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ABSTRACT

Distance misperception (sometimes, distance compression) in
immersive virtual environments is an active area of study, and the
recent availability of consumer-grade display and tracking tech-
nologies raises new questions. This work explores the plausibility
of measuring misperceptions within the small tracking volumes of
consumer-grade technology, whether measures practical within this
space are directly comparable, and if contemporary displays induce
distance misperceptions.

Index Terms: I.3.7 [Computing Methodologies]: Graphics
Utilities—Virtual reality

1 INTRODUCTION

Recent advancements in consumer-grade virtual reality devices
are poised to share the potential of virtual reality (VR) with the
world at large – but also its limitations. Discrepancies between
the intended and perceived VR experience may affect task perfor-
mance, quality of experience, and acceptance of VR. It is important
that we study any potential discrepancies, and engineer corrections
when possible; it is now becoming important that these corrective
techniques be accessible to end-users of consumer-grade hardware.
A well established discrepancy is that of distances being misper-
ceived in immersive virtual environments. This effect is called dis-
tance compression, as the misperceptions commonly manifest as an
underestimation. Renner et al. contributed a survey of the research
on distance compression, finding that distances were estimated at
74% of their intended size in VR environments [17].

In this work, we evaluate distance compression measures that
can be performed within the relatively small ( 4m x 4m ) space
tracked by a consumer-grade VR device. If established measures
and consumer hardware are compatible, consumers should be able
to measure, and possibly correct for, the degree of distance com-
pression they are experiencing.

There is also some question as to whether improvements made
to contemporary VR display systems have eliminated distance com-
pression: some recent studies suggest so [3, 10, 11, 25], though ear-
lier papers suggest the most obvious improvements, such as larger
field of view, should not have so strong an effect [5,23]. To this end,
we test two different contemporary head-mounted displays (HMDs)
to see if either greatly reduces or eliminates distance compression.

Only a few studies have directly compared different perceived
distance measures using the same visual stimulus and presentation
context, generally establishing performance relative to blind walk-
ing [5,13,15,19], which is impractical in small spaces. Only rarely
have multiple measures been compared within a single work [8].
This makes it difficult to make comparisons across papers, which
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Figure 1: The four measures of distance perception used in
this experiment: blind throwing, time-imagined walking, blind
triangulated pointing, and verbal report.

use varying measures, visual stimuli, and otherwise differing per-
ceptual contexts. We use a fully-within participant design, ob-
serving each participant’s performance with all measurement tech-
niques, under all viewing conditions, using the same virtual and real
environments. This provides a unified perceptual context for com-
parisons between measures and devices, as well as greater statistical
power.

2 EXPERIMENT

Virtual scenes were displayed using two consumer-grade head-
mounted displays (HMDs): an Oculus Rift CV1, and an HTC Vive.
According to manufacturer specifications, these HMDs have simi-
lar display characteristics: OLED screens with 2160x1200 resolu-
tions and 90Hz refresh rates, and a 100 degree field of view. They
vary slightly in weight, with the Vive weighing slightly more (555g)
than the Rift (470g). During the experiment, both HMDs were
adjusted for an interpupillary distance of 63.5mm. Rendering for
both HMDs was provided through the Unity game engine, using
OpenVR. Positional tracking was provided by each headset’s re-
spective tracking solution; the Vive provided tracking for two hand-
held controllers, used by participants and experimenters to register
participants’ distance judgements.

The virtual environment (VE) displayed in the HMDs was made
to be a rough, non-photorealistic match of the dimensions, color,
and visual texture of the real environment (RE). We choose not to
use a photorealistic match to avoid the previously studied effects on
perceived distance of presentation order [26] and transitional envi-
ronments [20]. 17 Participants were recruited from a local univer-
sity campus, 11 men and 6 women ranging in age from 20 to 64
(M = 27.6,SD = 10.1).

2.1 Perceived Distance Measures

Blind Walking, in which a participant wearing an HMD walks to
the perceived position of a previously viewed target, is one of the
best established methods of measuring perceived distance [17], but
requires significant space. In this experiment, we explore four other
established measures designed for small spaces, which are depicted
in Figure 1 and further described in this section.

Blind Throwing, as implemented here, follows the methods pro-
posed by [14,19]. After viewing the target, participants closed their
eyes and threw a beanbag at the target. Participants were instructed
to aim the center of the beanbag at the center of the target, and that



the beanbag’s initial point of impact would be recorded. Perceived
distances were recorded by placing a tracked controller above the
beanbag’s point of impact and pushing a button to record its po-
sition, projected onto the floor plane, and on the axis running be-
tween the participant and target. Pilot trials suggested that partici-
pants would be hesitant to throw beanbags blind without practice,
so they were allowed training throws at up to three target distances
displayed in the real environment; training was terminated when
participants felt comfortable with the task. Training distances were
at intervals not seen in evaluated trials.

Timed Imagined Walking [5, 15, 26] asks participants to judge
the amount of time they imagine it would take to walk to the target,
using their separately measured average walking speed to convert
this into a distance. In our experiment’s implementation, the partic-
ipant was first taken to a nearby hallway and asked to walk between
two lines of tape placed 8 meters apart while the experimenter timed
them with a stopwatch. This was repeated twice, and their average
time to walk 8 meters was used to calculate their average walking
speed. Participants then returned to the main experimental space
and resumed trials. When performing the measurement task, par-
ticipants held a tracked controller, viewed the target, then closed
their eyes and imagined walking to the target’s location. Partici-
pants pressed a button when they began their imagined walk, and
again when they imagined they had reached the target’s location;
the first press began a timer, and the second stopped the timer and
recorded the result. Perceived distance to the target was calculated
by multiplying the participant’s average walking speed, in meters
per second, and their imagined walk duration, in seconds.

Blind Triangulated Pointing is a perceived distance measure
used by [2], and is a space-bound adaption of the triangulated blind
walking technique used by many [8, 18, 21, 22], and the several
techniques presented in [4]. When performing this measurement
task, participants hold a controller whose position and orientation
are tracked. After viewing the target, participants close their eyes,
take two steps to their left, then point a tracked controller toward
the target and push a button to record the measurement. Before be-
ginning the pointing phase of the experiment, participants viewed a
demonstration by the experimenter and were asked to demonstrate
themselves. During this demonstration, participants viewed a real-
world target at a single distance interval different from those seen
in the evaluated portion of the experiment. After recording their
measurement, participants were prompted to return to their original
position. Perceived distance was calculated by casting a ray from
the position of the held controller in the direction the controller was
pointed; the intersection between this ray, projected onto the ground
plane, and the axis running between the participant and target was
taken to be the perceived position of the target. This technique ig-
nores any error in the vertical angle of the participant’s pointing.

Verbal Report is a method of perceived distance measurement
that has seen several variations in the literature [8, 9, 12, 16]. Our
implementation is most similar to [8], as we simply asked partici-
pants to close their eyes and tell us how far away the target seemed,
using whatever unit of measure they are most comfortable with (12
used feet, 5 used meters, and 1 used centimeters).

2.2 Procedure

Virtual environment trials progressed as follows: Participants
begin with their eyes closed. By pushing a button they trigger
a chime prompting them to open their eyes, as well as show the
scene containing the target on the display device’s screen; after
three seconds the scene disappears, an audio cue plays to prompt
participants to close their eyes, and they then perform the measure-
ment task. Physical environment trials progressed similarly, but, as
the experimenter manually placed the target between trials, partic-
ipants waited to view the scene until prompted. The experimenter
registered the position of the target by positioning the controller

above it and pressing a button, then the moved away from the tar-
get and prompted the participant to pull the trigger and open their
eyes. Three seconds later an audio cue prompted the participant to
close their eyes, and they performed the measurement task. Par-
ticipants triggered trial progression themselves in all conditions but
the blind throwing measure, where they held beanbags rather than
a controller; in this case, the experimenter triggered the next trial,
after verbally warning the participant.

Before the experiment began, participants read and signed a con-
sent form. They then were introduced to the audio cues meant
as prompts for opening and closing their eyes. Next, they wore
and adjusted both headsets for clear viewing, and for comfortable
wear and removal. They were then introduced to the controller,
and shown how to operate the trigger. The general form of the ex-
periment was then described – pull trigger, view a scene, perform
an action. The first measurement task was then introduced. When
switching to a new measurement task, an explanation of the task
was given (see: §2.1), and it was confirmed that participants under-
stood the task.

2.3 Methods

The experiment follows a within subjects, repeated-measures de-
sign, with all participants experiencing all conditions.

The independent variables are the perceived distance measure-
ment task (measure), display device (display), and target distance
(distance). Measure is a factor of four levels, as described in §2.1:
(throwing, pointing, walking, verbal). Display is a factor of three
levels: the RE (real), and the VE in both HMDs (rift, vive). Dis-
tance is a factor of three levels, corresponding to the three base
distances used in our experiment: (2m, 3m, 4m).

The dependent variable is percent error (PE) of measured per-
ceived distance relative to actual target position, with negative val-
ues indicating underestimation.

Percent error in VE conditions relative to that observed in the
RE is also investigated; we call this transformation of the depen-
dent variable relative percent error (RPE). This transformation is
intended to better capture error in perceived distance, independent
of task performance. Relative percent error was derived by first cal-
culating mean RE percent error for each participant, task, distance,
and device cell; this value was then subtracted from the percent er-
ror observed for each VR trial in the cell. Note that with regards to
relative percent error, device is a factor of only the two VE condi-
tion levels (vive, rift).

The experiment progressed through measures in a random order;
for each measure, the displays were presented in a random order;
for each measure and display combination, a series of 9 distances
(three repetitions of 2m, 3m and 4m), were presented in a random
order. That is, each combination of measure, display, and distance
was presented 3 times, for a total of 108 trials per participant. Mea-
sure was chosen as the factor at the top of the randomization hi-
erarchy, as we were concerned that participants might forget how
to perform a measure over time. Displayed target distances were
±0.25m of the selected distance, so that the repetition might be less
obvious; adjusted distances are called jittered target distances; un-
adjusted distances are called base target distances. After the exper-
iment, a brief demographic survey and post-experiment interview
was conducted.

3 DISCUSSION AND ANALYSIS

Our results were analyzed using repeated measures ANOVA
with a 5% significance level. When Mauchly’s test indicated that
the assumption of sphericity had been violated, Green-Geisser esti-
mates of sphericity were used to correct degrees of freedom. Post-
hoc analyses were performed using pairwise t-tests and a Holms-
Bonferroni correction to achieve a 5% significance level. The re-
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Figure 2: (a) Percent error (PE) of perceived distance. Tar-
get distances are base target distances. Error bars show
95% confidence intervals. (b) Relative percent error (RPE)
by measure and device.

sults of these analyses are summarized in Table 2; descriptive statis-
tics are summarized in Table 1.

We see clear underestimation in VE conditions. The effect of dis-
play on PE is seen to be significant (F(2,32) = 49.06, p < 0.001),
with VE conditions showing 17% more mean underestimation than
RE conditions (p < 0.001). This difference is clearly visible in Fig-
ure 2(a). PE for all devices and measures ranges from 22% to 47%
mean underestimation. These results are in keeping with previous
literature [17], suggesting that distance compression should be ex-
pected in contemporary consumer hardware.

Due to the large degree of underestimation in RE conditions,
transforming PE into RPE leads to substantial changes. Under-
estimation is reduced to under 30% for all measures, and under
20% for all but one measure (pointing). Timed imagined walk-
ing is roughly tied for most underestimation as measured by PE
(M = −39.29,SD = 25.53), but exhibits the least underestimation
using RPE (M = −11.53,SD = 16.41). Distance estimates for all
measures are more similar using RPE (compare Figures 2(a) and
2(b)), but still significantly different (F(3,48) = 3.96, p = 0.013).
This suggests that reporting RPE as described here may facili-
tate comparing error in perceived distance across studies using the
same measure, but that there are some additional, unaccounted for
sources of variation between measures to consider in comparisons
between measures. As RPE seems the more consistent measure of
experienced compression across measures, the rest of our analysis
considers only RPE and VE conditions.

The interaction effect between measure and distance (F(6,96) =
2.86, p = 0.013) suggests that all measures but timed behave differ-
ently across the range of distances we explore. Throwing seems to
exhibit more underestimation at 4m than 2m (p = 0.008), point-
ing exhibits more underestimation at the nearest distance (2m)
(p = 0.002), and verbal shows more underestimation at the outer
edge (4m) (2m:p = 0.008, 3m:p = 0.011 ). This may be due to
shifts in technique while performing measures (eg. changes in the
physical demands of throwing to 2m versus 4m), differing men-
tal models of the space influenced by cues presented by the real
and virtual environments unique to this experiment, or per-measure
effects that occur at the outer edges of a learned range. Further
study using different environments and distances may help eluci-

Table 1: Summary of percent error in measured perceived
distance per device and task.

Relative

Error (%) Error (%)

Task Display N Mean SD Mean SD

throwing

real 153 -7.96 11.07 – –

rift 153 -24.60 14.13 -17.82 14.37

vive 153 -25.12 14.75 -18.64 15.19

timed

real 153 -31.16 26.04 – –

rift 153 -41.31 24.69 -9.75 16.08

vive 153 -45.04 19.35 -13.31 16.59

pointing

real 153 -22.01 9.64 – –

rift 153 -42.24 18.43 -22.23 20.67

vive 153 -47.10 16.11 -27.02 18.50

verbal

real 153 -19.90 30.20 – –

rift 153 -39.64 31.68 -19.89 20.35

vive 153 -29.54 32.67 -10.69 19.41

Table 2: ANOVA results of interest. D fn and D fd are the
numerator and denominator degrees of freedom, F is the
F-value, p is conditional probability of the F-test, η2 is eta-
squared, η2

P is partial eta-squared. All significant effects on
RPE are shown; effects of measure and several interactions
on PE are omitted for space.

Effect On D fn D fd F p Sig. η2 η2
P

Display (D) PE 2 32 49.06 < .001 *** .12 .75

Measure (M) RPE 3 48 3.96 .013 * .09 .20

M x D RPE 3 48 6.53 .001 *** .03 .29

M x Distance RPE 6 96 2.86 .013 * .02 .15

date. Mean difference caused by these effects is relatively small,
ranging from 4-6%.

Interaction effects between HMDs and measure (F(3,48) =
6.53, p = 0.001) are harder to interpret. The published specifica-
tions of both the Oculus Rift and HTC Vive are all but identical,
yet the timed estimates performed using the Rift show less un-
derestimation than those of all other measurement tasks by 7-12%
(p < 0.001), while when using the Vive pointing shows more un-
derestimation than all other measures by 9-17% (p < 0.001), and
throwing differs from all measures but pointing by the more mod-
est 5-8% (verbal:p < 0.001, throwing:p = 0.002). This may be
due to the published difference in weight of 85g, though previous
work suggests that HMD weight should not have an effect [22]; it
be may due to unpublished specifications, such as the accommoda-
tive distance of the HMDs’ lenses, as accommodative distance has
been shown to influence distance perception in CAVEs [1]; it may
be due to unknown deviations of our specific HMDs from manu-
facturer specifications. Issues in fit may also be an influence, as
participants repeatedly put on and took off both HMDs, with only
subjective confirmation of comfort and clarity of vision; one head-
set may have trended to some misalignment of participant’s eyes
to HMD lenses, or some gap between the HMD and face facilitat-
ing peripheral stimulus, as in [7]. None of these seems a satisfying
explanation for the specific device-measure trends seen here, and
further experiments may be needed to explore these effects.

One possible source of error, and a limitation inherent to our
within-subjects design, are order effects. Previous work has shown
order of presentation between real and virtual environments to
influence distance estimations, in the specific contexts of single
changes between environments, when VEs are a photorealistic
match to the RE used [6,20,24,26]. Other learning or fatigue effects



may also have been present. A simple linear regression on relative
percent error over all VE trials yields a slope of 0.04, which would
lead to a reduction of underestimation of 4.3% over a participant’s
108 trials; RE trials yield a slope of 0.08, suggesting an 8.64% im-
provement. This suggests a slight overall learning effect twice as
strong for RE as for VE, but no convergence between estimates
in the two environments as might be suggested by environment
presentation order effects [24, 26], and no strong overall bias sug-
gesting interference from other order effects. This, along with our
randomized presentation order and non-photorealistic VE, suggests
that our results are not the product of an order effect. Further exper-
iments using a counterbalanced or between-subjects design would
further eliminate the possibility.

4 CONCLUSION

This paper evaluates four different measures of determining dis-
tance on two consumer grade HMD devices, within the tracked
space provided by consumer-grade hardware. For all measures,
significant differences between measurements made using virtual
reality displays and the physical environment are observed, sug-
gesting both that distance compression is induced by contempo-
rary displays, and that consumer grade room-scale tracking can be
used to measure distance compression. Evaluating measurements
of underestimation made when viewing virtual environments rel-
ative to those made when viewing a real environment results in a
20% overall reduction of average underestimation and drastically
transforms results under some measures, which suggests error in
task performance may influence measured underestimation. Dif-
ferences between measures remained statistically significant, sug-
gesting that the use of relative percent error alone does not facili-
tate direct comparisons between measures; however, it may still be
a valuable means of comparing results between studies using the
same measure. Differences in underestimation between measures
across distances, and between HMDs across measures, may merit
further experiments isolating these effects for detailed exploration.
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