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Fig. 1: (A) The three wall-sized tiled display arrangements are investigated for magnitude reproduction tasks in an immersive
environment. They are flat, cylindrical, and cockpit arrangements, named Flat, Cylinder, and Cockpit in this work. (B) Three visual
variables including Length, Angle, and Area are used. The stimulus (blue) encodes a visual variable which participants can resize;
while the modulus (red) is the target magnitude of the visual variable shown at a different location of the display. Participants are asked
to resize the blue stimulus to match the red modulus as accurately as possible.

Abstract—We investigate the perception of visual variables on wall-sized tiled displays within an immersive environment. We designed
and conducted two formal user studies focusing on elementary visualization reading tasks in VR. The first study compared three
different virtual display arrangements (Flat, Cylinder, and Cockpit). It showed that participants made smaller errors on virtual curved
walls (Cylinder and Cockpit) compared to Flat. Following that, we compared the results with those from a previous study conducted in
a real-world setting. The comparative analysis showed that virtual curved walls resulted in smaller errors than the real-world flat wall
display, but with longer task completion time. The second study evaluated the impact of four 3D user interaction techniques (Selection,
Walking, Steering, and Teleportation) on performing the elementary task on the virtual Flat wall display. The results confirmed that

interaction techniques further improved task performance. Finally, we discuss the limitations and future work.

Index Terms—Immersive Analytics, Human Perception, Large Display for Visual Analytics
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1 INTRODUCTION

Immersive analytics is a rapidly advancing field within virtual reality
(VR) and augmented reality (AR), dedicated to performing data visual
analytics in immersive environments [25,52]. Compared to traditional
2D display workspaces, immersive 3D spaces offer a larger information
space surrounding individuals, allowing them to browse and organize
information more effectively [50]. However, a key aspect of data visu-
alization is the precise assessment and comparison of visual variables.
Visual variables [60] refer to graphical attributes used to encode data,
such as length, area, or hue. For example, in a bar chart, users assess
data by comparing the lengths of bars (or the positions of the top of the
bars) to analyze trends and their changes. For effective use of large 3D
information spaces, understanding how accurately users can perceive
and differentiate visual variables is essential. While data visualizations
can be presented in either 2D or 3D graphic forms, this work specifi-
cally focuses on virtual wall-sized tiled displays that provide large 2D
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information spaces/screens in VR.

Virtual wall-sized tiled displays could offer distinct advantages over
their physical counterparts [69]. Unlike physical ones, they do not
require expensive equipment and maintenance and can be easily resized
and repositioned as needed. However, they still retain the benefits
of physical large displays, such as providing a broader perspective on
information and enhancing external memory capacity [2,70]. Moreover,
VR introduces unique interaction possibilities that are impossible in
the physical world, enabling users to select distant objects and navigate
virtual environments without the need for physical movement within
their real-world space [31,46].

This paper investigates the human perceptual ability to read the
magnitude of visual variables on a virtual wall-sized tiled display in
different configurations. When visualizations are presented on large dis-
plays, some visual elements may be positioned far away or at extreme
angles relative to users’ viewpoint, which can affect the perception of
visual variables [11]. Previous research has demonstrated that the accu-
racy in perceiving visual variables varies with different viewing angles
on physical wall-sized tiled displays [10]. However, it remains unclear
whether these findings apply to virtual settings. Given that current VR
headsets offer relatively low resolution, the perception of visual vari-
ables on virtual wall-sized tiled displays could be adversely affected.
This work aims to explore this issue and evaluate the effectiveness of
immersive analytics in utilizing virtual wall-sized tiled displays.

Specifically, our work is interested in three factors that may impact
the perception of visual variables on virtual wall-sized tiled displays:
1) the configurations of the virtual displays, 2) the position of visual
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variables, and 3) the user interaction techniques available in VR. To
this aim, we conducted two user studies. The first study evaluated how
accurately users perceived visual variables, including length, angle,
and area, displayed on a virtual display that replicated the setup of
Bezerianos and Isenberg’s study on physical wall displays [10]. The
second study examined the effects of interaction techniques on per-
ceiving visual variables within VR, evaluating performance in terms
of perception accuracy and completion time. We studied four interac-
tion techniques: Selection, Walking, Steering, and Teleportation. The
contributions of this work are the following:

1. We present two user studies to investigate the human perception of
reading visual variables on virtual wall-sized tiled displays in VR,
considering two benefits of immersive environments including
flexibility of virtual displays and unique user interactions.

2. We replicate a previous real-world study on wall-sized displays
[10] in VR to evaluate the potential of virtual wall-sized tiled
displays, comparing our findings with the original results.

3. We present findings from two formal user studies, exploring the
potential of virtual wall-sized tiled displays for immersive analyt-
ics and outlining directions for future work.

2 RELATED WORK
2.1 Immersive Analytics and Virtual Display

Earlier research [6,30,44] suggested that immersive analytics reduce
barriers between analysts and data through a greater sense of immer-
sion, allowing analysts to analyze data-driven problems in a more
intuitive and natural manner. The authors proposed that a ’true’ 3D
representation can improve users’ comprehension of 3D visualizations
in 3D space, leading to more accurate distance estimation [30], cluster
identification [45], and outlier detection [73].

Recent research has explored the use of virtual 2D displays as a
substitute for physical displays, emphasizing that immersive analytics
provides a larger information space compared to physical counterparts.
Kobayashi et al. [43] conducted a user study involving experienced
users of large displays. They found that participants dynamically gen-
erated and rearranged virtual displays according to their needs and
preferred virtual display setups over physical ones. Lisle et al. [50] also
demonstrated the effectiveness of immersive environments in sensemak-
ing from large datasets, showcasing the concept of Space to Think [2]
in VR. In et al. [35] found that wider information space in VR enhanced
user performance compared to the desktop when working with a com-
putational notebook interface. However, Chapuis et al. [18] pointed out
that VR Head Mounted Displays (HMDs) still lack sufficient resolution
and that users might still favor physical displays. While virtual displays
offer many benefits, our understanding of how to effectively perform
visual analytics in immersive environments remains limited. For ex-
ample, there is a lack of understanding of how accurately individuals
can perform low-level perceptual tasks on virtual displays. This is the
problem we are tackling in this paper.

2.2 Benefits of Large Displays in Visual Analytics

Andrews et al. [3] characterize a large display as one that is of human
scale—"closely matched to the sphere of perception and influence of the
human body.” Large displays are capable of accommodating a greater
volume of information and make better use of the wider human field
of view compared to smaller displays. Previous research reported that
large displays provide considerable cognitive and perceptual benefits
for visualization tasks by providing users with an expansive informa-
tion space [4,23]. Its key benefits include the capacity to incorporate
detailed and more graphical representations as well as the external-
ization of memory [8]. These features can improve user performance
across a broad spectrum of visualization tasks including making spatial
judgments [71], recognizing patterns [78], and classifying objects [51].
As a result, large displays support users in sensemaking [2, 15] and
knowledge development [47]. Moreover, the use of large displays is
well-suited for collaborative works, enabling the simultaneous involve-
ment of multiple users in visualization analysis [38, 39, 62].

2.3 Virtual Display Layouts for Immersive Analytics

Virtual displays can be easily created, reconfigured, and arranged within
an immersive space according to users’ needs [40,56,63,67]. A design
space for multiple display configurations for immersive analytics has
four key dimensions [53]: display dimension, curvature, aspect ratio,
and orientation. Display dimension denotes the dimensionality of the
display arrangement grid, in 2D and 3D. Curvature describes the degree
to which the display grid is curved. Aspect ratio indicates the number
of displays in each orthogonal dimension. Orientation refers to the
relative orientations of displays to users. Based on the design space, the
most common display configurations in the literature are cylindrical,
spherical, and flat surface layouts. The cylindrical and spherical layouts
position displays around the user in a cylindrical or spherical manner,
with prefixes such as "semi-" or "half-" and "full-" indicating the extent
to which they wrap around the user. The flat surface layout is a conven-
tional arrangement where multiple displays are positioned on a single
plane. Previous research has found that placing data visualizations in
cylindrical and spherical layouts is preferable to the flat layout. For
example, Liu et al. [54] compared these three layouts in tasks involving
reading 3D bar charts. They found no clear differences in performance
across the layouts, but participants preferred the half-cylindrical lay-
out. Satriadi et al. [68] and Lisle et al. [S0] also suggested the use of
spherical arrangements to organize multiple maps and text datasets in
VR. As a result, our study adopts this design space for arranging virtual
wall-sized tiled displays, using the three layouts with the flat surface as
the baseline condition.

2.4 Visual Variables and Perception

How effectively individuals perceive visual variables is an important
criterion in a visualization design process [76]. Previous research in the
field of data visualization has identified that the perceived magnitude
of visual variables depends on factors such as the viewing distance
and viewing angle between the visual variables and the user, as well
as the size of the variables. Earlier studies conducted in real-world
settings explored the impact of these factors across various display
types and user positions. However, the findings across studies are not
entirely consistent. Cleveland and McGill [21] introduced 10 visual
variables, named elementary perceptual tasks, including length, angle,
and area. Drawing on psychophysical evidence, they hypothesized that
perceiving length and angle were more accurate than perceiving area
while perceiving length and angle were comparable (length ~ angle <
area) [57]. Wigdor et al. [77] investigated the accuracy of visual variable
judgment using tabletop displays and found that length perception was
the most accurate, followed by angle and area perception (length <
angle < area). Bezerianos and Isenberg [10] conducted perception
studies using large, wall-sized tiled displays. Their results revealed that
length perception was the most accurate, while angle perception was the
least (Iength < area < angle). They also observed that viewing angle
greatly impacted accuracy, especially when users were close to the
displays and the observed object was far from them. They confirmed
that observing visual variables from a sufficient distance from the
displays substantially improved performance. This approach was as
effective as physically moving around the large display environment.
In this work, we investigate users’ performance in perceiving visual
variables on virtual wall-sized tiled displays and compare our study
results with those of Bezerianos and Isenberg, seeking to understand
the differences in accuracy between virtual and real-world settings.

2.5 Perceptionin VR

Understanding user perception and spatial awareness in VR is crucial
for accurately replicating real-world experiences within virtual envi-
ronments [65]. Earlier studies showed that individuals often misjudged
distances in VR, either underestimating or overestimating them com-
pared to the real-world ones [33,37,55]. These studies indicate that
several factors can lead to more accurate distance perception. For exam-
ple, using a high-fidelity avatar and virtual environments can improve
spatial perception by referencing familiar objects or one’s body parts
(e.g., hands) [19,61]. The position of virtual objects relative to the
user’s eye level can influence perception [49]. For further details on



human perception in VR, please refer to their study settings and proce-
dures. In this work, we designed our virtual environment as an empty,
dark room to investigate human perception abilities for the following
reasons. First, we aimed to minimize potential confounding effects,
such as distractions from other virtual objects. Kiluk et al. [41] reported
that participants experienced fewer distractions and great task focus in
empty and dark environments. Second, Erickson et al. [29] emphasized
that dark environments can help reduce eye fatigue. We also chose to
display only controllers, without avatars, and adjusted the position of
the virtual wall-sized tiled display to align with the users’ height.

3 MOTIVATION AND METHODS

To effectively utilize virtual displays for immersive analytics, it is cru-
cial to investigate their impact and limitations on the perception of
visually encoded data. This investigation is essential, as data visualiza-
tion frequently demands precise assessment and comparison of data
represented in graphical forms [60]. This study aims to explore human
perceptual abilities in reading visual variables and to provide valuable
insights into the effectiveness of virtual displays and 3D user interac-
tions, highlighting the following advantages of immersive technologies:

* Flexibility in creating and placing virtual displays: The display
format, position, and size can be freely customized in VR [43,
50]. Additionally, users can maintain a personal display in close
proximity while examining a large virtual display [52].

» User interactions unattainable in the real world: Immersive
environments allow interactions that are impractical in the physi-
cal world [1,5]. Users can explore virtual space without physical
movement by employing teleportation [14] and steering [66]. In
addition, they can interact with distant objects by using dedicated
distant manipulation techniques [13,32].

3.1 Apparatus

We used a Vive Pro Eye headset with a Vive Wireless Adapter and two
controllers, providing a 110° field of view, 1440 x1600 resolution per
eye, and a 90 Hz refresh rate (Appendix A). Both controllers had the
same physical design, with a trigger and a circular touchpad button,
but they served different functions. The “task-performing controller”
was always held in the dominant hand. The trigger button was used
to initiate or finalize a task trial, while the touchpad button was used
to adjust the size of visual variables during the task. The “interaction
controller” was held in the non-dominant hand in Study 2 (interaction
details will be presented in Section 5). The task-performing controller
was used in both Study 1 and 2, while the interaction controller was
used only in Study 2. To distinguish them in VR, a compass mark
was affixed to the touchpad button of the interaction controller. We
developed and ran our virtual environment for user studies using Unity
2021.3.17f1 on a Windows 11 desktop with an Intel Xeon W-2245 CPU
(3.90GHz), 64GB RAM, and Nvidia GeForce RTX 3090 graphics card.

3.2 Virtual Wall-Sized Tiled Display

Although virtual displays can be freely positioned within immersive
environments, this work focuses on investigating the effectiveness of
utilizing virtual wall-sized tiled displays. We chose the wall-sized tiled
display layout because it is beneficial not only for individual use but
also for collaborative purposes [9]. Hereinafter, we refer to virtual wall-
sized tiled displays as “virtual displays.” As illustrated in Figure 2,
our virtual display consisted of 32 individual displays arranged in a 4
by 8 grid. It measured approximately 5.5m x 1.8m (width x height) in
total. Following chess notation, we name columns from left to right as
A~H (Coly ~ Colg), and the rows from bottom to top as 1~4. Each
display was implemented as a 32-inch 16 x 10 widescreen display, with
dimensions of 65cmx 41cm (width x height), excluding the bezel
dimensions. Considering a bezel size of 2cm, each display was spaced
4cm apart. In this work, leveraging the advantages of VR, the third row
was positioned at the participants’ eye level.

Our virtual displays incorporate “bezels” (a grid) similar to those
that physical wall-sized tiled displays, herein referred to as “physical
displays™, often have. As shown in Fig 2, the empty space between

the virtual display units functions as the bezels. This design choice
was consciously made for several reasons, even though VR allows
the elimination of physical constraints such as bezels. First, from an
experimental perspective, including bezels allowed us to accurately
replicate the study of Bezerianos and Isenberg [10] on the perception
of visual variables on physical wall displays and compare the results.
Second, bezels act as visualization grid lines that define the dimensions
of a visualization. Providing such grid lines (e.g., x- and y-axes) is
a common practice [60]. Bezerianos and Isenberg also highlighted
that bezels on wall-sized displays can serve as grid lines, potentially
enhancing the accuracy of interpreting basic visual variables. Lastly,
depth and distance perception in VR is not necessarily the same as in
the physical world [26]. Depth cues are needed to help users determine
the distance, size, or even curvature of the virtual displays [53], and the
bezels serve as visual reference points to support these tasks.

3.3 Magnitude reproduction Task in VR

Our VR study (Utah State University IRB #13757) employed a mag-
nitude reproduction task, following study methodologies from prior
psychophysics research, to investigate the relationship between physi-
cal stimuli and their perceptual interpretations [16]. The task involved
matching the stimulus magnitude (Length, Angle, or Area displayed in
blue, see Figure 1B) to the modulus magnitude (displayed in red). In
essence, the modulus magnitude signifies the true magnitude, whereas
the adjusted stimulus magnitude, defined by the participant, reflects the
participant’s perceived modulus magnitude.

Before starting each task trial, each participant was instructed to
stand in the predetermined starting position (green circle in Figure 2),
with neither the modulus nor the stimulus initially visible. This starting
point was 3.2m from the leftmost column of the virtual displays (identi-
fied as Coly in Figure 2). The decision to start from the leftmost column
of the virtual displays was based on the expectation of symmetrical
visual distortion to both the left and right, centered around Coly, while
also allowing for the testing of the most extreme distances. To assist
participants in locating where the stimulus and modulus would appear
on the virtual displays before the task began, reducing search time, the
bezels of two virtual displays were colored blue and red, respectively
(Figure 1A).

Once the participant was in the starting position and pressed the
trigger button on the task-performing controller, the task began, and
the stimulus and modulus appeared. To minimize the potential impact
of bezels [7, 12], each stimulus and modulus were rendered entirely
within individual display tiles, avoiding any overlap across bezels (tile
boundaries). The positions of stimulus and modulus varied depending
on Study 1 and 2 conditions (Section 4 and 5). The participant could
adjust the stimulus magnitude using the touchpad button on the same
controller. Pressing down the touchpad’s upper semicircle enlarged and
its lower semicircle reduced the stimulus magnitude. The participant
could accelerate stimulus magnitude changes by pressing near the top
or bottom edge of the touchpad, while pressing closer to the center
allowed for finer, more precise scaling. When the participant judged
that the stimulus and modulus matched in magnitude, he or she could
press the trigger again to finalize the trial and proceed to the next trial.

3.4 Measurements and Analysis
For each task trial, we recorded four quantitative measurements:

* Task Completion Time: the time required to complete a task.

* Absolute Error (AbsErr): the absolute difference between the mag-
nitude of the stimulus and the magnitude of the modulus, expressed
as a percentage. It is computed as

ADSErr(%) = |(Sstimutus — Smodutus) / Smodutus| X 100

¢ Estimation Error (EstErr): the difference between the magnitude
of the stimulus and the magnitude of the modulus, expressed as a
percentage. This measure represents the directional tendency of
the interpretation error, where positive values indicate a tendency



towards overestimation and negative values indicate underestimation.
It is defined as

EstErr(%) = (Sstimutus — Smodulus)/ Smodulus < 100

* User Movement: the participant’s head position during the task to
analyze user movement and task strategies.

We also collected participants’ preferences and self-evaluation of their
performance through a questionnaire.

To analyze the results, we calculated bootstrapped 95% confidence
intervals (CI) for sample means and mean differences [17,24]. We cal-
culated ClIs using a bias-corrected and accelerated bootstrap (BCa) with
10,000 iterations. For study 1 (between-subjects), we used bootstrap
CI calculations for two independent samples. All mean differences
were adjusted for multiple comparisons using the Bonferroni correc-
tion [34]. When interpreting the CIs of mean differences, a CI that does
not overlap with 0 provides evidence of a difference, corresponding to
statistically significant results in traditional p-value tests. Nonetheless,
CIs allow for more nuanced interpretations [22,24]: the evidence is
stronger the farther the mean differences are from zero and the tighter
their CIs.

4 STUDY 1: VIRTUAL DISPLAY LAYOUT COMPARISONS

Study 1 investigates the perception accuracy of reading visual variables
displayed on different virtual display configurations and compares
our results to prior work on a physical display. The specific research
questions for Study 1 were:

RQ1. To what extent do virtual display arrangements influence users’
perception of visual variables?

RQ2. How does the perception accuracy of visual variables on a virtual
display compare to that on a physical display?

4.1 Study Design Factors and Hypothesis

The study followed a mixed design featuring one between-subject factor
and four within-subject factors. The between-subject factor was the
type of virtual display arrangement. The within-subject factors are the
visual variable type, the stimulus display location (that participants
adjusted), and the location and magnitude of the modulus (target). To
counterbalance the visual variables and stimulus locations, a Latin
square design was used. The order of modulus location and magnitude
was determined randomly.

411

Three wall display conditions were considered: Flat, Cylinder, and
Cockpit (Figure 1A), selected due to their extensive use in previous re-
search [54,68]. They differed in curvature and orientation while sharing
identical dimensions and aspect ratios. Flar arranged the virtual display
tiles on a singular plane without curvature. Cylinder arranged the vir-
tual displays in a quarter-circle pattern centered around the participant,
with the displays’ y-axis oriented towards the participant. Cockpit was
similar to Cylinder, but with the displays facing the participant along
both the x and y-axes.

Virtual Display Arrangement

4.1.2 Stimulus Location

A stimulus location can be thought of as an “answer” location, where
the stimulus was displayed, and the participant adjusted its magnitude
to match their perception of the modulus from a distance. The study
includes two stimulus location conditions: Frontal Display (Frontal)
and Personal Display (Personal).

In Frontal, the stimulus was displayed on A3 in Figure 2, the leftmost
virtual display positioned at approximately eye level. We considered
Frontal to simulate situations where the user is positioned to look
straight at data on a large wall display [8,27]. In Personal, the stimu-
lus display was attached to the task-performing controller, providing
users with a personal display that keeps relevant information readily
accessible. It moved in sync with the user’s controller movements.
This condition was included for two key reasons. First, Personal lever-
ages the advantage of VR (i.e., flexibility of virtual displays) [28,52].
Second, recent research has highlighted user behaviors that involve
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Fig. 2: The stimulus was shown either on a frontal display (Frontal) or
a personal display (Personal). The modulus was shown in one of nine
different positions on the virtual wall (A1~H4).

forming workspaces close to themselves during knowledge generation
processes [43]. Consequently, Personal simulates an immersive analyt-
ics scenario where users compare two visual variables—one displayed
in their immediate workspace and the other on a wall-sized virtual
display—before bringing the latter closer for further examination.
In this study, the size of Personal was identical to one of the virtual
display tiles to be consistent with Frontal.

4.1.3 Visual Variables

The visual variables used in our studies are Length, Angle, and Area
(Figure 1B). Length was represented by a line along the x-axis, while
Angle was depicted by angles on the left side. Area was measured as
the area of a circle. These variables were selected based on Cleveland
and McGill’s three highest-ranked elementary graphical perception
tasks [10]. The prior work found that length judgments on physical
displays were relatively unaffected by viewing distance and the location
of the modulus, whereas area and angle judgments were affected. We
were interested to see whether these findings would hold for our virtual
display settings.

When a task trial began, the initial magnitude of stimulus for Length,
Angle, and Area was set to 65 cm for length (i.e., the width of one
single display), 178 degrees, and 41 cm in diameter (i.e., the height
of one single display). The choice of 178 degrees, which is slightly
smaller than 180 degrees, was intended to guide the participant in
understanding the direction in which the angle would change based on
their controller operation. Through controller operation, participants
could adjust Length and Area diameter by a maximum of + or -0.25 cm
per frame-time (0.02 seconds), while Angle was adjustable by + or -1
degree per frame-time.

4.1.4 Modulus Location and Magnitude

The modulus locations followed prior research [10], with a modulus
appearing at one of nine specific intersections across columns A, E, and
H with rows 1, 3, and 4 (Figure 2). The modulus had one of three mag-
nitudes: 0.1, 0.4, or 0.7 times the initial stimulus magnitudes, referred
to as 0.1, 0.4S, and 0.7S, respectively. For Angle, these multipliers
were applied to 180 degrees. These magnitudes were selected because
previous research demonstrated that they led to clear differences in
participants’ judgments.

4.1.5 Hypotheses
The hypotheses for Study 1 were as follows:

H1. Participants’ judgments are expected to yield a lower AbsErr on
Cylinder and Cockpit than Flat. This is because the modulus will
be shown closer to the viewer and at less acute viewing angles in
Cylinder and Cockpit compared to Flat.

H2. Participants complete the task quickly in Flat compared to Cylin-
der and Cockpit. This is because there is less need for head and

body rotation to read a modulus in Colg and Colp.
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Fig. 3: Study 1 analysis results. For each set of results by rows and columns, the measurement averages are presented first, followed by the pairwise
comparison results with error bars. The error bars represent 95% Bootstrap confidence intervals (Cls). Adjusted Cls for the pairwise comparisons

with Bonferroni correction are highlighted in red.

H3. Participants will have lower accuracy with Personal than Frontal.
This is because a stimulus displayed on Personal will have a
larger perceived magnitude difference from the modulus than
those shown on Frontal (i.e., on the virtual wall).

H4. Participants will complete the tasks faster with Personal than with
Frontal since they can reposition the personal display, allowing
them to view both the stimulus and the modulus within their line
of sight, resulting in minimal head movement.

The following hypotheses are grounded in the findings reported by
Bezerianos and Isenberg [10].

HS. Length has the smallest AbsErr, followed by Area and Angle.

He6. Participants overestimate the magnitude of the three visual vari-
ables (EstErr will be positive), and this overestimation will in-
crease as the modulus is located further from Coly.

H7. AbsErr increases as the modulus is located further away from
COZA.

HS8. AbsErr increases as the modulus magnitude decreases, as this
requires longer controller operation by participants.

4.2 Participants

We recruited 51 participants (28 females, 23 males; average age: 20.4
(18~52)) through our university’s SONA system. They had (corrected)
20/20 vision and no physical disabilities that may affect the use of
the VR devices. Two participants withdrew due to VR sickness in the
Cylinder condition, leaving 49 participants available for analysis. In a
between-subjects design, participants were distributed as follows: 17
to Flat, 16 to Cylinder, and 16 to Cockpit. Each participant received
2.0 SONA credits for an hour of participation. 38 participants reported
having prior VR experience.

4.3 Procedure

Upon arrival, a participant signed an informed consent form and com-
pleted a demographic questionnaire. Then, the participant was briefed
on the research objectives, procedures, tasks, and the operation of VR
controllers. Only the task-performing controller was used in this study.
The participant’s interpupillary distance (IPD) was measured using the
Eye Measure app [36], to ensure clear vision through the VR headset.
Adjustments were made to the headset’s lens distance using the IPD
knob on the VIVE Pro Eye. Before the main task session, the partici-
pant engaged in a training session to become acquainted with the task
and controller operations in VR.

During the main session, each participant performed the magnitude
reproduction task under one of three virtual display arrangement condi-
tions (i.e., Flat, Cylinder, and Cockpit). The main session consisted of a
total of 162 task trials (9 modulus locations x 3 modulus magnitudes x
3 visual variables x 2 stimulus locations). The main session was divided
into two sub-sessions based on the stimulus locations. After completing
each sub-session, the participant completed a subjective performance
questionnaire. At the end of the study, the participant responded to
a post-questionnaire, sharing their preferred stimulus locations and
reasons for the choice.

4.4 Results

A summary of the results is illustrated in Figure 3. To make the analysis
of the modulus location factor more manageable, this section reports
results by columns (Coly, Colg, and Colg). For more details, please
refer to our supplementary material (Appendix B).

4.41 AbsErr

Virtual Display Arrangement: The mean AbsErr results were:
Flat=17.5% [16.1,20.0], Cylinder=11.4% [10.2, 13.6], and Cockpit=12.2%
(10.7, 15.3]. There was evidence that both Cylinder and Cockpit were
more accurate than Flat. Cylinder was 6.22ppt (percentage point) [4.05,
8.75] lower than that of Flat, while Cockpit was 5.38ppt [2.56, 8.01] lower
than Flat. We found no clear evidence of a difference between Cylinder
and Cockpit (0.86ppt [-1.58, 3.75]).

Stimulus Location:  Frontal (10.2% 19.30, 11.71) had a clearly lower
ADbsErr than Personal (17.4% [15.9,19.8]) by 7.19ppt [5.24, 9.62].

Visual Variable: Pairwise comparisons did not provide evidence
of a difference between visual variables (Length=13.9% [12.7, 16.4],
Angle=12.1% [10.4, 15.3], and Area=15.3% [14.1,17.5].)

Modulus Location: The results by the column locations were
Coly=11.0% 19.89, 12.91, Colg=14.6% [13.4,17.0], and Coly=17.2% [16.1,
18.8]. There was evidence that Col4 had a lower AbsErr than both Colg
(3.61ppt [1.13, 6.46]) and Colg (6.24ppt [3.74, 8.45]). While we found no
clear evidence of a difference between Colg and Coly (2.62ppt [-0.38,
4.89]), our results suggest a potential trend indicating that Colg may
have a lower AbsErr average compared to Coly.

Modulus Magnitude: The results showed that the smaller the mod-
ulus magnitude, the larger the error: 0.1S=24.1% [21.5,27.9], 0.4S=11.5%
[11.0, 12.1], and 0.758=5.79% [5.53, 6.08]. Pairwise comparisons provided
evidence that 0.1S had higher errors than 0.4S and 0.7S by 12.6ppt [9.98,



16.51 and 18.3ppt [15.7, 22.3], respectively. Additionally, 0.4S had fewer
errors than 0.7S by 5.71ppt [5.22, 6.26].

In summary, the results support that Cylinder and Cockpit had
lower AbsErr than Flat (H1), Frontal had a lower AbsErr than Personal
(H3), and AbsErr increased as the modulus magnitude decreased (H8).
We also found partial evidence to support H7, which stated that AbsErr
increased as the modulus was located further away from Col,. However,
we found no clear AbsErr difference between the three visual variables,
leading to the rejection of HS.

4.4.2 EstErr

Virtual Display Arrangement: The EstErr results were Flat =
8.36% [6.89, 10.91, Cylinder = 1.37% [-0.11, 3.25], and Cockpit = 4.75%
[2.96, 7.41]. Their positive mean values indicate a tendency to overes-
timate. Pairwise comparisons provided evidence that Cylinder had a
lower EstErr than Flat by 7.03ppt [4.37, 10.5]. We also found that Cockpit
had a slightly lower EstErr than Flat by a difference of 3.52ppt [0.27,
7.06]. At last, there was some evidence that Cylinder had a lower EstErr
than Cockpit by 3.38ppt [0.21, 6.92].

Stimulus Location: Frontal had an EstErr of 6.69% [5.77, 8.23]
and Personal had an EstErr of 3.10% [1.48, 5.39]. The tendency to
overestimate was present in both stimulus locations. Frontal had a
lower EstErr than Personal by 3.59ppt [0.60, 6.13].

Visual Variable: The EstErr means were Length=5.42% [4.03,7.82],
Angle=5.50% [3.65, 8.451, and Area = 3.77% [2.42, 5.92]. We observed a
tendency to overestimate, but no significant difference in the magnitude
of this overestimation.

Modulus Location: Col, had an EstErr of 3.64% [2.37,5.31], Colg
had 6.04% [4.68, 8.29], and Coly had 9.68% [8.50, 11.4]. We observed a
tendency for EstErr to increase as the modulus was further away from
the participant. Pairwise comparisons provided evidence of differences
between Coly and Coly (6.04ppt [3.61, 8.491) as well as Colg and Coly
(3.64ppt [0.72, 6.08]). However, no clear evidence of a difference between
Coly and Colg (2.40ppt [-0.07, 5.43]) was found.

Modulus Magnitude: The results were 0.1S=10.2% [7.35%, 13.9%],
0.45=4.36% [3.70, 5.04], and 0.7S=0.16% [-0.20, 0.50]. Pairwise compar-
isons showed evidence of differences across all conditions. The 0.7S
and 0.4S conditions had lower EstErr than 0.1S by 10.0ppt [6.57, 14.7]
and 5.81ppt [2.36, 10.4], respectively. Additionally, 0.7S had a lower
EstErr than 0.4S by 4.20ppt (3.40, 5.05].

In summary, the results revealed participants tended to overestimate
across the board, with overestimation increasing as the viewing distance
increased, but not significantly between the first two column locations
(Coly and Colg). Thus, H6 is partially supported.

4.4.3 Task Completion Time

Virtual Display Arrangement: The results were Flar=8.67s [8.48,
8.88], Cylinder=9.15s [8.94, 9.39], and Cockpit=8.67s [8.51, 8.86]. Flat and
Cockpit had a shorter completion time than Cylinder by 0.37s [0.07,
0.67] and 0.47s [0.20, 0.76], respectively. No difference between Flat and
Cockpit (0.07s [-0.19, 0.33]) was found.

Stimulus Location:  The completion time for Frontal and Personal
were 9.40s [9.23, 9.59], and 8.25s [8.12, 8.41]. There was evidence that
Personal was faster than Frontal by 0.98s [0.88, 1.42].

Visual Variable: The results were Length=10.0s [9.81s, 10.2s], An-
gle=7.90s [7.72, 8.09], and Area = 8.58s [8.40, 8.80]. The pairwise com-
parisons showed differences among them. Angle had a faster task
completion time than Length and Area, by 2.11s [1.84,2.38] and 0.69s
[0.43,0.94], respectively. Area also had a faster task completion time than
Length by 1.42s [1.14, 1.72].

Modulus Location: Cols had a task completion time of 7.95s [7.80,
8.11], Colg had 8.30s [8.14, 8.46], and Coly had 8.73s [8.56, 8.91]. Pairwise
comparisons provided evidence of differences. Coly took less time than
Colg (0.35s [0.13, 0.58]) and Coly (0.78s [0.54, 1.03]). We also saw that
Colg, took less time than Coly (0.43s [0.19, 0.68]).
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Fig. 4: Comparison between our Study 1 results and the earlier work [10]
investigated in the real-world setting (RFlat).

Modulus Magnitude: The results showed that the smaller the
modulus magnitude, the longer the task completion time was in average:
0.15=9.30s [9.11, 9.49], 0.45=9.07s [8.88,9.28], and 0.75=8.13s [7.93, 8.34].
0.7S had a shorter task completion time than 0.1 (1.17s [0.90, 1.43]) and
0.4S (0.94s [0.68, 1.20]). However, there was no evidence of a difference
between 0.1S and 0.4S (0.23s [-0.02, 0.47]).

In summary, the results showed that Personal had a shorter comple-
tion time than Frontal, supporting H4. We also found partial evidence
for H2, suggesting Flat and Cockpit had a shorter completion time than
Cylinder, but no evidence of a difference between Flat and Cockpit.
However, the differences across the conditions were not very large,
with variations of less than 2.5s.

4.4.4 Subjective Measurement

After completing each task using a combination of display arrangement
and stimulus location, participants assessed the ease of task completion
using a 7-point rating scale (1: Very Easy—7: Very Hard). First, the
Cockpit group reported that Frontal (3.44 [2.94, 4.13]) and Personal (3.76
[3.18, 4.41]) required comparable effort. Similarly, the Cylinder group
did not show evidence of a difference between Frontal (3.13 [2.37,4.19])
and Personal (3.50 [2.75, 4.621). In contrast, the Flat group reported that
the task was easier to complete with Frontal (2.5 [1.94,3.56]) than with
Personal (3.47 [2.71, 4.53]), with a difference of 0.90 [0.77, 0.97].

4.5 Comparison between VR and Real-World Results

This section presents a comparative analysis of the outcomes obtained
in our VR study with those investigated by Bezerianos and Isenberg [10]
with a comparable physical wall. Please note that we can only com-
pare a portion of their experimental results. Bezerianos and Isenberg
tested conditions in which participants stood at 60cm and 3.2m away
from the display, whereas our study focused exclusively on the 3.2m
condition. Also, the prior work was limited to perception on a flat
display configuration, which is most similar to our Flat and Frontal
stimulus location. We call their wall condition RFlat. As a result, the
comparative analysis includes only outcomes of their 3.2m condition
and our Frontal conditions. The results are shown in Figure 4.

451 AbsErr

The results were RFlat=15.9% [15.1, 16.8], Flat=14.1% [12.6, 17.51, Cylin-
der=8.89% [(7.38, 12.7], and Cockpit=7.33% [6.45, 10.8]. Pairwise com-
parisons revealed some evidence of differences. Cylinder had a lower
AbsErr than RFlat by 6.93ppt [3.90, 8.68], and Cockpit had a lower Ab-
sErr than RFlat by 8.47ppt [6.09, 9.84]. There was no evidence of a
difference between RFlat and Flat (1.68ppt [-1.11, 3.46]).

4.5.2 EstErr

The results were RFlat=11.5% [10.6, 12.5], Flat=10.7% [9.06, 13.91, Cylin-
der=5.08% [3.56, 8.83], and Cockpit=4.08% [3.14, 7.34]. Cylinder and
Cockpit had lower EstErr than RFlat by 6.35ppt [3.26,8.21] and 7.37ppt



[4.92, 8.88], respectively. There was no clear difference between RFlat
and Flat (0.87ppt [-1.89, 2.76]).

4.5.3 Task Completion Time

The results were RFlat=6.67s [6.54, 6.811, Flat=8.77s [8.50, 9.07], Cylin-
der=10.0s [9.71, 10.5], and Cockpit=9.44s [9.17,9.71]. RFlat was slightly
faster than all the virtual ones: Flat by 1.82s [1.52,2.13], Cylinder by
3.59s [3.24, 4.00], and Cockpit by 2.91s [2.62,3.21].

In summary, the findings suggest that performance involves a trade-
off between the errors and completion time. Cylinder and Cockpit
showed lower AbsErr and EstErr but took longer to complete tasks
compared to RFlat. We observed that participants tended to overesti-
mate visual variables in both VR and the real-world.

4.6 Discussion

In this section, we discuss our findings based on the Study 1 results and
participants’ comments.

No evidence for differences in perception accuracy among
visual variables was found in VR. Our findings from Study 1
on perception accuracy among visual variables (length ~ area ~ angle;
even when analyzing them separately by Virtual Display Arrangement
as shown in Appendix B Figure 3 ~ Figure 5) are inconsistent with
those from earlier real-world studies (discussed in Section 2.4; Cleve-
land and McGill [21]: length ~ angle < area, Wigdor et al.: [77]:
length <angle < area, and Bezerianos and Isenberg [10]: length < area
< angle). We have two hypotheses to explain this inconsistency. The
first hypothesis is that current off-the-shelf HMDs may not yet fully
replicate human visual capacity across the entire field of view [18]. The
second hypothesis concerns the varying adjustment rates used to change
the magnitude of visual variables, as introduced in Section 4.1.3. Fur-
ther research is required to investigate these hypotheses and to explore
detailed differences in perception of various visual variables beyond
the three examined, in both quantitative and qualitative ways.

Virtual environments and displays could offer a practical
workspace for performing visualization tasks. Comparative
results in Section 4.5 showed that the two curved virtual displays (Cylin-
der and Cockpit) yielded lower AbsErr and EstErr than the physical
displays (RFlat) for the visual variables tested, despite having the
longer task completion time. While this finding is limited by the ab-
sence of a direct comparison between curved conditions in real and
virtual environments. It indicates that virtual displays, with their flexi-
bility in positioning, could be effectively used for visual analytics tasks.
Nonetheless, the understanding is limited, and necessitates further
exploration of diverse scenarios, particularly those involving smaller
targets and more complex visualizations that may exceed the resolution
capabilities of current VR headsets. Moreover, it is crucial to consider
adverse effects like VR sickness, as two participants in the Cylinder
group discontinued their participation due to nausea.

Supporting users in reading two visual variables at com-
parable depths is important. Study I revealed that participants
were more accurate when both the stimulus and modulus were posi-
tioned on the displays (Frontal) compared to when the stimulus was
on the Personal display in front of them. Indeed, the majority of par-
ticipants (11 in the Flat group, 9 in the Cylinder group, and 12 in the
Cockpit group) reported that they preferred Frontal. They commented
that comparing the sizes of two distant objects was significantly easier
than comparing sizes involving close and distant objects. Although we
attempted to reduce this disparity by ensuring that the Personal display
was the same size as the tiles on the virtual display, this adjustment
proved insufficient. These findings highlight that the accuracy and
efficiency of perceiving sizes decrease as the depth disparity between
the stimulus and modulus increases, indicating that a common frame of
reference (e.g., depth in our study) aids in size comparison [58, 64].

Positioning visual variables in close proximity is an effec-
tive strategy for facilitating comparisons. The results showed
that participants’ AbsErr and task completion time decreased as the
stimulus and modulus were placed closer together. This finding aligns

Selection Walking Steering Teleportation

Fig. 5: Selection is exclusive for Personal, whereas the others apply to
both Frontal and Personal. Selection allows users to select a display
tile and make its copy on the interaction controller. Steering and Tele-
portation enable virtual navigation from a fixed position, while Walking

requires physical movement in the real-world.

with the visualization strategy, known as juxtaposition [60], which
facilitates side-by-side comparisons and proves more effective than
relying on memory to recall previously viewed information.

5 STUDY 2: EFFECTIVENESS OF VR INTERACTION

The objective of Study 2 was to examine the effectiveness of 3D user
interaction and gain insights into user behavior during interaction tasks.
It is important to note that 3D user interaction involves both navigation
within the virtual environment and interaction with virtual objects. The
specific research question for Study 2 was:

RQ3. How does the introduction of different VR interaction techniques
affect the perception of visual variables?

5.1 Study Design Factors and Hypotheses

Study 2 employed a within-subject design with the simplified experi-
mental factors from Study 1 plus user interaction techniques (Fig. 5).
The factors of virtual display layout, visual variables, and modulus
locations were simplified to ensure that Study 2 could be completed
within a manageable timeframe. We chose to use only the Flat layout,
as it is commonly used in collaboration scenarios. Next, we decided to
focus on a single visual variable rather than including all three, as Study
1 revealed no significant differences in AbsErr among them. The Area
variable was selected because it had the poorest average AbsErr, provid-
ing an opportunity to assess how different interaction techniques could
improve accuracy. For modulus locations, we used three locations at
the intersections of columns A, E, and H with row 3, aligning with
participants’ eye height [20,77]. Beyond these adjustments, we used
the same stimulus locations (Frontal and Personal) and the modulus
magnitudes (0.1S, 0.4S, and 0.75). The study took about 90 minutes.

5.1.1

No Interaction: Participants performed tasks while standing in
the same starting position as in Study 1. This condition was used
exclusively for Frontal and served as a baseline for comparing other
interaction techniques. For the Personal condition, please note that we
decided to skip No Interaction due to its lower performance compared
to Frontal in Study 1 but employ the following interaction.

User Interaction Techniques

Selection: This interaction was exclusive to the Personal condition
to leverage both benefits of VR (i.e., flexibility of virtual displays and
enhanced user interaction). Using “Selection,” participants could create
a copy of the modulus display above the interaction controller held in
their non-dominant hand, while the Personal display was shown on the
task-performing controller. When participants pointed the interaction
controller at a display tile, a green line emerged from the controller,
and the tile was highlighted by turning its bezel green. Pressing the
trigger button copied the tile to the interaction controller.

Walking: In this condition, participants physically walked around
to reposition themselves in front of the virtual displays. This navigation
method is considered the most natural, as it mirrors the biological sym-
metry of real-world walking. It does not require additional controller
operation, but requires a physical space in the real-world that has to
match the size of the virtual environment.



Steering: Steering allows participants to navigate the virtual envi-
ronment by using the pad button on the interaction controller without
physically moving in the real-world [14]. For instance, pressing the
top or right part of the pad moves participants forward or to the right,
relative to their current position. To rotate their viewpoint, participants
needed to physically rotate themselves. In this work, its maximum
speed is set to 1.50 m/s, which is comparable to the average human
walking speed (1.42 m/s) [48,59].

Teleportation:  This technique allows participants to instantly relo-
cate to the specified location in VR [14]. When participants clicked a
trigger button on the interaction controller, an arc shape ray emerged
from the controller to the floor. Releasing the button transported them
to the targeted location with a brief fade-in and fade-out effect. To
prevent participants from losing track of the virtual display locations,
their orientation was adjusted to face the displays after teleportation.

5.1.2 Hypotheses
Our hypotheses for Study 2 are as follows:

H9. The introduction of interactions is expected to result in lower
AbsErr compared to No Interaction, as they allow participants to
relocate themselves in locations where the difference in perceived
size between the stimulus and modulus is minimized.

H10. No Interaction and Selection are expected to have the shortest
task completion time, as they require no or little interaction for
Frontal and Personal, respectively. These are anticipated to be
followed by Teleportation, Steering, and Walking based on the

time required for navigation within the virtual environment.

5.2 Participants and Procedures

We recruited 25 participants (8 females, 17 males; average age: 20.6
ranging from 18 to 22). All participants had (corrected) 20/20 vision
and no disabilities affecting the use of VR devices. None had partic-
ipated in Study 1. Participants received compensation of 2.5 SONA
credits. 20 students reported having prior VR experience, with an
average self-rated VR familiarity score of 3.9 out of 7.

While the overall procedure was almost identical to that in Study
1, Study 2 additionally asked participants to answer the VR sickness
questionnaire (VRSQ) [42] after completing each task to measure the
degree of VR sickness caused by the interaction techniques. Each par-
ticipant performed 72 task trials (4 interaction techniques x 3 modulus
locations x 3 modulus sizes x 2 stimulus locations).

5.3 Results

This section focuses on investigating the effect of stimulus locations
and interaction techniques on AbsErr and Task Completion Time
to validate our hypotheses. We present performance results for the
interaction techniques and compare them to No Interaction. For more
detailed pairwise comparison results, please refer to our supplementary
material (Appendix C).

5.3.1 AbsErr

Interactions and Frontal: The results were No Interaction=12.8%
[10.8, 15.8], Walking=6.41% [5.60, 7.431, Steering=5.94% [5.16, 6.87], and
Teleportation=8.36% [7.03, 10.8]. No Interaction had a higher AbsErr
than Walking (6.11ppt [3.27, 11.8]) and Steering (6.55ppt [3.65, 11.7]).
Teleportation had lower AbsErr than No Interaction, but had no strong
difference (4.14ppt [-0.51, 8.92]).

Interactions and Personal: The results were Selection=3.23%
[2.78, 3.84], Walking=6.06% [5.30, 6.92], Steering=6.86% [5.76, 9.31], and
Teleportation=6.41% [5.52, 8.69]. Their pairwise comparisons to the
baseline condition (No Interaction and Frontal) revealed improvement
as follows: Selection by 9.27 [6.33, 14.6], Walking by 6.43 [3.30, 11.3],
Steering by 5.98 [1.48, 10.98], and Teleportation by 6.08 [3.12, 11.1].

In summary, interaction lowered AbsErr, except in the condition
combining Teleportation and Frontal. It partially supports H9.
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Fig. 6: Study 2 analysis results. It shows the measurement averages and
pairwise comparison results with 95% Cls. ‘vs.” indicates comparison
results to the No Interaction with Frontal condition.

5.3.2 Task Completion Time

Interactions and Frontal: No Interaction had the shortest time
(10.7s 19.87, 11.61), followed by Steering (18.2s [16.7, 19.81), Teleportation
(19.6s [17.8, 21.71), and Walking (19.8s [18.1,21.7]). No Interaction was
faster than Steering by 7.36s [4.99, 9.78], Teleportation by 8.81s [6.32,
11.6], and Walking by 9.03s [6.71, 11.7].

Interactions and Personal: The average results were as follows:
Selection=12.5s [11.7, 13.5], Walking=15.3s [14.2, 16.4], Steering=15.9s
[14.7,17.2], and Teleportation=16.7s [15.5, 18.1]. Pairwise comparisons to
the baseline showed that the introduction of interactions to Personal
resulted in longer completion time as follows: Selection by 1.69s [-
0.31, 3.79], Walking by (4.46s [2.40, 6.651), Steering (5.11s [2.69, 7.651]),
and Teleportation (5.92s [3.70, 8.33]). However, the difference between
Selection and No Interaction was not clear.

In summary, Steering, Teleportation, and Walking led to longer
task completion times for both Frontal and Personal conditions. This
finding supports H10.

5.3.3 Subjective Measurement

We first report the ease of task completion results, followed by the
VRSQ results. For Frontal, the ease of task completion results were
No Interaction=2.63 [2.05, 3.32], Walking=3.32 [2.63, 4.10], Steering=3.32
[2.84,4.00], and Teleportation=3.42 [3.11, 4]. Next, the results for Personal
were Selection=1.79 [1.42, 2.47], Walking=3.32 [2.58, 4.16], Steering=3.32
[2.84,3.95], and Teleportation=3.26 [2.68, 4.05]. Next, for the VRSQ score
results, please note that higher scores are less desirable. In Frontal, the
interaction techniques had the following scores: No Interaction=14.5
[10.8,20.0], Walking=15.3 [9.96, 25.1], Steering=20.8 [13.3, 31.9], and Tele-
portation=14.8 [10.2, 23.3]. In Personal, the scores for the interaction
techniques were Selection=10.3 [6.36, 17.8], Walking=15.0 [9.30, 24.5],
Steering=18.6 [11.9, 27.5], and Teleportation=15.2 [8.90, 25.9]. In sum-
mary, only Selection outperformed No Interaction in both measure-
ments, while the others performed worse than No Interaction.

5.4 Discussion

This section reports Study 2 findings, including movement logs and
participants’ comments. Figure 7 illustrates participants’ movements
when using the Walking, Steering, and Teleportation techniques.

The Personal display can be enhanced through the use
of 3D user interactions. While Study 1 showed that Personal
was less effective than Frontal, Study 2 demonstrated that 3D user
interactions could improve its performance. Moreover, 22 out of 25
participants in Study 2 preferred Personal over Frontal. They stated
that using Personal with 3D user interactions allowed them to bring the
stimulus display closer to the modulus for size comparisons, or vice
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Fig. 7: Movement strategies. (A) With Frontal, we observed two repre-
sentative strategies: the target strategy and the overview strategy. (B)
With Personal, participants employed a strategy of initially moving to the
modulus positions and evaluating stimulus and modulus sizes.

versa (Figure 7B), without the need to oscillate between the stimulus
and modulus locations (Figure 7A). Furthermore, participants showed
an interesting strategy of utilizing Z-fighting by overlapping the stimu-
lus and modulus to compare their sizes. Z-fighting is a phenomenon in
3D rendering where objects occupying the same spatial location cause
flickering or visual instability due to rendering priority conflicts.
Conversely, two participants who preferred Frontal pointed out two
issues with Personal. Notably, in this study, Personal was designed
to be the same size as a single tile in virtual displays and was always
attached to the task-performing controller. One participant commented
that shaky hands hampered the performance of Personal, whereas
Frontal remained stationary. This issue could be easily resolved by
allowing users to relocate the stimulus display only when the controller
interacts with it. Another participant stated that Personal felt too large
and often too close. This point will be discussed further in Section 6.

The Personal display with Selection can greatly assist
users in perceiving visual variables. This finding indicates a
potential advantage across different target display positions, not limited
to our study setup. However, there are some potential weaknesses.
Because the technique involves bringing or copying a distant display
to the user’s side, there is a risk of losing the spatial context of virtual
displays compared to Frontal. Furthermore, it could increase the risk
of communication errors in collaborative environments. To mitigate
the concerns, one possible solution is to highlight the distant display
on the interaction controller after it has been copied using Selection.

Steering and Teleportation demonstrate potential as alter-
native interaction techniques to Walking. Study 2 suggested
that Steering and Teleportation could enhance user performance com-
pared to the baseline (No Interaction), partially supporting H9. More-
over, we observed that participants employed two similar navigation
strategies, despite using different interactions, namely the overview
strategy and the target strategy (Figure 7A). The overview strategy
entails initially navigating toward the center area between the modulus
and stimulus before assessing their sizes. The target strategy involves
oscillating between stimulus and modulus positions to assess their sizes.
During the target strategy, nine participants interestingly attempted to
use the controllers as a reference tool for comparing sizes.

The participants’ comments offer valuable insights into the use of
Steering and Teleportation. Post-questionnaire results showed Walking
as the most preferred technique (12 participants), followed by Steering

(5) and Teleportation (5). Participants who preferred Walking frequently
cited its naturalness as the most significant advantage, consistent with
Ball et al. [8]’s findings. In contrast, participants who preferred Steering
and Teleportation valued the easy and quick movement through simple
controller operations, pointing out that Walking demanded significant
physical effort to move between the stimulus and modulus.

The participants’ feedback also highlighted some limitations of
the techniques. For Steering, three participants reported experiencing
motion-related sickness. A potential solution to improve user expe-
rience could involve personalizing movement speed [14]. For Tele-
portation, some participants noted that they traveled further or shorter
distances than intended. This issue may partly stem from the virtual
workspace being an empty, dark room with no additional landmarks or
references beyond the virtual display. To improve the user experience
for Teleportation, adding more spatial information in the virtual envi-
ronment could help users effectively execute their target or overview
strategies. Potential solutions include displaying a grid or shadows on
the floor to indicate the location of the virtual displays [72] and provid-
ing anchors that serve as predetermined Teleportation destinations.

6 LIMITATION AND FUTURE WORK

Our study used a set of modulus sizes that were consistently clear
and visible at all distances in VR. However, in real-world analytics,
some visual elements might be smaller, potentially exceeding the ren-
dering capability of VR headsets. The limitation is expected to be
addressed in the future as HMD resolution improves at an affordable
price, eventually matching human vision.

The use of virtual displays and 3D user interactions in collaborative
tasks has yet to be explored. For example, while the Cylinder and
Cockpit arrangements proved effective in single-user contexts, issues
may arise when multiple users occupy the same central positions, as
their embodiment avatars may disrupt task execution.

We will also explore the additional benefits of virtual displays for
immersive analytics. Allowing the size of Personal stimulus display
to be adjustable would help users organize multiple personal displays
around them. However, it may introduce new challenges in effective
visualization design if designers cannot anticipate at what sizes their
visualizations will be seen. For example, if visualizations are small
enough, color luminance becomes a more distinct feature than hue [75].
Adjusting visualization features for size could help, but it compromises
interface consistency and may hinder task performance. We will in-
vestigate how variations in display sizes affect the user’s perception
ability. Next, the acquisition of bezel-less large displays is hindered
by high costs and technical constraints in the real-world, but not in
VR. While bezels can be important reference points for reading visual
variables and locating areas within large visualizations, they are gener-
ally advised against because they cause visual discontinuities [74]. We
aim to investigate the effects of bezel presence and size on immersive
analytics. At last, future work should investigate the effectiveness of
virtual displays in Mixed Reality (MR) environments, with a focus on
visual variable perception accuracy and user interactions.

7 CONCLUSION

This paper examined user accuracy in reading visual variables on a
virtual wall-sized tiled display across different configurations, evaluat-
ing the potential of VR environments for visualization tasks. Study 1
showed that participants made smaller errors on virtual curved walls
(Cylinder and Cockpit) compared to Flat. The results were compared
to the previous real-world study, confirming that virtual curved walls
showed better accuracy than the physical display (RFlat), though with
longer task completion times. Study 2 demonstrated that user inter-
action techniques can improve perception accuracy. The findings re-
vealed that Personal and Selection, which are difficult to achieve in
the real-world, can effectively support users’ visualization tasks. We
also discovered that Steering and Teleportation could be used as viable
alternatives to Walking. Based on our findings, wall-sized virtual dis-
plays in VR have the potential to serve as a viable workspace for visual
analytics as an alternative to real-world environments.
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Appendix

In this appendix we provide additional images that show analysis results beyond the material that we could include in the main

paper due to space limitations.

A VR DEVICE

VIVE Wireless £ N
Adapter
& Battery

VIVE Pro Eye

Trigger
Trackpad

4

Appendix Fig. 1: (A) VR devices used for the user studies including the
Vive Pro Eye, two controllers, and wireless adapter, and a battery. (B)
Two controllers were seen by participants within the VR space. They
are called the task-performing controller and interaction controller. Par-
ticipants are instructed to hold the task-performing controller in their
dominant hand and the interaction controller in their non-dominant hand.
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Appendix Fig. 2: Study 1 Results: Detailed Results by Modulus Locations
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Appendix Fig. 3: Study 1 Results: AbsErr by Visual Variable in the Flat
condition
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Appendix Fig. 4: Study 1 Results: AbsErr by Visual Variable in the
Cylinder condition
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Appendix Fig. 5: Study 1 Results: AbsErr by Visual Variable in the
Cockpit condition
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Appendix Fig. 6: Study 2 Results: pairwise comparison results between
Selection with Personal and interaction techniques with Frontal
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Appendix Fig. 7: Study 2 Results: pairwise comparison results between
Walking with Personal and interaction techniques with Frontal
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Appendix Fig. 8: Study 2 Results: pairwise comparison results between
Steering with Personal and interaction techniques with Frontal
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Appendix Fig. 9: Study 2 Results: pairwise comparison results between
Teleportation with Personal and interaction techniques with Frontal
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