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Figure 1: ScaleCue-WIM scaling workflow, illustrated with Earth. The user selects Earth with the ray to place it at the scale
center (left). Scale-in (top): shrinking the Scale-Frame to Earth’s Semantic Box enlarges the WIM content until that box aligns
with the WIM frame, after which a smaller region, such as the Arctic, can be selected as the next focus. Scale-out (bottom):
expanding the Scale-Frame to the fixed WIM frame shrinks the preview content until the next outer Numerical Box fits that
frame. The illustrated boundary-triggered transitions are delimited by semantic or numerical scale references, and the Metric
Extent Readout reports the currently selected real-world side length.
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Abstract
Navigating multiscale virtual environments (MSVEs) requires users
to understand their current scale and follow scale changes during
navigation. World-in-Miniature (WIM) interfaces provide an ex-
ocentric preview for inspecting views across scales. A remaining
design question is how to connect semantic and numerical scale
references to preview adjustment so that users can follow these
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changes. We present ScaleCue-WIM, which combines these refer-
ences with a central Scale-Frame. Users resize the frame to select an
extent; reaching a boundary triggers automatic preview scaling, dur-
ing which the frame remains visible as a reference. We conducted
an exploratory within-subjects study with 24 participants compar-
ing ScaleCue-WIM with Cue-Augmented Scaled and Scrolling WIM
(CASSWIM), an author-constructed continuous-scaling workflow
with comparable scale cues. Across the guided cross-scale routes
tested, participants completed routes 7.37 s (8.7%) faster and used
4.66 (20.0%) fewer scale-control operations with ScaleCue-WIM.
Participants also reported stronger perceived scale support. Par-
ticipants described how the workflow helped them interpret scale
changes, while also noting learning and control trade-offs. These
findings offer insights into how WIM interfaces can support users’
understanding of scale as they inspect and adjust previews for
multiscale navigation.

CCS Concepts
• Human-centered computing → Virtual reality; Interaction
techniques; Empirical studies in HCI .
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1 Introduction
Multiscale virtual environments (MSVEs) allow users to explore
vastly different levels of scale (LoS) spanning from microscopic
biological structures to astronomical systems. To navigate such
environments, users need to know which LoS they are in, how the
current view relates to larger and smaller structures, which object
or region should become the next scale center, and how large the
next scale change should be. Therefore, MSVE navigation combines
locomotion, wayfinding, and scale reasoning [2, 20, 26, 33].

Prior multiscale navigation techniques have primarily addressed
the mechanics of cross-scale locomotion. These approaches adapt
travel speed, control-display ratio, user scale, or view parameters to
nearby structures, allowing users to move more effectively across
large spatial ranges [1, 6, 31, 34, 43, 46]. Our focus is the comple-
mentary problem of supporting users’ understanding of scale while
they inspect and adjust an exocentric preview before changing the
immersive view.

Exocentric approaches, especially World-in-Miniature (WIM) in-
terfaces, provide an established basis for browsing LoS and planning
cross-scale routes. A WIM gives users an exocentric representation
that can support overview, object selection, manipulation, route
planning, preview, and travel [35, 42]. Later WIM systems extended
this idea with scaling, scrolling, hierarchical maps, power-law rep-
resentations, landmarks, occlusion-management techniques, and

integrated navigation workflows for multiscale environments [2,
29, 44, 45, 48]. These systems show that WIMs can support both
navigation and scale adjustment in MSVEs. Scalable WIM [29]
combined continuous spatial scaling with landmarks and cues for
scale, position, and direction. The interface design question we
address is how semantic and numerical scale references can as-
sist users in understanding their current scale and following scale
changes throughout WIM-preview adjustment. ScaleCue-WIM con-
nects these references to extent adjustment and automatic preview
transitions, with the Scale-Frame remaining visible as a reference.

The available scale references vary across an MSVE. Dense bi-
ological scenes contain repeated, nested structures, while sparse
astronomical scenes contain large intervals with few visible land-
marks. These differences motivate combining semantic extents with
numerical scale references.

ScaleCue-WIM combines a Scale-Frame with semantic and nu-
merical references to support users as they inspect and adjust the
WIM preview. The Scale-Frame is a cubic frame at the WIM’s geo-
metric center, which also serves as the scale center. Users place
an object or region at this center and resize the frame to select
an extent. Reaching a Semantic Box, Numerical Box, or the WIM
frame starts an automatic transition to the corresponding semantic
or power-of-ten metric extent (Figure 1; detailed in Section 3.3). The
resulting WIM state previews the candidate view’s LoS, position,
and viewing direction before the user teleports.

We conducted an exploratory within-subjects study with 24 par-
ticipants comparing ScaleCue-WIM and Cue-Augmented Scaled and
Scrolling WIM (CASSWIM) as complete WIM preview-and-teleport
workflows. To ensure a fair comparison, we constructed CASSWIM
by extending SSWIM [48] with the same types of semantic and
numerical cues used in ScaleCue-WIM. Both conditions provided
comparable scale cues but used different scale-control workflows.
In the guided routes tested, participants completed tasks faster and
used fewer scale-control operations with ScaleCue-WIM, and they
reported stronger perceived scale support.

This paper contributes: (1) the design and implementation of
ScaleCue-WIM, a workflow that connects semantic and numerical
scale references with extent selection and preview transitions to
support scale judgments during WIM adjustment; and (2) an ex-
ploratory comparison with a cue-augmented continuous-scaling
workflow, providing evidence on guided route execution, perceived
scale support, and learning and control trade-offs.

2 Related Work
2.1 Egocentric and Exocentric Multiscale

Navigation
Egocentric MSVE techniques mainly support travel across large
spatial ranges. Pan-and-zoom and space–scale models established
movement across orders of magnitude [3, 11, 38], while founda-
tional VR research examined how viewpoint motion should be
controlled [4]. Later systems adapted travel speed, control-display
ratio, user scale, or view parameters to nearby structures [1, 6, 25,
31, 34, 43, 46]. Research also shows that transition design affects
how users understand nested spatial relationships [27], while a
third-person bird’s-eye view can support orientation during long-
distance travel [7]. This work primarily concerns control of the
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immersive view. WIM interfaces provide a complementary space
for inspecting scale and configuring a target view.

World-in-Miniature (WIM) interfaces provide an exocentric plan-
ning space that complements the immersive detail view. The orig-
inal metaphor supported overview, selection, manipulation, and
travel [35, 42]. SSWIM later added scaling and scrolling to overcome
fixed-scale coverage limits [48], while other systems addressed ob-
ject access, occlusion, and integrated navigation workflows [44, 45].
MeTACAST also uses a hand-held WIM to support target- and
context-aware spatial selection in particle data [49].

Using Danyluk et al.’s design space [8], both conditions used a
single headset-VRWIMwith geometry clipped to a cube and a fixed
physical size with variable scope and scale. The WIM frame stayed
at a fixed position and orientation in the virtual environment; users
translated, rotated, and scaled the content inside it. This provided a
stable display area, while the cubic frame defined the visible extent
of the WIM content. We held these WIM properties constant across
conditions. The implemented size and scale range are reported in
Section 4.4.

Several systems address scale support more directly. Bacim et
al. compared Multi-Scale WIM, hierarchical maps, and combined
techniques for MSVE wayfinding [2]. Scalable WIM combined con-
tinuous power-law scaling with landmark labels and nested power-
of-ten cubes, cylinders, or spheres that provided spatial and scale
context [29]. Lee and Stuerzlinger examined input methods and
scaling centers for exocentric scale control [28]. Weissker et al.
compared ways to specify target scale during teleportation and pro-
vided a WIM preview of the surroundings at the selected position
and scale [47]. PRIMO used progressive selection of subvolumes to
inspect dense, homogeneous objects, comparing predefined subdi-
visions with freely positioned selection boxes [36]. ScaleFree uses
dynamically updated density fields to support progressive naviga-
tion in multiscale point clouds, moving the viewpoint to a selected
region and adjusting the viewing scale to its extent [50]. These
studies provide scale controls, region-selection methods, contextual
references, and navigation previews. We examine a workflow that
connects semantic and numerical extents to boundary-triggered
WIM-preview transitions and keeps the selected extent visible dur-
ing adjustment, comparing it with cue-augmented continuousWIM
scaling.

2.2 Scale Cues, Labels, and Operational
Boundaries

Semantic and numerical references provide complementary forms
of scale support in MSVEs. Semantic information conveys what an
object or region is, how it is contained within larger structures, and
which spatial extent might be meaningful to inspect next; numerical
information conveys physical size and order-of-magnitude change,
which can help when semantic structure is sparse or ambiguous.
The distinction is important because a single MSVE can contain
semantic-rich scenes, dense biological structures, and sparse space
across its LoS.

Semantic support is grounded in spatial cognition: people nav-
igate not only by metric coordinates but by landmarks, regions,
routes, and hierarchical organization [9, 14, 15, 30, 32, 37]. In mul-
tiscale VR, perceptual cues can influence how users interpret their

scale relative to the environment [24]. This motivates providing ex-
plicit scale references during interaction. In semantic-rich scenes—
rooms, buildings, streets, map-like regions—and for bounded biolog-
ical structures such as cells or organelles, visible objects and mean-
ingful boundaries offer references for choosing the next scale center
and extent. Dense biological scenes are harder: repeated instances
and nested structures make exhaustive labeling impractical, which
Labels on Levels and HyperLabels address through hierarchy-aware
label management, representative-instance labeling, parent-level
context, and clutter reduction [21, 22]. These works inform the
semantic side of ScaleCue-WIM: labels identify objects and regions,
while Semantic Boxes represent meaningful extents that can serve
as operational boundaries for WIM-preview transitions.

Numerical references complement semantic cues where mean-
ingful objects or regions are sparse. In sparse space, targets may
be too small or distant to remain visible or selectable, so persistent
landmarks and labels keep them available as anchors [39]; but labels
alone do not specify a region’s physical size or a scale change’s
magnitude. Logarithmic spaces, power-law representations, and
scale indicators provide ways to represent and navigate very large
spatial ranges [10–12, 29]. ScaleCue-WIM supplies this through
Numerical Boxes, which mark power-of-ten metric extents, and a
Metric Extent Readout, which reports the real-world side length
currently selected by the Scale-Frame.

Direct-manipulation and external-cognition research motivates
keeping relevant action information visible during interaction [17,
41]. We apply this rationale to WIM scaling by showing the selected
extent and the next transition boundary throughout adjustment.
The design aims to support scale judgments throughout preview ad-
justment by combining semantic and numerical references, visible
transition boundaries, and preview inspection before teleportation.

3 ScaleCue-WIM
ScaleCue-WIM keeps semantic and numerical scale references avail-
able as users adjust and inspect a WIM preview. Users configure a
candidate immersive view, including its LoS, position, and viewing
direction, then enter it through teleportation. The current prototype
environment spans DNA-level biological structures, human-scale
spaces, and solar-system scenes.

3.1 Design Overview and Workflow
The Scale-Frame is a cubic frame at the WIM’s geometric center,
which also serves as the scale center. Users place an object or region
at this center and resize the Scale-Frame to choose the extent to
inspect. The Metric Extent Readout shows the selected real-world
side length, while Semantic and Numerical Boxes mark possible
extents. Shrinking the Scale-Frame to an internal box starts a scale-
in transition; expanding it to the fixed WIM frame starts a scale-out
transition.

The workflow has four stages. First, users center an object or
region by selecting its visible object or label with a ray, or by trans-
lating and rotating the WIM content. Second, they resize the Scale-
Frame to select an extent. Third, a boundary contact triggers auto-
matic scaling of the WIM preview, following the rules in Section 3.3.
Finally, users inspect the resulting preview and either continue
adjusting it or enter it through teleportation.
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3.2 Scale Cues in the WIM
ScaleCue-WIM combines manually authored Labels and Semantic
Boxes with automatically generated Numerical Boxes and a Metric
Extent Readout (Figure 2). The Semantic Boxes form a manually
defined parent–child hierarchy. Labels identify objects or regions,
Semantic Boxes mark meaningful extents, Numerical Boxes mark
power-of-ten metric extents, and the readout reports the Scale-
Frame’s current real-world side length.

Labels identify objects, regions, or representative instances. In
map-like human-scale scenes, peer-level labels can remain visible,
as on a map. For bounded objects with clear visual extents, labels
appear mainly during ray preselection to confirm object identity.
In dense biological scenes, ScaleCue-WIM uses hierarchy-aware
label management inspired by Labels on Levels [21] and Hyper-
Labels [22], including parent-level context and representative in-
stances. In sparse space, persistent labels or landmarks keep small
or distant targets available as navigation anchors.

Semantic Boxes enclose meaningful objects or regions, including
rooms, buildings, cells, organelles, planets, orbital regions, and
the solar system. ScaleCue-WIM constructs a default scaling chain
through the semantic hierarchy by selecting, at each level, the child
whose physical center is closest to that of its parent. To limit clutter,
it displays Semantic Boxes for the current scale center, its parent, the
next child along this chain, and any ray-preselected object. These
boxes provide local hierarchical context and semantic extents for
scaling. The relevant part of the chain is updated when the object
or region at the scale center changes. Boxes outside the current
view can be inspected by recentering or changing scale.

Numerical Boxes provide metric extents around the scale center.
In the prototype, their side lengths follow powers of ten, 10𝑘 meters,
so adjacent boxes differ by one order of magnitude. They provide
scale references in intervals where a semantic parent or child is
unavailable or less useful.

The Metric Extent Readout is attached to the Scale-Frame and
continuously reports its real-world side length. Unlike Numerical
Boxes, which provide discrete order-of-magnitude references, the
readout provides continuous feedback for the currently selected
extent.

3.3 Scale-Frame Scaling
Figure 1 illustrates scale-in and scale-out. During manual selection,
the right thumbstick resizes the Scale-Framewhile theWIMpreview
stays at its current scale. When the Scale-Frame reaches a trigger
boundary, manual resizing pauses and the system automatically
enlarges or shrinks the preview content. The WIM’s outer frame
stays fixed. During the transition, the Scale-Frame remains visible
and continues to represent the same selected real-world side length,
as shown by its unchanged Metric Extent Readout.

For scale-in, users shrink the Scale-Frame until it reaches an
internal Semantic Box or Numerical Box. The system then enlarges
the WIM content until the target box matches the size of the fixed
WIM frame. For a Semantic Box, the system also places the corre-
sponding object or region at the WIM center. For example, when
the Scale-Frame reaches Earth’s Semantic Box, Earth is centered
and enlarged to fill the WIM.

For scale-out, users expand the Scale-Frame until it reaches the
fixed WIM frame. The system then shrinks the WIM content, bring-
ing a larger surrounding extent into view, until the parent Semantic
Box or next outer Numerical Boxmatches the size of theWIM frame.
For a parent Semantic Box, the system also places the corresponding
parent object or region at the WIM center.

After alignment, the preview is held briefly before a continuing
thumbstick input resumes Scale-Frame resizing (Section 4.4). Users
can also release the thumbstick between predefined boundaries.
On the next inward input, the system first enlarges the preview to
make this intermediate extent fill the WIM frame, then resumes
resizing. This allows users to continue from an extent they selected
themselves.

3.4 Preview and Teleport
ScaleCue-WIM supports multiscale navigation through a preview-
and-commit workflow. Users configure a candidate immersive view
in the WIM, including its level of scale (LoS), position, and view-
ing direction. They then commit the previewed configuration by
teleporting to the corresponding immersive view. Teleportation
changes the viewpoint discretely, reducing continuous optic flow
during travel, but it can disrupt spatial orientation and updating [40].
ScaleCue-WIM lets users inspect the destination configuration be-
fore teleporting, providing a preview of the upcoming transition.

4 User Study
We conducted an exploratory within-subjects study comparing
ScaleCue-WIM and CASSWIM during guided cross-scale route
execution. We examined participant-level completion time, scale-
operation count, and perceived scale support; both conditions are
described in Section 4.3.

The study addressed two research questions:
• RQ1: How do completion time and scale-operation count
differ between ScaleCue-WIM and CASSWIM during guided
cross-scale route execution?

• RQ2:Howdoes perceived scale support duringWIM-preview
adjustment differ between ScaleCue-WIM and CASSWIM?

4.1 Participants
We recruited 24 participants (14 male, 10 female; mean age 25.5,
𝑆𝐷 = 1.8, range 22–30) from a local university community. All par-
ticipants had normal or corrected-to-normal vision and reported no
vestibular disorders. Before the experiment, participants completed
a background questionnaire about prior VR experience (7-point;
𝑀 = 4.1, 𝑆𝐷 = 1.5) and self-rated familiarity with biological struc-
tures (𝑀 = 2.0, 𝑆𝐷 = 1.0), geographic and human-scale maps
(𝑀 = 3.4, 𝑆𝐷 = 1.3), and astronomical and solar-system content
(𝑀 = 2.3, 𝑆𝐷 = 1.2). The sample size of 24 supported a fully crossed
counterbalancing of condition order and task-set assignment (four
order-by-set sequences, six participants each). The study was ap-
proved by the university’s ethics review process, and all participants
provided informed consent.

4.2 Apparatus and Controls
The study used a Meta Quest 3 head-mounted display with two
Meta Quest Touch Plus controllers (2064×2208 pixels per eye,∼110◦
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Figure 2: Main visual components of ScaleCue-WIM. The WIM frame defines the boundary of the miniature world, while the
Scale-Frame is used to select an extent around the scale center. Labels and Semantic Boxes provide semantic references for
objects and regions. Numerical Boxes mark power-of-ten metric extents, and the Metric Extent Readout reports the real-world
side length currently selected by the Scale-Frame.

horizontal field of view, up to 120Hz). The application ran via a PC-
tethered link from a desktop (Intel Core i9-14900K, NVIDIA RTX
4090D, Windows 11) and was implemented in Unity (2022.3.62f1).
The headset view was mirrored to an external monitor so that the
experimenter could observe task progress.

Participants used the left controller to manipulate the WIM con-
tent. Pressing the X button activated rotation: the left thumbstick
controlled rotation about the 𝑥- and 𝑦-axes, while holding the left
trigger and moving the thumbstick controlled rotation about the
𝑧-axis. Pressing the Y button activated translation: the thumbstick
moved the content forward, backward, left, or right, while holding
the trigger and moving it up or down moved the content vertically.
Rotation and translation rates were 30◦/s and 2 Unity units/s, re-
spectively (2 m/s under the scene’s 1-unit-to-1-m convention). Each
active directional input moved or rotated the WIM content at the
fixed rate for that axis; increasing thumbstick deflection did not
increase the rate. The right thumbstick scaled the WIM content in
CASSWIM or the Scale-Frame in ScaleCue-WIM. Pressing the right
trigger selected the ray target; selecting a label also recentered its
associated object or region. The A button committed the configured
preview and teleported the participant. A trial ended when the ray
intersected the active red checkpoint, with no separate confirmation
input.

4.3 Conditions
We compared two matched WIM preview-and-teleport workflows.
Both used the same MSVE, types of scale cues, ray selection, user-
controlled recentering, manual 6-DoF manipulation of the WIM
content, and teleport command. Participants could translate and
rotate the WIM content to center an unlabeled region or refine the
preview.

CASSWIM. CASSWIM extended SSWIM [48] with the same
types of scale cues used in ScaleCue-WIM. Participants directly
scaled the WIM content. Labels, Semantic Boxes, Numerical Boxes,
and the Metric Extent Readout attached to the WIM frame served
as visual references. The displayed Semantic Boxes corresponded to
the object closest to the scale center and its related parent and child
along the scaling chain. Continuous scaling updated this display
without automatically recentering the WIM content.

ScaleCue-WIM. Participants used the shared selection and man-
ual recentering controls but adjusted scale by resizing the Scale-
Frame. The Metric Extent Readout showed the selected extent.
Contact with an internal box or the fixed WIM frame triggered an
automatic preview transition, including object or region recenter-
ing when a Semantic Box was the target. Labels remained available
for selection and recentering.

4.4 Scaling Speed and Animation
Both techniques used the same manual scale mapping: each right-
thumbstick update changed the controlled extent by a factor of
𝑠 = 1.1, with a minimum interval of 0.05 s between updates. We
selected these values during prototyping to provide a controllable
scaling rate.

The physical WIM remained fixed at 1 m per side. With the
implemented scale-index range −213 ≤ 𝑛 ≤ 320 and 𝐿(𝑛) = 1.1𝑛 m,
it represented extents from approximately 1.53 × 10−9 m (1.53 nm)
to 1.76 × 1013 m (about 118 AU).

CASSWIM applied each accepted manual update directly to the
WIM preview, whereas ScaleCue-WIM applied it to the Scale-Frame.
During automatic alignment, ScaleCue-WIM multiplied the size
of the preview content by 1.1 per step for scale-in and divided it
by 1.1 per step for scale-out, with at most one step per rendered
frame. The transition stopped when the target box matched the size
of the fixed WIM frame. Its duration depended on the number of
steps needed to reach the target and the frame timing. The aligned
preview was then held for 0.2 s before a continuing thumbstick
input resumed Scale-Frame resizing. Completion time included the
entire transition and this hold.

4.5 Tasks and Environments
Participants completed guided routes in a single MSVE spanning
biological, human-scale, and astronomical scenes. An always-visible
text panel above the WIM listed the destination and intermediate
route points in order. Figure 3 shows the ScaleCue-WIM workspace
and the technique-neutral route guidance used in the study. After
participants visited these points, the final red-sphere checkpoint
became active. A trial ended when the ray intersected it.

We used three route types: cell-to-planet routes scaled outward,
planet-to-cell routes scaled inward, and cell-to-cell routes scaled
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Figure 3: Unity application view in the ScaleCue-WIM condi-
tion. The text panel above the WIM lists the route points in
order. Both conditions used this form of technique-neutral
route guidance.

outward to a geographic level and then inward to another cell. The
last type also required a user-selected change of scale center.

We created two matched six-trial task sets, each containing two
routes of each type. Trial order was randomized for each participant.
The sets matched the required label-based center selections, scale
span, and scale-in and scale-out phases, but used different routes
to reduce learning effects.

Condition order and task-set assignment were fully crossed and
counterbalanced across the 24 participants using four order-by-set
sequences. This scheme balanced which technique was experienced
first and ensured that each task set appeared equally often with
each technique and in each presentation position.

4.6 Objective Measures
Completion time was measured from the first WIM interaction after
the participant finished reading the route description until the ray
intersected the final checkpoint. Route-reading time was excluded.

Scale-operation count recorded separate user-initiated scale in-
puts: direct WIM-scaling inputs in CASSWIM and Scale-Frame
resizing inputs in ScaleCue-WIM. A continuous thumbstick hold
counted as one operation, including when it continued through
automatic alignment. Releasing and resuming the input counted
as a new operation. The two measures therefore captured route
duration and the number of separate scale-control actions under
the instruction to finish as quickly as possible.

4.7 Subjective Measures
After each condition block, participants completed four subjective
instruments. We used seven study-specific 7-point items to assess
perceived scale support: awareness of the current LoS, judgment
of real-world extent, understanding of scale changes, use of scale
cues, confidence in WIM scale control, judgment of when to stop
scaling, and avoidance of unintended LoS. Higher ratings indicate
stronger perceived scale support.

We additionally administered the System Usability Scale (SUS)
[5] for general usability and NASA-TLX [13] for perceived work-
load. NASA-TLX items were rated on a 7-point scale and averaged
without weighting. We also administered an adapted 16-item SSQ

symptom checklist [18] before the study and after each condition
block to monitor simulator sickness. Participants rated each SSQ
symptom on a 7-point scale. We analyzed the unweighted symp-
tom sum (range 16–112) as a monitoring measure. At the end of
the study, a forced-preference questionnaire asked which interface
participants preferred overall and which interface better supported
scale awareness, extent judgment, WIM scale control, judging when
to stop scaling, and route-execution efficiency. The semi-structured
interview then asked participants to explain their preferences and
describe how they used the semantic and numerical cues in each
technique. The perceived scale-support items and forced-preference
questions are provided in the supplementary material.

4.8 Procedure
Participants completed the background questionnaire and pre-study
SSQ before the experimenter introduced LoS, the route panel, the
controls, and both WIM workflows. They then practiced in a sepa-
rate training scene.

For the main study, participants were instructed to follow the
displayed route points in order and complete each trial as quickly
as possible. They completed two six-trial condition blocks. After
each block, they completed the scale-support questionnaire, SUS,
NASA-TLX, and SSQ. The forced-preference questionnaire and
semi-structured interview followed the second block. The session
lasted approximately 75–90 minutes.

4.9 Analysis
For each condition, we averaged each participant’s six heteroge-
neous but balanced routes, giving every participant equal weight
in the condition comparison. We compared these participant-level
means using two-sided paired-samples 𝑡-tests and report mean
differences, 95% confidence intervals, and standardized within-
participant effect sizes (𝑑𝑧 ) [23]. Here, 𝑑𝑧 = 𝐷̄/𝑠𝐷 , where 𝐷 is
each participant’s ScaleCue-WIM-minus-CASSWIM difference. The
paired differences showed no clear departure from normality (com-
pletion time: Shapiro–Wilk𝑊 = .961, 𝑝 = .461; scale-operation
count:𝑊 = .956, 𝑝 = .355). We also examined the Condition ×
Route-type interaction using a two-way repeated-measures ANOVA
and applied Greenhouse–Geisser correction to both outcome anal-
yses. The Greenhouse–Geisser epsilons were .775 for completion
time and .848 for scale-operation count. Route-type paired-samples
𝑡-tests were exploratory and uncorrected for multiplicity.

Questionnaire outcomes were analyzed as within-participant
condition-block measures. SUS was scored using the standard pro-
cedure, and the study-specific scale-support items were averaged
into one composite per condition. The paired differences showed
no clear departure from normality (Shapiro–Wilk: NASA-TLX,𝑊 =

.953, 𝑝 = .320; SUS,𝑊 = .945, 𝑝 = .210; perceived scale support,
𝑊 = .979, 𝑝 = .869). We compared these three outcomes using
two-sided paired-samples 𝑡-tests with Holm correction [16]. SSQ
symptom sums were analyzed separately as a monitoring measure
using a two-sided Wilcoxon signed-rank test because paired differ-
ences were strongly non-normal, with the rank-biserial correlation
reported as the accompanying effect size [19]. Forced-preference re-
sponses were tested against chance using two-sided binomial tests.
The aspect preference count summarized the number of the five
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Table 1: Participant-level objective and subjective outcomes
(𝑁 = 24). Values are mean (SD), except for overall prefer-
ence (participants choosing each technique); differences are
ScaleCue-WIM minus CASSWIM. NASA-TLX and scale sup-
port use 1–7 scales; SSQ symptom sum is an unweighted 16-
item adapted score (16–112). †: Holm-adjusted across NASA-
TLX, SUS, and scale support. SSQ uses a two-sided Wilcoxon
signed-rank test as a simulator-sicknessmonitoringmeasure;
the remaining non-preference outcomes use paired-samples
𝑡-tests. Overall-preference 𝑝 uses a two-sided binomial test.

Measure CASSWIM ScaleCue-WIM Diff. [95% CI] 𝑑𝑧 𝑝

Objective outcomes

Completion time (s) 84.82 (13.65) 77.44 (9.46) -7.37 [-11.20, -3.54] −0.81 < .001
Scale operations 23.30 (7.80) 18.64 (6.45) -4.66 [-6.47, -2.85] −1.09 < .001

Subjective outcomes and preference

NASA-TLX 2.31 (0.62) 1.51 (0.53) -0.79 [-1.02, -0.56] −1.45 < .001†
SUS 77.81 (9.76) 86.67 (8.68) 8.85 [2.96, 14.74] 0.63 .005†
Scale support 3.23 (0.75) 5.32 (0.61) 2.10 [1.75, 2.44] 2.57 < .001†
SSQ symptom sum 21.58 (7.53) 20.13 (6.05) – – .037
Overall preference 1/24 23/24 – – < .001

aspect-specific items favoring each technique, excluding overall
preference.

One author transcribed and coded the interview recordings using
a hybrid deductive-inductive process. The initial coding framework
followed the six topics covered by the interview guide: scale cues
and awareness, Scale-Frame anchoring and rescaling, interruptions
during continuous scaling, navigation and task support, learning
and ease of use, and freedom and control. Complete responses
were the coding units, and one response could receive multiple
codes. During analysis, the initial codes were refined using more
specific patterns in the responses and then grouped into the four
themes reported below. The resulting themes were checked against
the interview summaries. The complete semi-structured interview
guide is provided in the supplementary material.

5 Results
Figure 4 provides an overview of the objective and subjective out-
comes at the participant level.

5.1 Objective Results
Table 1 summarizes the objective and subjective outcomes aggre-
gated at the participant level. Negative differences indicate lower
values for ScaleCue-WIM than CASSWIM. ScaleCue-WIM reduced
the mean completion time from 84.82 s to 77.44 s. A two-sided
paired-samples 𝑡-test on participant-level block means showed a
significant reduction, 𝑡 (23) = −3.98, 𝑝 < .001, 𝑑𝑧 = −0.81, with
a mean paired difference of −7.37 s, 95% CI [−11.20,−3.54]. The
paired-difference SD was 9.07 s, and the within-participant condi-
tion correlation was 𝑟 = .750.

ScaleCue-WIM also reduced scale-operation count from 23.30
to 18.64 operations per trial. A two-sided paired-samples 𝑡-test
showed a significant reduction, 𝑡 (23) = −5.32, 𝑝 < .001, 𝑑𝑧 =

−1.09, with a mean paired difference of −4.66 operations, 95% CI
[−6.47,−2.85]. The paired-difference SD was 4.29 operations, and
the within-participant condition correlation was 𝑟 = .835.
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Figure 4: Participant-level outcomes (𝑁 = 24). Lines in (a) and
(b) connect each participant’s means across six routes per
condition. The other panels show individual questionnaire
scores or aspect preference counts. Boxes show quartiles and
medians, whiskers extend to the most extreme observations
within 1.5 interquartile ranges, and open diamonds show
means. All observations are plotted. Brackets indicate paired-
samples 𝑡-tests (** 𝑝 < .01, *** 𝑝 < .001), with Holm correction
for the three questionnaire comparisons. Aspect preference
count excludes overall preference and is descriptive only.

Route-type paired-samples 𝑡-tests (Table 2, part (a)) were ex-
ploratory and uncorrected for multiplicity. They showed lower
scale-operation counts with ScaleCue-WIM in all three route types
(𝑑𝑧 between −0.48 and −0.65; all 𝑝 < .05), whereas the completion-
time reduction reached significance only for cell-to-planet routes
(𝑡 (23) = −4.88, 𝑝 < .001,𝑑𝑧 = −1.00), not for cell-to-cell (𝑑𝑧 = −0.37,
𝑝 = .081) or planet-to-cell routes (𝑑𝑧 = −0.12, 𝑝 = .557). The Condi-
tion × Route-type interaction was not significant for either measure
(Table 2, part (b)).

5.2 Subjective Results
The seven-item perceived scale-support composite showed accept-
able internal consistency for CASSWIM (Cronbach’s 𝛼 = .73) and
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Table 2: Objective outcomes by route type at the partici-
pant level (𝑁 = 24, two routes per type per condition). Part
(a) reports exploratory route-type paired-samples 𝑡-tests
(ScaleCue-WIM minus CASSWIM; negative values indicate
shorter completion times or fewer scale operations under
ScaleCue-WIM; uncorrected for multiplicity). Part (b) reports
the Condition × Route-type interaction with Greenhouse–
Geisser-corrected degrees of freedom and 𝑝 values.

Measure Route type CASSWIM ScaleCue-WIM Diff. [95% CI] 𝑑𝑧 𝑝

(a) Route-type paired-samples 𝑡-tests

Time (s)
Cell-to-planet 76.93 (34.67) 64.05 (28.40) −12.88 [−18.33,−7.42] −1.00 < .001
Planet-to-cell 87.59 (21.19) 85.38 (15.44) −2.21 [−9.89, 5.47] −0.12 .557
Cell-to-cell 89.93 (14.48) 82.90 (15.54) −7.03 [−14.99, 0.94] −0.37 .081

Scale ops
Cell-to-planet 19.92 (14.91) 16.04 (16.02) −3.88 [−6.41,−1.34] −0.65 .004
Planet-to-cell 25.81 (7.49) 22.40 (7.06) −3.42 [−6.41,−0.42] −0.48 .027
Cell-to-cell 24.17 (8.18) 17.48 (5.94) −6.69 [−11.02,−2.35] −0.65 .004

(b) Condition × Route type interaction (two-way RM-ANOVA)

Time (s) 𝐹 (1.55, 35.65) = 2.26, 𝜂2
𝑝 = .09 .130

Scale ops 𝐹 (1.70, 38.99) = 1.10, 𝜂2
𝑝 = .05 .333

high internal consistency for ScaleCue-WIM (𝛼 = .91). Partici-
pants reported substantially stronger perceived scale support with
ScaleCue-WIM: the composite increased from 3.23 with CASSWIM
to 5.32 on the 7-point scale, 𝑡 (23) = 12.61, 𝑝Holm < .001, 𝑑𝑧 = 2.57.
The paired-difference SD was 0.81, and the within-participant con-
dition correlation was 𝑟 = .293.

SUS scores also favored ScaleCue-WIM (86.67 vs. 77.81), 𝑡 (23) =
3.11, 𝑝Holm = .005, 𝑑𝑧 = 0.63, and the unweighted NASA-TLX score
was lower with ScaleCue-WIM (1.51 vs. 2.31 on the 7-point scale),
𝑡 (23) = −7.11, 𝑝Holm < .001,𝑑𝑧 = −1.45. Paired-difference SDs were
13.95 for SUS and 0.55 for NASA-TLX; the corresponding within-
participant condition correlations were 𝑟 = −.141 and 𝑟 = .561. SUS
and NASA-TLX provided complementary measures of usability and
workload. In this comparison, stronger perceived scale support with
ScaleCue-WIM was accompanied by higher usability ratings and
lower workload ratings.

In the forced-preference questionnaire, 23 of 24 participants pre-
ferred ScaleCue-WIM overall (𝑝 < .001, two-sided binomial test).
ScaleCue-WIM was also selected more often for the preference
items on scale awareness, extent judgment, WIM scale control, judg-
ing when to stop scaling, and route-execution efficiency. Figure 4
summarizes the five aspect-specific responses as aspect preference
counts.

The adapted SSQ symptom sums were lower after ScaleCue-
WIM (CASSWIM: 𝑀 = 21.58, 𝑆𝐷 = 7.53; ScaleCue-WIM: 𝑀 =

20.13, 𝑆𝐷 = 6.05). Because the paired differences were non-normal
and 11 participant pairs showed no difference, we evaluated this
monitoring measure using a two-sided Wilcoxon signed-rank test.
The test indicated lower symptom sums after ScaleCue-WIM,𝑊 =

16, 𝑝 = .037, with a rank-biserial correlation of 𝑟rb = −.65.

5.3 Interview Findings
The interviews contextualized the quantitative results through four
themes: operationalized scale cues, Scale-Frame anchoring, mon-
itoring during continuous scaling, and trade-offs in learning and
freedom.

Operationalized scale cues. Participants described linking au-
tomatic preview changes to the Semantic and Numerical Boxes
defining the resulting extent. They interpreted transitions to se-
mantic extents as movement to another level in the semantic hi-
erarchy. Numerical Boxes provided repeated reference points at
regular order-of-magnitude intervals, which participants described
as helping them follow scale changes as they continued scaling.
In CASSWIM, participants found it harder to connect the boxes
with changes in the preview when the boxes served only as visual
references. P2, P4, P7, P10, P13, and P24 noted that they focused on
completing the route and often paid little attention to the visible
boxes.

Scale-Frame anchoring. P1, P5, P8, P10, P14, and P24 described
the Scale-Frame as a stable reference during automatic preview
scaling. The frame continued to represent the same selected real-
world side length, with an unchanged value in the Metric Extent
Readout, while the WIM content changed. Participants reported
using this reference to relate the current preview to the preceding
scale range and to judge how much and in which direction the scale
had changed.

Monitoring during continuous scaling. P7, P18, and P20 re-
ported that continuous scaling through unfamiliar ranges in CASS-
WIM made it difficult to tell how much the scale had changed or
whether they had reached the intended level. They described paus-
ing to assess the current scale, compare it with their target, and
decide whether to continue scaling. With ScaleCue-WIM, they felt
better supported in understanding their current scale and following
changes as scaling continued. They reported less confusion and
fewer pauses to reassess the scale.

Learning and freedom trade-offs. P3, P5, P9, P16, P17, P19,
and P20 reported needing time to understand the Scale-Frame and
boundary-controlled workflow. They described CASSWIM as more
direct because it allowed continuous adjustment, although they
perceived it as offering less scale support. P12 considered ScaleCue-
WIM unnecessarily complex for the study tasks. P14 and P19 also
viewed predefined boundaries as less flexible; P14 suggested a cus-
tomizable Numerical Box density. Participants who discussed the
Metric Extent Readout treated it as secondary to the boxes and
Scale-Frame. P7 noted that the tasks did not require exact metric
judgments.

6 Discussion
The central design question is how semantic and numerical refer-
ences can support users in understanding scale as they inspect and
adjust a WIM preview. ScaleCue-WIM connects these references
to scaling and keeps the Scale-Frame visible during preview tran-
sitions. Participants completed routes faster and used fewer scale-
control operations with this workflow, while reporting stronger
perceived scale support.

The mean time saving was 7.37 s per route (8.7%), alongside
4.66 fewer scale-control operations (20.0%). Participants therefore
started scale-control inputs fewer times while completing routes
more quickly. The value of scale support may also depend on the
range a user is navigating. Users may move confidently through
familiar scales and need more guidance in unfamiliar ones. Support
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may therefore be useful at different moments and to different de-
grees for different users. Subjective ratings and interview accounts
help explain this value alongside the route-level efficiency gains.

Participants reported stronger perceived scale support, higher
usability, and lower workload with ScaleCue-WIM. Both workflows
provided the same types of semantic and numerical cues, but par-
ticipants described using them differently. In ScaleCue-WIM, they
found the boxes easier to notice and use when the boxes guided
scaling, and used the Scale-Frame to relate the preceding and re-
sulting scale ranges. In CASSWIM, some reported overlooking the
boxes while following the route or pausing to inspect unfamiliar
ranges. These accounts suggest that connecting scale references
to preview adjustment helped participants interpret scale changes.
For WIM design, this points to making the relationship between the
selected extent, the scaling action, and the resulting preview easy
to follow. References that users can consult across these steps may
support both choosing a view and understanding how it changes.

The interviews also point to a trade-off between guidance and
direct control. Some participants needed time to learn the Scale-
Frame, and some preferred the directness of continuous scaling.
This suggests a design that lets users switch between boundary-
controlled transitions and continuous preview scaling for local
adjustments. Such a design would retain guidance between mean-
ingful extents while giving users more control when the desired
view falls between boundaries.

7 Limitations and Future Work
First, we used prescribed routes to give participants comparable
task requirements and focus the comparison on scale control. The
always-visible route description reduced route-discovery and mem-
ory demands. Future work will extend the evaluation to open-ended
tasks by removing the prescribed route guidance and letting users
choose destinations and routes through the existing label selection,
recentering, and preview controls. Exact extent-matching tasks
would also help assess the value of the Metric Extent Readout.

Second, the study compared integrated workflows rather than
isolating the contribution of the Scale-Frame, operational bound-
aries, automatic alignment, or their visual feedback. The compari-
son includes differences in automatic transition timing as well as
participants’ actions. Factorial comparisons are needed to deter-
mine which elements are necessary and how they interact.

Third, scale-operation count records separate scale-control in-
puts but does not identify why an input ended. Planned adjust-
ments, corrections, inspection pauses, and individual strategies can
therefore produce similar counts. Completion time summarizes
the whole route, and the questionnaires summarize each condi-
tion block. We did not measure when support was useful within
individual scale ranges. Combining event logs with brief reports at
selected scale ranges would help identify these moments and relate
them to users’ familiarity with each range.

The perceived scale-support composite measures self-reported
support rather than objective scale awareness and requires further
validation. Interview themes were developed by one author without
independent coding. The interview prompts elicited comparisons
of scale support, which may also have shaped the emphasis of
participants’ responses.

Finally, each route type contained only two routes per condition,
and neither Condition × Route-type interaction was significant. A
wider range of routes is needed to examine variation across task
demands. Although condition order and task-set assignment were
counterbalanced, each participant encountered each condition and
task set only once; possible order and task-set effects cannot be
fully excluded. The study also used one prototype MSVE and a
young university sample with moderate VR experience. Future
work should test broader populations and environments.

8 Conclusion
We presented ScaleCue-WIM, a workflow designed to support users’
scale judgments as they inspect and adjust a WIM preview before
teleportation. It combines a central Scale-Frame with semantic and
numerical references for extent adjustment and automatic preview
transitions. In an exploratory within-subjects study with 24 par-
ticipants, ScaleCue-WIM supported faster guided cross-scale route
execution with fewer scale-control operations than CASSWIM. Par-
ticipants reported stronger perceived scale support, higher usability,
and lower workload. The findings motivate further evaluation of the
workflow’s benefits and control trade-offs in open-ended multiscale
navigation.
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