Evaluating Graphical Perception in Virtual Reality:
Evidence from Two Visualization Experiments

Lucas Siqueira Rodrigues Johann Habakuk Israel Thomas Kosch
lucas.rodrigues@tum.de israel@htw-berlin.de thomas.kosch@hu-berlin.de
Technical University of Munich HTW Berlin HU Berlin

Munich, Germany

Berlin, Germany

Berlin, Germany

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
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
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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 2 Related Work

Virtual Reality (VR) has become a platform for consequential infor- 2.1 Graphical Perception
mation work, enabled by advances in display technology, tracking,
and overall accessibilityl[0, 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 contef]. Similar develop-
ments have taken place in higher education, where VR is increas-
ingly used to deliver lectures and facilitate collaborative learning
across distances3f]. As these use cases grow, the e ective pre-
sentation of data in immersive environments becomes a practical
concern for interface designers.

A natural question is whether the established ndings 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[24, 29 31]. These ndings guide the
design of data visualization tools on conventional displays. Whether
they generalize to VR, where depth compression, viewing distance,
and display orientation di er from desktop conditions, is not under-
stood P, 26. Some recent evidence suggests that relative graphical
judgments in VR can approximate at-screen accurady[37], but
systematic evaluations of how graph type, chart orientation, and . . .
viewing distance jointly in uence perceptual accuracy inimmersive 2.2 Graphical Perception on 2D Displays
settings remain limited. In particular, itis unclear whether the rank-  This prior work on 2D displays directly motivated our stimuli and
ing of visual variables established on conventional displays holds in hypotheses. In their pen-and-paper studies, Cleveland & McGill
VR, and how orientation and viewing position on wall-sized virtual  showed that comparisons between aligned, adjacent bars (with a
displays a ect estimation performance. common baseline) yield the smallest errcé][We thus expect ver-

We present two conceptual replications of graphical percep- tical bar charts (with a common baseline) to be interpreted more
tion studies conducted in VR. Experiment 1 replicates Cleveland & accurately than equivalent length or area encodings. Consistent

Graphical perception studies how viewers decode data from vi-
sual encodingsT]. Cleveland & McGill's classic work showed that
position and length judgments produce much lower error than
judgments of area or volume7]. Their ranking of visual channels
has guided chart design ever since. Subsequent psychophysical
studies on 2D displays have largely con rmed these ndings. For
example, Talbot et al. replicated Cleveland & McGill's bar-chart
experiments online and "generally con rmed" 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 [L3. Spence and others have systematically measured
such errors for bar charts, pies, et&8]. 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.

McGill's comparison of visual variable§] using a virtual tabletop with this, Talbot et al. reported that performance is substantially
display, and Experiment 2 replicates Bezerianos & Isenberg's inves- worse for misaligned bar charts or charts containing distracting in-
tigation of perception on a large wall display] in an immersive tervening bars B5. Simkin & Hastie similarly found near-baseline

setting. We chose to replicate the paradigms of these speci ¢ stud- comparisons easiesPf]. Spence assessed the accuracy of judg-
ies to address two structural baselines in data visualization. First, ments for graphs of di erent dimensions and reported small esti-
establishing whether Cleveland & McGill's foundational ndings  mation errors across categories, especially for bars, lines, and pie
hold true under a Head-Mounted Display (HMD) is a prerequisite  slices as visual variable8{]. Heer & Bostock's work con rms that
for adapting 2D visualization paradigms to VR. Second, Bezerianos these classic results generalize to modern interactive plots [13].
& Isenberg's large-display framework serves as the most direct  Bezerianos & Isenberg studied perception on large tiled wall dis-
physical analogue to the in nite-canvas 'virtual walls' frequently  plays, showing that viewing angle and display distance signi cantly
deployed in spatial computing workspaces, allowing us to isolate a ect estimation accuracy on wall-sized graphs][ Objects viewed
the e ects of viewing distance and orientation. Thirteen partici-  at extreme tilt or from far away can appear distorted, biasing length
pants completed both experiments using a head-mounted display, and area judgments. They recommend positioning charts face-on
judging ratios between pairs of graphical stimuli. We assess how to the viewer and compensating for distortion in wall-display visu-
perceptual rankings and distance e ects manifest in immersive alizations. The physical construction of such displays introduces
environments and o er recommendations for encoding 2D visual- an additional confound: Wallace et al. found that tiled displays are
izations in VR contexts that require accurate data interpretation.  assembled from multiple panels separated by bezels, which create
This paper makes three contributions: visual discontinuities that a ect magnitude judgmenBf. 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 e ects
of orientation and distance more cleanly.

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

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 2-3 ~ Graphical Perception in Virtual Reality

& Isenberg. Virtual reality introduces new perception e ects related to immer-
Design implications for encoding quantitative information  sion in stereoscopic 3D space. A well-known issue is distance com-
in immersive analytics environments. pression: Users underestimate distances and sizes in20R3§.
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For example, Armbrister et al. found that users perceive far objects
as closer than they are, especially outside arm's reahRenner et

al. review many such e ects, categorizing them into technical (dis-
play FOV, stereo), compositional, and human factdt§ [Cutting
analyzed depth cues (occlusion, perspective, binocular disparity,
etc.) that underlie this distortion§). 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 bene ts of stereo cues for spatial
judgments [Lg, other studies warn that true 3D visualizations can
slow or hinder users on retrieval tasks compared to 2D layoug [
2§, suggesting that depth does not universally bene t perceptual
accuracy. This motivates examining 2D encodings in VR separately
from 3D visualization research.

Recent work has begun to examine 2D graphical perception
speci cally 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 dashboaifl [
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 at arrangements, with
performance sometimes exceeding that in real-world settingd.[
Watson et al. directly tested bar-chart perception in VR, replicating
Cleveland & McGill's paradigm inside an HMD and found that

H3: Absolute error and between-participant variability in bar
chart judgments will decrease as charts are positioned closer
to the viewer.

VR's distance compression causes bar heights to be underestimatedFigure 2: Overview of both experiments. (Top) Experiment 1:

in absolute terms, but relative percentage judgments remained as
accurate as on at screens$[]. Notably, they con rmed that length
comparisons were more accurate than angle comparisons and that
the distortions in VR primarily a ect absolute scale.

Overall, initial work suggests that standard 2D perceptual rank-
ings may carry over to immersive environments, but perceptual
di erences introduced by VR, whether driven by resolution, depth
cues, environmental context, or navigation, warrant investigating
the e ects of graph type, orientation, and distance on judgment
accuracy. Our work lIs this gap by examining these factors, extend-
ing earlier ndings 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 T] 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

Participants judged ratios between pairs of stimuli (circles,
lines, bar charts) on a virtual A4 sheet (21  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. Speci c 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 e ects.

to indicate responses. We assessed absolute error to evaluate perfor-3-2 Procedure
mance across visual variables and stimulus placements. Informed While formal ethics committee approval was not required for this

by prior literature, we propose the following hypotheses:

H1: Accuracy across visual variables will replicate prior ndings,
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.

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 t and
operate the VR HMD and controller. The VR equipment was then
calibrated by recon guring 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- the desired value was reached, the response was con rmed with a

ing. To mitigate systematic learning or fatigue e ects, the overall
order of the two main experiments (Virtual Table vs. Virtual Wall)

trigger pull. If participants attempted to con rm a response with-
out rst adjusting the thumbpad from its default value, a Ul alert

was fully counterbalanced across participants. Each participant prompted them to select an answer before proceeding. The response
completed a total of 102 trials, with 54 in the table experiment and Ul was identical across all trials and did not occlude stimuli.

48 in the wall experiment. For Experiment 1, trials were blocked

by graph type, and block order was counterbalanced across par- 3.6 Experiment 1: Virtual Table

ticipants using a balanced Latin square so that each graph type The table experiment was designed to emulate the conditions de-
appeared once in each ordinal position and each pair of graph types  g¢riped by Cleveland & McGill. As illustrated in Figure 3, partici-
occurred equally often in each order. For Experiment 2, trials were pants faced a virtual A4 sheet of paper xed on a standard 72cm tall
organized into two orientation-de ned blocks (vertical vs. hori-  taple. The sheet displayed the trial's stimulus pair alongside a Ul
zontal). Block order was counterbalanced across participants by gy entering and con rming answers, and also served as a canvas
alternating which orientation was presented rst (odd vs. even o providing participants with initial and nal instructions. Simi-
participant IDs), and within each orientation block, the full set of  |5r to Cleveland & McGill, we did not constrain head movements.
stimulus combinations (8 ratio levels3 positions) was fully ran- - \whjle Cleveland & McGill randomized the size of the reference
domized for each participant to prevent localized adaptationto a  gtimulus, we xed it across trials in this experiment to simplify
single axis. After the rst experiment was conducted, a short break training and reduce participant confusion. Although such invari-
was suggested in accordance with ergonomic guidelines [17, 30].  apjlity could introduce bias, prior work has found a statistically
non-signi cant e ect of reference stimulus side39, supporting
3.3 Apparatus this as an informed design deviation. During training, participants
We used a desktop computer (Intel Core i5-4570 CPU @ 3.20GHzwere instructed that the larger stimulus was always positioned to
16 GB RAM, NVIDIA Quadro P4000) capable of executing our ex- the left. We recorded participant answers across the 54 trials of this
perimental artifacts at the VR hardware's maximum settings. The experiment. Additionally, we tracked task completion time, head
application was developed in Unity 3D, targeting Windows and the  position, and head rotation to characterize natural task completion
HTC Vive HMD for stimulus presentation at a 216Q.200-pixel and viewing behavior during tabletop VR interactions.
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 con rm 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 xed 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 xed size to replicate the conditions of
Bezerianos & Isenberg's original study [5].

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

3.5 Task the top and adjusted via the controller.

Following Jansen et al.1f, 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 pairof -/ EXxperiment 2: Virtual Wall

stimuli and asked: "If the larger shape represents 100%, what percerithe wall experiment partially replicated the xed-position con-
age is the smaller shape?". Participants were prompted to provide dition of Bezerianos & Isenberd], in which participants were
quick visual judgments rather than precise measurements. Partici- positioned 60 cm away from the display. We selected this condition
pants used a thumbpad to input integer responses on a 100-point as the original authors reported it yielded the most notable interac-
scale (1-100), representing percentage values. The input was polledtions with stimulus placement in their study. Bezerianos & Isenberg
continuously per frame update, incrementing or decrementing the reported a signi cant location visual variable interaction but no
value by one unit as long as directional input was maintained. Once signi cant e ect of screen height. Accordingly, we restricted spatial
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