (P4, P14). One
participant (P6) also criticized that both maps zoomed simultaneously.

6 DISCUSSION

In this section, we first discuss the implications of the quantitative and
qualitative results of our study in regard to the suitability of Toggle,
Swipe and Juxtaposed modes for variant comparison in single-user
versus collaborative multi-user settings. Secondly, we discuss the impli-
cations of our work for VR in citizen participation and for application
in other domains.

6.1 Variant Comparison with Multi-WIM Paradigm
Overall, our findings suggest that our interaction paradigm for multiple
WIMs is suitable for variant comparison and spatial knowledge acquisi-
tion: On average all WIM modes achieved good SUS scores (M = 80,6)
and high ratings (M = 8,3). We found moderate evidence in favor of the
null hypothesis H10 (BF01 = 8.318) and H20 (BF01 = 5.557) that these
measures do not differ by WIM mode. The condition had no significant
effect on the accuracy in the landmark placement task (χ2(2)= 1.083,
p = .5818, W = .023). FIND and COUNT tasks were completed with
zero errors, SIZE with one error. Participants on average missed 0.5 out
of six DIFFERENCES and 8.3% of DISTANCE estimation responses
were incorrect. Only the AREA task was often answered wrong at
38.86% error rate, making it an outlier among the ESTIMATION tasks.
This points to a possible flaw in framing of the question or the mate-
rial. Nonetheless, participants were able to complete the tasks in all
conditions.

With respect to RQ1, we hypothesized that performance in the
tasks would differ by WIM mode and found partial support for this
in three tasks: LANDMARK, DIFFERENCES and SIZE. In addition,
subjective ratings from the questionnaires showed that participants
indeed favored different techniques for specific tasks. Interestingly, the
same technique might be liked or disliked for the same characteristic.
For example, users commented both very positively and negatively
on the swipe interaction. It required a greater range of motion than
other techniques, which one participant enjoyed for the “sense of more
control” and quick “back and forth” (P13), while another disliked that
“more effort” (P16) was required.

While there was no significant effect of condition on the accuracy
of LANDMARK placement, participants completed the task signifi-
cantly faster using Juxtaposed compared to Swipe (W = 35.0, p = .0005),
which supports H4 . This effect could be explained by users memo-
rizing landmarks more easily, leading to more confidence in giving
answers. However, compared to Swipe and Toggle, no interaction
with a slider or widget was required to reveal the other variant, since
both were simultaneously visible, possibly speeding up the completion
of marker placement. This warrants further investigation of spatial
knowledge acquisition in virtual environments composed of different
variants.

In the COUNT task, Participants achieved a 0% error rate across
conditions and a Bayesian post-hoc analysis found weak evidence for
the null hypothesis H50 (BF01 = 3.432).

On average, both Toggle and Swipe yielded faster TCTs than Juxta-
posed in the DIFFERENCES task, with a significant difference between
Toggle and Juxtaposed (W = 65.0, p = .041), which provides support for

H6. The better performance also seems to be reflected in user prefer-
ences, with Toggle and Swipe receiving significantly higher suitability
ratings than Juxtaposed (Toggle W = 17.0, p = .0027; Swipe W = 20.0,
p = .007). In the qualitative feedback, Swipe and Toggle were both
valued for finding differences. For example, one participant commented
that Toggle “made differences easy to find out” (P20) and with Swipe
P13 was able to “quickly see the difference between both variants.”
This supports our assumption that there is a benefit in providing swipe
and toggle techniques to support comparison tasks, particularly those
that require detection of subtle differences between variants.

For the ESTIMATION tasks, results were inconclusive regarding
H7. Juxtaposed achieved significantly faster TCT compared to Toggle
and Swipe in the SIZE task (W = 46.0, p = .002). In contrast, for the
DISTANCE task a Bayesian post-hoc analysis found weak evidence
pointing in favor of the WIM mode having no effect on TCT. With
regard to the AREA task, results were inconclusive (). In the qualitative
feedback, easy comparison was mentioned as a benefit in each case
with seven comment occurrences for Toggle and 9 occurrences for
Swipe and Juxtaposed mode.

6.2 Single User vs. Multi User

Regarding RQ2 we found that the multi-user setting affected user
preference for the conditions: At 62.5%, 2.5 times as many participants
indicated Juxtaposed as the most suitable option in a multi-user setting,
compared to 25% who preferred it in a single-user setting. Qualitative
feedback gives us more insight into why the Juxtaposed technique
tended to be rated as most suitable over stacked WIM modes: Nine
participants perceived Toggle as confusing in the multi-user setting and
other nine reported difficulties with the Swipe interaction (CO=9). In
contrast, Juxtaposed was valued for supporting collaboration (CO=5),
with drawbacks primarily related to a crowded workspace (CO=3);
potentially an artifact of providing all modes simultaneously in the
multi-user stage (see Fig. 4).

In regard to factors related to collaboration, participants rated the
ease of pointing out things to the other user and the ability to follow
the discussion significantly higher in Juxtaposed compared to Swipe
and Toggle respectively (Swipe M = 5.04, σ = 1.58; Toggle M = 4.96,
σ = 1.58). Thus, we found support for H8 and H9.

6.3 Implications

The results of our study have implications for the design of WIM multi-
ples for both single-user and multi-user settings. Different visualization
modes should be available and it must be possible to fluidly switch
between them. When transferring from the context of urban planning
to other application domains, it might be necessary to incorporate other
types of comparative visualization. For example, no explicit encoding
techniques were incorporated because there is no obviously suitable
encoding operation to apply to two urban planning variants, but they
exist for other kinds of 3D models. Therefore, when adopting Multi-
WIM paradigm to other application context, we should incorporate
visualizations that were designed for the given type of data if possible.

6.4 Limitations and Future Work

Several limitations apply to this work. Notably, we recruited a sample
of 24 participants from the student body at our institution, most of
whom have a technical background and some prior VR experience,
which is not representative of the general population. Furthermore,
it is not ideal that participants completed the single-user stage in the
same room, separated by a partition wall, which allowed them to over-
hear conversations between the other participant and study conductor.
It is possible that this slightly affected performance or participants’
opinions.

In each stage of the study, the number of variants displayed as
WIMs was limited to two alternative designs. The stackable WIM
interaction described in Sec. 3.1 can deal with a larger number of
variants. However, a good usability of the stackable WIM interaction
concept would be an important factor in the overall usability of the
Multi-WIM paradigm and warrants further evaluation, as we conclude
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that multiple visualizations should be available to the user and allow
for fluid switching.

The selected visualizations have some limitations. In particular, the
swipe technique by design only allows comparison of two variants and
it is not obvious if and how it should be extended to more than two
variants. Selecting two variants from a stack of WIMs might be the
best option. Additionally, the circular shape of the viewport might not
be equally suitable for toggle, swipe and juxtaposed views. For other
datasets and tasks, other shapes might be more efficient. Another open
question relates to the spatial arrangement of multiple WIMs in the
workspace, as well as other possible layout as have been explored in
prior work on immersive comparison of maps [42, 46].

During the multi-user stage we present all WIM modes simultane-
ously, requiring users to walk to each mode to make use of it. For
loosely coupled collaboration phases, it seems appropriate that each
user has a separate WIM that can be used in all three modes for all
variants under discussion. During tighter collaboration phases, users
might focus on either one or transfer their findings and settings to a
larger, shared WIM.

In our study, we focused only on interactions and tasks related to
the Multi-WIM concept. We did not include egocentric views of vari-
ants and how they relate to the exocentric view onto a WIM. However,
intuitive multi-user interaction for the selection, manipulation, and nav-
igation of variants while maintaining a coherent relationship between
the egocentric view and the WIM view remains a considerable chal-
lenge for future work and would also require closer investigation of
spatial knowledge acquisition.

7 CONCLUSION

Our Multi-WIM paradigm extends prior research by integrating estab-
lished comparison techniques (such as juxtaposition and swipe interac-
tions) into WIMs. This approach enables users to seamlessly switch
between different comparison modes, allowing them to select suitable
or preferred visualizations depending on the task at hand. Our con-
trolled study with 24 participants examined single- and multi-user con-
ditions through a set of tasks including spatial knowledge acquisition
(landmark recall) and comparisons such as finding entities, identifying
differences, and comparing distances and sizes. The results reveal that
for identifying differences, toggling or swiping was beneficial and pre-
ferred by users, yielding significantly faster TCTs than juxtaposition.
For other tasks, the modes appeared to be equally suitable, with partic-
ipants expressing diverging preferences. In the collaborative setting,
however, this pattern shifted, with 62.5% of participants favoring the
Juxtaposed technique because of its stronger support for discussion and
joint exploration.

Over the last 30 years, the WIM metaphor has proven its usefulness
in virtual reality. Our work continues the story of this small but effective
metaphor by investigating comparative visualization techniques based
on WIM multiples in single- and multi-user settings. Beyond urban
planning, the Multi-WIM paradigm introduces a promising approach
for enhancing insight and collaborative analysis in social VR contexts
such as medical imaging, environmental simulations, and architectural
design.
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