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Figure 1: We examine two-dimensional graphical perception in VR across virtual tabletop and wall display conditions, mirroring
foundational graphical perception studies. In Experiment 1, bar charts supported the most accurate judgments, followed by
length and area encodings. In Experiment 2, accuracy degraded significantly with viewing distance for horizontal bar charts.

Abstract

Although Virtual Reality (VR) is increasingly used for informa-
tion work, there is a limited understanding of how data should be
encoded in immersive visualizations to support accurate interpreta-
tion. It remains unclear whether established two-dimensional graph-
ical perception guidelines generalize to VR settings with different
viewing conditions. To address this gap, we conducted two immer-
sive experiments in which participants performed ratio-estimation
tasks, with mean absolute error as the metric. In Experiment 1, we
replicated a foundational graphical perception study on a virtual
tabletop display and found that accuracy followed the established
ranking of visual variables, with the lowest mean absolute error for
bar charts, followed by length and area encodings. In Experiment 2,
we examined the effects of chart orientation and viewing distance
on a virtual wall display, extending an established large-display
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paradigm to VR, and found that horizontal bar charts produced
higher error and greater between-participant variability than verti-
cal bar charts, with accuracy degrading more sharply with viewing
distance for horizontal than vertical orientations. These findings
indicate that while classic perceptual rankings largely carry over
to VR, viewing conditions interact with chart design in ways that
affect accuracy, informing recommendations for optimal encoding
of 2D visualizations for immersive environments.
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1 Introduction

Virtual Reality (VR) has become a platform for consequential infor-
mation work, enabled by advances in display technology, tracking,
and overall accessibility [10, 21]. Major technology platforms are
actively positioning immersive environments as general-purpose
workspaces, where users attend remote meetings, review docu-
ments, and collaborate on shared content [27]. Similar develop-
ments have taken place in higher education, where VR is increas-
ingly used to deliver lectures and facilitate collaborative learning
across distances [34]. As these use cases grow, the effective pre-
sentation of data in immersive environments becomes a practical
concern for interface designers.

A natural question is whether the established findings of graphi-
cal perception research carry over to VR. Decades of work on 2D
displays have produced solid guidelines for which visual encodings
support accurate judgments [7, 24, 29, 31]. These findings guide the
design of data visualization tools on conventional displays. Whether
they generalize to VR, where depth compression, viewing distance,
and display orientation differ from desktop conditions, is not under-
stood [9, 26]. Some recent evidence suggests that relative graphical
judgments in VR can approximate flat-screen accuracy [12, 37], but
systematic evaluations of how graph type, chart orientation, and
viewing distance jointly influence perceptual accuracy in immersive
settings remain limited. In particular, it is unclear whether the rank-
ing of visual variables established on conventional displays holds in
VR, and how orientation and viewing position on wall-sized virtual
displays affect estimation performance.

We present two conceptual replications of graphical percep-
tion studies conducted in VR. Experiment 1 replicates Cleveland &
McGill’s comparison of visual variables [7] using a virtual tabletop
display, and Experiment 2 replicates Bezerianos & Isenberg’s inves-
tigation of perception on a large wall display [5] in an immersive
setting. We chose to replicate the paradigms of these specific stud-
ies to address two structural baselines in data visualization. First,
establishing whether Cleveland & McGill’s foundational findings
hold true under a Head-Mounted Display (HMD) is a prerequisite
for adapting 2D visualization paradigms to VR. Second, Bezerianos
& Isenberg’s large-display framework serves as the most direct
physical analogue to the infinite-canvas ’virtual walls’ frequently
deployed in spatial computing workspaces, allowing us to isolate
the effects of viewing distance and orientation. Thirteen partici-
pants completed both experiments using a head-mounted display,
judging ratios between pairs of graphical stimuli. We assess how
perceptual rankings and distance effects manifest in immersive
environments and offer recommendations for encoding 2D visual-
izations in VR contexts that require accurate data interpretation.

This paper makes three contributions:

o Evaluation of generizalibility of established perceptual rank-
ings through a conceptual replication of Cleveland & McGill
graphical perception study to VR.

o A systematic analysis of the interaction between chart orien-
tation and viewing distance on perceptual accuracy in large
virtual wall displays through a VR extension of Bezerianos
& Isenberg.

o Design implications for encoding quantitative information
in immersive analytics environments.
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2 Related Work
2.1 Graphical Perception

Graphical perception studies how viewers decode data from vi-
sual encodings [7]. Cleveland & McGill’s classic work showed that
position and length judgments produce much lower error than
judgments of area or volume [7]. Their ranking of visual channels
has guided chart design ever since. Subsequent psychophysical
studies on 2D displays have largely confirmed these findings. For
example, Talbot et al. replicated Cleveland & McGill’s bar-chart
experiments online and "generally confirmed" the original rank-
ings, providing further insight into why aligned bars beat stacked
bars [35]. Simkin and Hastie likewise found that comparing heights
along a common baseline (simple bars) is the most accurate judg-
ment [29]. Heer and Bostock used Mechanical Turk to replicate
classic proportional-judgment tasks, again matching earlier design
guidelines [13]. Spence and others have systematically measured
such errors for bar charts, pies, etc [31]. In sum, decades of 2D
graphical perception research establish that position/length encod-
ings yield the most accurate comparisons, whereas area encodings
incur greater under- and overestimation errors.

2.2 Graphical Perception on 2D Displays

This prior work on 2D displays directly motivated our stimuli and
hypotheses. In their pen-and-paper studies, Cleveland & McGill
showed that comparisons between aligned, adjacent bars (with a
common baseline) yield the smallest error [8]. We thus expect ver-
tical bar charts (with a common baseline) to be interpreted more
accurately than equivalent length or area encodings. Consistent
with this, Talbot et al. reported that performance is substantially
worse for misaligned bar charts or charts containing distracting in-
tervening bars [35]. Simkin & Hastie similarly found near-baseline
comparisons easiest [29]. Spence assessed the accuracy of judg-
ments for graphs of different dimensions and reported small esti-
mation errors across categories, especially for bars, lines, and pie
slices as visual variables [31]. Heer & Bostock’s work confirms that
these classic results generalize to modern interactive plots [13].

Bezerianos & Isenberg studied perception on large tiled wall dis-
plays, showing that viewing angle and display distance significantly
affect estimation accuracy on wall-sized graphs [5]. Objects viewed
at extreme tilt or from far away can appear distorted, biasing length
and area judgments. They recommend positioning charts face-on
to the viewer and compensating for distortion in wall-display visu-
alizations. The physical construction of such displays introduces
an additional confound: Wallace et al. found that tiled displays are
assembled from multiple panels separated by bezels, which create
visual discontinuities that affect magnitude judgment [36]. Our
Experiment 2 is inspired by Bezerianos & Isenberg’s work, as we
emulate a large wall display in VR, while the absence of physical
bezels eliminates this confound and allows us to examine the effects
of orientation and distance more cleanly.

2.3 Graphical Perception in Virtual Reality

Virtual reality introduces new perception effects related to immer-
sion in stereoscopic 3D space. A well-known issue is distance com-
pression: Users underestimate distances and sizes in VR [20, 38].
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For example, Armbriister et al. found that users perceive far objects
as closer than they are, especially outside arm’s reach [2]. Renner et
al. review many such effects, categorizing them into technical (dis-
play FOV, stereo), compositional, and human factors [26]. Cutting
analyzed depth cues (occlusion, perspective, binocular disparity,
etc.) that underlie this distortion [9]. In practice, even with stereo
vision, VR reduces apparent scale and depth for distant objects.

Most VR visualization research has focused on 3D data or spatial
tasks. While some work reports benefits of stereo cues for spatial
judgments [18], other studies warn that true 3D visualizations can
slow or hinder users on retrieval tasks compared to 2D layouts [22,
28], suggesting that depth does not universally benefit perceptual
accuracy. This motivates examining 2D encodings in VR separately
from 3D visualization research.

Recent work has begun to examine 2D graphical perception
specifically in immersive settings. Arjun et al. found that bar-height
encodings yielded higher accuracy and lower cognitive load than
area or orientation encodings in a fully immersive dashboard [1].
Similarly, Quach et al. demonstrated that body-anchored bar charts
support accurate value estimation and comparison in an immersive
environment [25]. Perception of large virtual wall displays has also
been studied: participants made fewer errors when reading visual
variables on curved or tiled VR walls than on flat arrangements, with
performance sometimes exceeding that in real-world settings [12].
Watson et al. directly tested bar-chart perception in VR, replicating
Cleveland & McGill’s paradigm inside an HMD and found that
VR’s distance compression causes bar heights to be underestimated
in absolute terms, but relative percentage judgments remained as
accurate as on flat screens [37]. Notably, they confirmed that length
comparisons were more accurate than angle comparisons and that
the distortions in VR primarily affect absolute scale.

Overall, initial work suggests that standard 2D perceptual rank-
ings may carry over to immersive environments, but perceptual
differences introduced by VR, whether driven by resolution, depth
cues, environmental context, or navigation, warrant investigating
the effects of graph type, orientation, and distance on judgment
accuracy. Our work fills this gap by examining these factors, extend-
ing earlier findings from physical paper and wall-sized displays.

3 Methodology

We utilized a ratio estimation task in a within-subjects design repli-
cating work by Cleveland & McGill [7] and Bezerianos & Isenberg
[5] across two experiments: Experiment 1 presented stimuli hori-
zontally on a virtual table, while Experiment 2 presented stimuli
vertically as in a virtual wall display (Figure 2). Both experiments
used VR to present stimuli, with participants operating a controller
to indicate responses. We assessed absolute error to evaluate perfor-
mance across visual variables and stimulus placements. Informed
by prior literature, we propose the following hypotheses:

H1: Accuracy across visual variables will replicate prior findings,
with bar charts yielding the lowest absolute error, followed
by length and area encodings.

H2: Horizontal bar charts will produce higher absolute errors
and variation between participants than their vertical coun-
terparts.
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H3: Absolute error and between-participant variability in bar
chart judgments will decrease as charts are positioned closer
to the viewer.

Figure 2: Overview of both experiments. (Top) Experiment 1:
Participants judged ratios between pairs of stimuli (circles,
lines, bar charts) on a virtual A4 sheet (21 X 29.7 cm). (Bottom)
Experiment 2: Participants, seated 60 cm from a virtual wall,
judged bar charts with varying orientation (vertical vs hori-
zontal) and horizontal position (0 m, 2.75 m, 4.81 m). Both
experiments measured absolute error in ratio estimation.

3.1 Participants

Thirteen participants (students and researchers at Sorbonne Uni-
versité) completed both experiments. Participants self-reported
no visual impairments beyond corrected vision. We recruited par-
ticipants using convenience sampling through our professional
networks, supplemented by snowball sampling via referrals from
initial participants. Specific demographic variables are omitted due
to an expiration of access to the original survey platform, as elab-
orated upon in the Limitations section. The order of experiments
was counterbalanced across participants to mitigate order effects.

3.2 Procedure

While formal ethics committee approval was not required for this
non-clinical study, all procedures involving human participants
complied with standard ethical research practices and the 1964
Declaration of Helsinki. Participants were briefed and provided
their written informed consent. Then, they adjusted the height
of an immobile rotating chair and received instructions to fit and
operate the VR HMD and controller. The VR equipment was then
calibrated by reconfiguring the tracking center using the SteamVR
setup procedure. Participants completed a training session before
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each experiment and had their questions answered before proceed-
ing. To mitigate systematic learning or fatigue effects, the overall
order of the two main experiments (Virtual Table vs. Virtual Wall)
was fully counterbalanced across participants. Each participant
completed a total of 102 trials, with 54 in the table experiment and
48 in the wall experiment. For Experiment 1, trials were blocked
by graph type, and block order was counterbalanced across par-
ticipants using a balanced Latin square so that each graph type
appeared once in each ordinal position and each pair of graph types
occurred equally often in each order. For Experiment 2, trials were
organized into two orientation-defined blocks (vertical vs. hori-
zontal). Block order was counterbalanced across participants by
alternating which orientation was presented first (odd vs. even
participant IDs), and within each orientation block, the full set of
stimulus combinations (8 ratio levels X 3 positions) was fully ran-
domized for each participant to prevent localized adaptation to a
single axis. After the first experiment was conducted, a short break
was suggested in accordance with ergonomic guidelines [17, 30].

3.3 Apparatus

We used a desktop computer (Intel Core i5-4570 CPU @ 3.20GHz,
16 GB RAM, NVIDIA Quadro P4000) capable of executing our ex-
perimental artifacts at the VR hardware’s maximum settings. The
application was developed in Unity 3D, targeting Windows and the
HTC Vive HMD for stimulus presentation at a 2160 X 1200-pixel
resolution, 90 Hz, and 110 degrees Field-of-View (FOV). Partici-
pants responded to trials with the standard Vive wand controller,
which was used both to indicate ratio estimates via lateral thumb-
pad movements and to confirm responses via trigger pulls (detailed
in Section 3.5.

3.4 Stimuli

Participants viewed pairs of two-dimensional graphical stimuli
rendered in VR, appearing as if printed on physical surfaces. In
the table experiment, stimulus types included circles, vertical lines,
and vertical bar charts, with lines and circles placed at randomized
positions to prevent alignment between shapes, while bar charts
were aligned at their bases. In this experiment, the larger stimulus
randomly varied in size by up to 10% between trials to prevent
participants from adapting to a fixed reference size, as trials were
blocked by graph type. In the wall experiment, only vertical and
horizontal bar charts were used, aligned at their bases, with the
larger stimulus kept at a fixed size to replicate the conditions of
Bezerianos & Isenberg’s original study [5].

3.5 Task

Following Jansen et al. [15], we selected ratio estimation over
constant-sum production for its reliability and ease of implementa-
tion in VR. On each trial, participants were presented with a pair of
stimuli and asked: "If the larger shape represents 100%, what percent-
age is the smaller shape?". Participants were prompted to provide
quick visual judgments rather than precise measurements. Partici-
pants used a thumbpad to input integer responses on a 100-point
scale (1-100), representing percentage values. The input was polled
continuously per frame update, incrementing or decrementing the
value by one unit as long as directional input was maintained. Once
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the desired value was reached, the response was confirmed with a
trigger pull. If participants attempted to confirm a response with-
out first adjusting the thumbpad from its default value, a UI alert
prompted them to select an answer before proceeding. The response
UI was identical across all trials and did not occlude stimuli.

3.6 Experiment 1: Virtual Table

The table experiment was designed to emulate the conditions de-
scribed by Cleveland & McGill [7]. As illustrated in Figure 3, partici-
pants faced a virtual A4 sheet of paper fixed on a standard 72cm tall
table. The sheet displayed the trial’s stimulus pair alongside a Ul
for entering and confirming answers, and also served as a canvas
for providing participants with initial and final instructions. Simi-
lar to Cleveland & McGill, we did not constrain head movements.
While Cleveland & McGill randomized the size of the reference
stimulus, we fixed it across trials in this experiment to simplify
training and reduce participant confusion. Although such invari-
ability could introduce bias, prior work has found a statistically
non-significant effect of reference stimulus side [39], supporting
this as an informed design deviation. During training, participants
were instructed that the larger stimulus was always positioned to
the left. We recorded participant answers across the 54 trials of this
experiment. Additionally, we tracked task completion time, head
position, and head rotation to characterize natural task completion
and viewing behavior during tabletop VR interactions.

Figure 3: Participant view during a line estimation trial in
Experiment 1. Two graphs are displayed on a virtual A4 sheet
on the tabletop. The current response value is displayed at
the top and adjusted via the controller.

3.7 Experiment 2: Virtual Wall

The wall experiment partially replicated the fixed-position con-
dition of Bezerianos & Isenberg [5], in which participants were
positioned 60 cm away from the display. We selected this condition
as the original authors reported it yielded the most notable interac-
tions with stimulus placement in their study. Bezerianos & Isenberg
reported a significant location X visual variable interaction but no
significant effect of screen height. Accordingly, we restricted spatial
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variations to the horizontal axis and maintained vertical placement
aligned to the average participant’s eye level. This design choice
mirrored the significant dimensions of the original study while
preventing the cervical fatigue associated with repetitive vertical
head movements (pitch) while wearing a front-heavy HMD across
a 102-trial session to maximize statistical power within realistic vol-
unteer time constraints. Figure 4 depicts the average participant’s
view when facing stimuli placed at their closest position.

Figure 4: Participant view during a trial in Experiment 2. A
vertical bar chart is presented on the textured wall surface
at Position 0 cm. The response UI appears above the stimuli.

Bezerianos & Isenberg’s original display consisted of multiple
LCD monitors with visible bezels, which participants reportedly
used as measurement references. Because VR environments lack
bezels, this potential confound was not replicated. To provide par-
ticipants with sufficient depth cues, which Bezerianos & Isenberg’s
physical wall provided implicitly, we displayed stimuli over a tex-
tured wall rather than a black background. Participants were po-
sitioned 60 cm from the virtual wall display at its leftmost point,
but were free to rotate within the fixed chair to face visualizations.
Stimuli pairs were placed at eye level and positioned horizontally at
three distances: 0 m, 2.75 m, and 4.8125 m to the participant’s right,
replicating positions A3, E3, and H3 of Bezerianos & Isenberg’s
display [5]. The training session for this experiment differed from
its table counterpart in that participants were instructed that the
larger stimulus was always positioned to the left for vertical bar
charts and on top for horizontal bar charts. We recorded partici-
pants’ answers, the horizontal viewing angle, and task completion
time. Because stimuli were sometimes placed outside a participant’s
initial field of view, we also recorded a secondary completion time
from the moment the participant first encountered the stimuli.

3.8 Independent Variables

We define GrarH TYPE as the independent variable for Experiment
1 (Table) and StimuLus PosITiON and STIMULUS ORIENTATION as
independent variables for Experiment 2 (Wall). GRAPH TYPE con-
tains three levels in the table experiment (Circle, Line, and Bar
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Chart). For the wall experiment, Graph Type was constant as Bar
Chart, whereas STIMULUS ORIENTATION had two values (Vertical
and Horizontal), while STIMULUS POSITION contained three levels
corresponding to horizontal distances of 0 m, 2.75 m, and 4.8125
m from the participant, matching positions A3, E3, and H3 in the
aforementioned work of Bezerianos & Isenberg [5].

3.9 Dependent Variable

We measure Absolute Error as the dependent variable in both Table
and Wall experiments. Absolute Error reflects the magnitude of the
discrepancy between the ground truth ratio and the participant’s
ratio estimate. Moreover, we fit psychophysical power functions to
characterize systematic perceptual bias in participants’ responses.

4 Results
4.1 Results for Experiment 1 - Virtual Table

4.1.1 Absolute Error. We examined absolute error (%) across three
visualization conditions (Area, Bar Chart, Length) in a within-
subjects experimental design. Figure 5 illustrates the participant-
level distributions across conditions. For each participant and con-
dition, we computed the mean absolute error across trials. Shapiro—-
Wilk tests indicated that aggregated accuracy values did not de-
viate significantly from normality for any condition (Area: p =
.42, BarChart: p = .71, Length: p = .083; all p > .05). Because
Mauchly’s test indicated a violation of sphericity for condition
(W = 0.56, p = .043), we report Greenhouse-Geisser-corrected
repeated-measures ANOVA results. In addition, we fitted a linear
mixed-effects model with condition as a fixed effect and participant-
specific random intercepts to account for all trial-level observations.
Pairwise comparisons following the repeated-measures ANOVA
were Bonferroni-corrected, while post-hoc comparisons derived
from the linear mixed-effects model were Tukey-corrected., and
within-subject effect sizes are reported as Cohen’s d.

20+ —_— %

[N
o
f

Absolute Error (%)
=
o

—

Ar.ea Baréhart Len'gth
Condition

Figure 5: Mean absolute error (|estimate — true ratio|, percent-
age points) by visualization condition in Experiment 1. Box-
plots summarize participant-level means. Lower values in-
dicate better accuracy. Bar charts yield the lowest error, fol-
lowed by length and area encodings.
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The repeated-measures ANOVA on participant mean accuracy
revealed a significant main effect of condition, F(2,24) = 33.01,
p < .001, Greenhouse-Geisser-corrected p < .001, generalized n? =
.62. Bonferroni-corrected paired t-tests showed that Area produced
significantly higher errors than BarChart (p < .001, d = 2.65) and
Length (p = .004, d = 1.60), and that Length errors were higher
than BarChart errors (p = .002, d = 1.28). The highest error was
observed for Area (M = 12.05%, SD = 4.03), followed by Length
(M =6.61%, SD = 2.60) and BarChart (M = 3.68%, SD = 0.69).

The trial-level linear mixed-effects model with random partici-
pant intercepts confirmed this pattern, with BarChart and Length
exhibiting substantially lower errors than Area (all Tukey-adjusted
p < .0001). Area judgments deviated by 12.05 percentage points,
compared to 6.61 for Length and 3.68 for BarChart. Bar charts
yielded the lowest absolute error, followed by length and area.

For historical context, Figure 6 compares this experiment’s es-
timates with a digitized Cleveland & McGill benchmark for their
Type I Bar Chart; this panel is included for descriptive comparison
only and was not used for inferential testing.

Area A e
Length —_—  —
BarChart —o—
(Bdrgﬁiﬁ)‘ @ Cleveland & McGill [1984]

Absolute Error (%)

Figure 6: Mean absolute error (|estimate — true ratio|, %) by
graph type in Experiment 1. Points show means, and error
bars show 95% BCa bootstrap confidence intervals. Bar-charts
yielded the lowest error, followed by length and area. Cleve-
land & McGill (1984) Type I bar chart is added as a reference.

4.1.2  Psychophysical coefficients (individual response curves). As
an exploratory and purely descriptive analysis intended to visually
characterize systematic bias rather than for formal hypothesis test-
ing, we fitted a psychophysical power function of the form P = bS¢
(following Stevens’ power law [32]) to each participant’s data in
each condition (see Figure 7). The exponent a captures how per-
ceived ratios scale with actual ratios, with a = 1 indicating veridical
(linear) perception, a > 1 overestimation, and a < 1 underestima-
tion. This analysis is descriptive and intended to assess systematic
bias and between-participant variability.

Bar-chart perception showed low between-participant variation
(mean a = 1.04, SD = 0.05). Length estimations showed greater
deviation from linearity (mean a = 1.10, SD = 0.15), indicating mod-
est overestimation and increased variability. Variation was highest
for area stimuli (mean a = 1.49, SD = 0.35), reflecting stronger
systematic bias and greater heterogeneity across participants.
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Figure 7: Psychophysical power-function coefficients (accu-
racy ratios) by stimulus type, summarizing bias and between-
participant variability. Values near 1 indicate near-linearity.
Bar charts were closest to linearity, length showed mod-
est overestimation and greater spread, and area showed the
largest bias and heterogeneity, matching prior findings.

4.2 Results for Experiment 2 - Wall Display

4.2.1 Absolute Error. We analyzed absolute error (%) in a within-
subjects 2 X 3 design with factors Orientation (horizontal, vertical)
and Position (0, 1, 2). For each participant, the mean absolute error
was computed for each Orientation X Position condition.

Shapiro-Wilk tests on participant-level cell means were non-
significant in all six cells (p > .082), indicating no clear departure
from normality. Mauchly’s tests indicated no violation of sphericity
for Position (W = 0.993,p = .962) or the Orientation X Position
interaction (W = 0.852, p = .415).

A two-way repeated-measures ANOVA showed significant main
effects of Orientation, F(1,12) = 77.43,p < .001, qé = .49, and Posi-
tion, F(2,24) = 41.38,p < .001, p% = .39, qualified by a significant
Orientation X Position interaction, F(2, 24) = 27.45,p < .001, 1720 =
.40 (Figure 8). Given the significant interaction, simple-effects tests
were prioritized for interpretation.

10

Orientation
Horizontal

-8~ \Vertical

Absolute Error (%)

I ——

0 1 2
Position

Figure 8: Orientation X Position interaction for absolute er-
ror (%) using model-based estimated marginal means from
the trial-level mixed-effects model. Orientation differences
are negligible at Position 0 but increase at Positions 1 and
2. Asterisks indicate significant horizontal-versus-vertical
simple effects within position (***, p < .001).

Orientation differences depended on Position. At Position 0,
horizontal and vertical bars did not differ significantly (p = .713); at
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Positions 1 and 2, horizontal bars yielded larger error than vertical
bars (both p < .001). In averaged analyses, horizontal bars still
showed higher error than vertical bars, paired ¢(12) = 8.80, p < .001,
mean difference = 3.07 percentage points, 95% CI [2.31,3.83],d =
2.46. Trial-level mixed-effects estimates showed the same overall
pattern (horizontal: 6.40%, vertical: 3.33%; Tukey-adjusted p < .001).
Thus, H2 is supported, with the strongest orientation differences
emerging at mid and far positions.

Position differences were orientation-dependent. Within the hori-
zontal condition, all pairwise position contrasts were significant and
large: Position 0 vs 1 (mean difference = 3.37 pp, 95% CI [2.04, 4.69],
p < .001,d = 1.91), Position 0 vs 2 (mean difference = 6.20 pp,
95% CI [4.69,7.71], p < .001, d = 3.28), and Position 1 vs 2 (mean
difference = 2.84 pp, 95% CI [1.40,4.27], p = .001, d = 1.22), indi-
cating monotonically increasing error with distance. Within the
vertical condition, no pairwise position contrast was significant
(p = .942,.998,.960). Collapsed analyses across orientation showed
a significant Position effect, F(2,24) = 41.38,p < .001, ryé = .53,
with significant Bonferroni-corrected pairwise differences (0 vs 1:
p =.0012,d =1.20; 0 vs 2: p < .001,d = 2.83; 1 vs 2: p = .0036,
d = 1.07). Therefore, H3 is only supported for horizontal bars.

Variability analyses matched this pattern (see Figure 9). Participant-
level variability (SD across positions) was greater for horizontal
than vertical charts, paired t(12) = 6.22, p < .001, mean difference
=2.39,95% CI [1.55,3.23], d = 2.61. Variability across positions (SD
across orientations) also differed by position, F(2,24) = 21.85,p <
.001, I]é = .50, with all Bonferroni pairwise comparisons significant
(0vs 1: p =.003; 0 vs 2: p < .001; 1 vs 2: p =.018).

sk sk

-I-gii%

Position 0 (Horiz.)  Position 1 (Horiz.) Position 2 (Horiz) Position O (Vertical) Position 1 (Vertical) Position 2 (Vertical)

Absolute Error (%)
1

o

Figure 9: Participant-level mean absolute error (%) by Ori-
entation and Position. Horizontal conditions are shown for
Positions 0-2 followed by vertical conditions for Positions
0-2. Asterisks denote significant pairwise contrasts within
the horizontal condition (**, p < .01; ***, p < .001).

Means reflected these inferential results. Horizontal error in-
creased from Position 0 (M = 3.21%, SD = 0.93) to Position 1
(M = 6.58%, SD = 2.20) and Position 2 (M = 9.41%, SD = 2.44),
whereas vertical error remained comparatively stable (Position 0:
M =3.39%, SD = 1.37; Position 1: M = 3.23%, SD = 1.02; Position
2: M =3.37%, SD = 1.19). No outliers exceeded +3SD in any cell.

Figure 10 plots current-study error estimates against the Beze-
rianos and Isenberg benchmark for descriptive context. All condi-
tions, including the least accurate (Horizontal 2), produced substan-
tially lower absolute error than the historical length benchmark.
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Figure 10: Comparison of absolute error (%) estimates with
the Bezerianos and Isenberg [5] historical benchmark for
length judgments. Points indicate means and error bars indi-
cate 95% BCa bootstrap confidence intervals. The benchmark
value is shown for descriptive context only.

4.2.2  Psychophysical coefficients (individual response curves). We
fitted a psychophysical power function to each participant’s data
for each Orientation X Position combination (see Figure 11), as an
exploratory and purely descriptive analysis intended to visually
characterize systematic perceptual bias and cross-participant het-
erogeneity.. The resulting coefficients (“accuracy ratios”) describe
how perceived ratio scales with actual ratio and values close to 1
indicate near-linear perception, and higher values suggest system-
atic overestimation. For horizontal bar charts, the mean accuracy
ratio was 1.01 (SD = 0.06) at Position 0, 1.10 (SD = 0.11) at Position
1, and 1.26 (SD = 0.17) at Position 2. For vertical bar charts, the
corresponding coefficients were 1.04 (SD = 0.07), 1.01 (SD = 0.05),
and 1.05 (SD = 0.05) for Positions 0, 1, and 2, respectively.
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Figure 11: Psychophysical power-function coefficients (accu-
racy ratios) and individual fitted response curves for Orienta-
tion X Position conditions. Horizontal bars show increasing
bias and variability, whereas vertical bars remain near linear
and stable. The identity line (y = x) is shown for reference.
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The overplotted individual response curves reflect these patterns.
Horizontal bar charts show increasing curvature and between-
participant spread as position index increases: functions are close
to linear at Position 0, but become progressively steeper and more
dispersed at Positions 1 and 2. In contrast, vertical bar charts re-
main close to the identity line with relatively little variation across
positions, indicating near-linear perception and stable accuracy
ratios across distances.

5 Discussion

We examined how classic graphical perception findings translate to
immersive virtual reality, focusing on visual variables on a virtual
table (Experiment 1) and on bar-chart orientation and viewing
position on a virtual wall (Experiment 2). Across both experiments,
the results generally align with prior 2D graphical perception work
while revealing systematic effects of VR-specific viewing conditions.

5.1 Absolute error across visual variables is
consistent with prior findings

The reduced error rates observed for bar charts relative to length
and area encodings are consistent with Cleveland & McGill’s rank-
ing, which places position and length ahead of area and volume
for ratio judgments [7, 8]. Our results replicate this ordering in VR:
Bar charts yielded the smallest absolute errors, followed by length
encodings, and area encodings produced the largest errors. This
pattern aligns with 2D studies showing that aligned bars support
more accurate judgments than area-based encodings [13, 29, 31, 35].
At the same time, absolute errors in our VR setup were somewhat
higher than those typically reported for paper or desktop displays,
which is consistent with known distance and scale distortions in
immersive environments [9, 20, 26, 38].

The psychophysical coefficients offer a more detailed picture.
Bar charts produced coefficients close to one with low between-
participant variability, indicating near-linear perception of bar
length in VR and reinforcing Cleveland & McGill’s claim that posi-
tion/length is a robust channel [7]. Length encodings showed higher
variability and coefficients moderately above one, suggesting mod-
est bias and increased dispersion similar to the “small judgment
errors” reported by Spence for length-based displays [31]. Area en-
codings led to the largest coefficients and variation, which mirrors
findings that area judgments are less precise than length judgments
on conventional displays [7, 16, 31]. These results support H1 and
show that the established ranking of bar, length, and area encodings
largely carries over to immersive VR, in line with Watson et al’s
observation that relative percentage judgments can remain accurate
in head-mounted displays despite absolute-scale distortions [37].

5.2 Orientation and Distance Interact on Virtual
Wall Displays
Experiment 2 extends Bezerianos & Isenberg’s findings on large
wall displays to VR, where viewing angle and location differentially
affect visual variables [5]. We found strong main effects of both
orientation and position on absolute error, supporting H2 and H3, as
well as a pronounced Orientation X Position interaction. Horizontal
bar charts produced higher errors and greater between-participant
variability than vertical bar charts (collapsed across positions), and
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accuracy decreased monotonically from closest to farthest positions
(collapsed across orientations). This reinforces prior immersive
studies reporting advantages for height-based encodings [1, 25].

The interaction reveals that these effects are not additive: dis-
tance primarily harmed horizontal bar charts while vertical bar
charts remained robust across viewing positions. At the closest
position, horizontal and vertical errors were similar; at medium
and far positions, horizontal errors increased sharply while vertical
errors stayed stable. Psychophysical coefficients reflect this pattern:
horizontal coefficients rose and became more dispersed with dis-
tance (1.01 to 1.26), whereas vertical coefficients remained near one
(1.04 to 1.05) with modest variability. This selective degradation
suggests horizontal bars are more vulnerable to VR distortions at
oblique angles [9, 20, 38]. Conversely, our digitized values from Bez-
erianos & Isenberg indicate their wall errors for length were around
18% at close positions [5]; our VR errors were generally lower, how-
ever, vertical orientations yielded high accuracy across all viewing
positions, while horizontal bar charts became substantially less
accurate as distance and viewing angle increased. Comparatively,
Bezerianos & Isenberg found horizontal length judgments to be
relatively unaffected by viewing distance.

5.3 Geometric and Optical Mechanisms
Underlying Oblique Viewing Costs

Oblique viewing of two-dimensional stimuli foreshortens the reti-
nal projection along the axis perpendicular to the line of sight, with
the visual system ordinarily compensating through a correction
analogous to shape constancy [11, 23]. On physical media and wall
displays, this correction is supported by reliable environmental
depth cues such as surface texture gradients and explicit spatial
anchors. Bezerianos & Isenberg’s tiled display provided the latter
in the form of physical bezels between panels, which participants
could use as length references [5]. In VR, both categories of support
are attenuated: although our virtual wall featured a PBR texture,
the rendered environment still provided a relatively sparse and im-
poverished set of depth cues in comparison with physical viewing
without equivalent reference structures. Without these, the percep-
tual correction for perspective foreshortening is incomplete, and
estimation errors accumulate with viewing angle. This accounts for
a key asymmetry between our findings and those of Bezerianos &
Isenberg: their horizontal bar judgments were relatively unaffected
by viewing distance, whereas ours degraded monotonically, an out-
come consistent with the removal of bezel-based spatial anchors
rather than a fundamental change in the perceptual hierarchy.
VR-specific optical characteristics compound this geometric ef-
fect. Single-element HMD lenses introduce transverse chromatic
aberration (TCA) that becomes measurable beyond approximately
6° from the centre of the field of view [4], producing colour fringing
that degrades the sharpness of bar edges at lateral gaze positions.
Vertical bars, whose critical dimension is orthogonal to the axis
of foreshortening at any lateral offset, are intrinsically robust to
this form of degradation. Horizontal bars, by contrast, have their
length dimension aligned precisely with the axis that undergoes
both geometric compression and peripheral optical blurring, mak-
ing accurate length extraction disproportionately harder at distance.
Finally, the vergence—accommodation conflict (VAC) inherent to
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fixed-focus HMD optics introduces systematic depth distortion
through a device-specific vergence offset [14], which may amplify
scale misjudgements at far positions. In Experiment 1, oblique-
ness was uniform across all three encoding types, as all stimuli
were viewed from the same fixed downward angle to the tabletop,
and therefore cannot explain the differential errors between bar,
length, and area encodings. It plausibly contributes, however, to
the elevated errors relative to paper-based baselines [9, 20].

5.4 Implications and Limitations

Our evidence has straightforward design implications. In immersive
analytic scenarios, vertical bar charts placed close to and roughly
face-on to the viewer appear to be the safest choice when precise
judgments are required. Horizontal bar charts should be used cau-
tiously on wall-like surfaces, particularly at positions that require
large head rotations or peripheral viewing. When a virtual wall lay-
out is necessary, placing critical quantitative information at closer
or more central positions and using vertical rather than horizontal
encodings may help mitigate VR-induced distortions.

Our study has limitations that should be considered. The num-
ber of participants is modest, though comparable to many HCI
and visualization experiments [6], which constrains the analysis of
individual differences. Furthermore, specific demographic informa-
tion was not available for the present analysis because the original
participant questionnaire records were lost following an expiration
of access to the data collection platform. The lack of age, gender,
and baseline expertise data limits our ability to generalize findings.
Specifically, it makes it difficult to isolate whether the magnitude
of differences observed in Experiment 2 stems entirely from the VR
environment or partially from undocumented demographic vari-
ations such as higher-than-average experience with VR and data
visualization.

The stimuli were intentionally simple to isolate basic visual
variables and positions, which supports internal validity but may
reduce generalizability to more complex charts and tasks such as
trend or pattern detection [16, 31]. The work also focuses on ratio
estimation, which is susceptible to cognitive biases such as round-
ing, anchoring, and limited numerical precision, and may distort
participants’ scaling of perceived stimuli [33]. Furthermore, be-
cause fine-tuning the exact integer response via the continuous
frame-based thumbpad input incurred a time cost, it is likely that
participants occasionally ’satisficed” by submitting a sufficiently
close value rather than correcting overshoots to hit a highly specific
number. Finally, our results are specific to a particular HMD and
tracking setup, and hardware characteristics such as field of view or
resolution are known to affect depth perception [3, 19, 26]. Addition-
ally, because we restricted our spatial conditions to the horizontal
axis to preserve ergonomic comfort and manage session length, our
findings do not account for potential vertical obliqueness effects,
which warrants future investigation.

Future work could extend these experiments to larger and more
diverse samples, more varied chart types and tasks, and direct
comparisons between VR, large physical displays, and desktop con-
ditions. Combining our behavioral measures with eye tracking or
head movement data in VR, as suggested in recent immersive visual-
ization work [12, 18], may also help clarify how users inspect charts
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at different positions and orientations and how these behaviors re-
late to the observed error patterns, as well as elucidate cognitive
and physiological states during graphical perception tasks.

6 Conclusion

We presented two experiments examining two-dimensional graphi-
cal perception in VR, conceptually replicating established tabletop
and wall display paradigms in an immersive setting. Our results
show that the classic ranking of visual variables largely holds in VR,
with bar charts supporting more accurate judgments than length
or area encodings. On virtual wall displays, chart orientation and
viewing distance interact in ways that penalize horizontal encod-
ings at peripheral positions while leaving vertical encodings largely
unaffected. As immersive environments are increasingly used for
information work, these findings provide an empirical basis for de-
sign decisions about encoding quantitative data in VR, and indicate
that established 2D guidelines cannot always be applied without ac-
counting for the viewing conditions specific to immersive displays.

Data Availability

All analysis scripts and experimental materials are publicly available
on OSF.
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