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How Does Presentation Method and Measurement
Protocol Affect Distance Estimation in Real
and Virtual Environments?
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We conducted two experiments that compared distance perception in real and virtual environments in six visual presentation
methods using either timed imagined walking or direct blindfolded walking, while controlling for several other factors that could
potentially impact distance perception. Our presentation conditions included unencumbered real world, real world seen through
an HMD, virtual world seen through an HMD, augmented reality seen through an HMD, virtual world seen on multiple, large
immersive screens, and photo-based presentation of the real world seen on multiple, large immersive screens. We found that
there was a similar degree of underestimation of distance in the HMD and large-screen presentations of virtual environments.
We also found that while wearing the HMD can cause some degree of distance underestimation, this effect depends on the
measurement protocol used. Finally, we found that photo-based presentation did not help to improve distance perception in
a large-screen immersive display system. The discussion focuses on points of similarity and difference with previous work on
distance estimation in real and virtual environments.
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1. INTRODUCTION

Virtual environments (VEs) offer enormous potential for both training and behavioral research due
to the high level of control they provide over events in the virtual world and the low cost of error in
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situations that could be dangerous in real life. Such uses of VEs make it important to understand
differences both in how people perceive real and virtual environments, and in how people perceive
different types of virtual environments. To date, most of the research on how people perceive virtual
environments has focused on distance perception. Studies have shown that people can accurately esti-
mate distances up to 20 meters in the real world, but significantly underestimate those same distances
in virtual environments. This effect has been observed in both head-mounted display (HMD) systems
[Witmer and Sadowski 1998; Thompson et al. 2004; Creem-Regehr et al. 2003; Bodenheimer et al.
2007; Jones et al. 2008; Willemsen et al. 2009] and in large-screen immersive display (LSID) systems
[Klein et al. 2009; Ziemer et al. 2009]. The factors contributing to distance underestimation in virtual
environments are not well understood, however. Part of the problem stems from the fact that studies
of distance estimation in virtual environments often vary widely on several dimensions. These include
the display technology, the visual targets and settings, the fidelity of the visual virtual model, the
range of distances examined, and the experimental methods employed. As a consequence, it is difficult
to directly compare results across studies. In the work reported in this article, our goal was to more
comprehensively assess distance perception in real and virtual environments by controlling for many
of these factors.

Virtual environments are commonly displayed using one of two different technologies: a head-
mounted display or a large-screen immersive display system. HMDs typically restrict the user’s field
of view (FOV) and encumber the user with a helmet that often has significant weight. Moreover, since
the displays are placed in front of the user’s eyes, much of the weight lies off center causing a tipping
torque about the user’s head. By contrast, LSID systems typically provide a wider FOV and impose
little encumbrance on the user. Willemsen et al. [2009] found that the HMD helmet, by itself, can con-
tribute to underestimation of distances relative to the real world. However, this effect was not clearly
present in the experiment performed by Jones et al. [2008]. Reduced FOV can also be detrimental for
distance judgments in the real world [Wu et al. 2004] and in LSID setups [Klein et al. 2009]. Users can
also view targets using augmented reality (AR), in which virtual targets are superimposed on a view
of the real environment seen through an HMD. Jones et al. [2008] reported no distance compression in
this type of augmented reality condition. To the best of our knowledge, however, no study has directly
compared distance perception between HMD (virtual or augmented reality) and LSID systems. Such
a direct comparison is needed to better understand how the unique characteristics of each display
system impact distance perception.

Research studies have also used a variety of different methods to measure participants’ perception
of distance. Klein et al. [2009] surveyed a number of such measurement protocols, including bisec-
tion, triangulated blindfolded walking, verbal report, timed imagined walking, and direct blindfolded
walking. Two of the most commonly used protocols are direct blindfolded walking and timed imag-
ined walking. HMD-based studies often use the blindfolded walking protocol, in which participants
physically walk towards previously seen targets with their eyes closed. Participants stop when they
believe that the targets have been reached, and the distance they walked serves as a measure of the
perceived distance. Direct blindfolded walking is not usually suitable for use with large-screen immer-
sive systems. Instead, LSIDs typically employ the timed imagined walking protocol, which requires
participants to start a stopwatch when they imagine beginning to walk toward a target and to stop
the stopwatch when they imagine reaching the target (without ever looking at the stopwatch). The
two protocols were previously found to agree well in the real environment [Plumert et al. 2005]. One
advantage of the imagined walking protocol is that it can be used in both HMD and LSID systems,
allowing for direct comparison between the two. Here, we used both direct blindfolded walking and
timed imagined walking to explore the interaction between the effects of the measurement protocol
and the display system used.
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Fig. 1. Photo of the real (left) and view of the rendered virtual (right) hallway and targets.

The visual settings used in studies of distance perception in VEs can also vary widely. Some re-
searchers have used indoor environments such as hallways [Witmer and Sadowski 1998; Thompson
et al. 2004], whereas other researchers have used outdoor environments such as lawns [Plumert et al.
2005; Ziemer et al. 2009; Klein et al. 2009]. Previous work on distance perception in the real world
has shown that the type of surrounding context can influence people’s judgments of distances [Lappin
et al. 2006]. Thus, it is important to control the visual settings when comparing distance estimates
across real and virtual environments.

The quality of rendering of the visual settings has also been raised as a potentially important factor
in estimating distance in virtual environments. Loomis and Knapp [2003] hypothesized that photore-
alistic rendering of virtual environments can lead to more accurate perception of distance. However,
Thompson et al. [2004] found significant underestimation of distances in a photo-based panoramic
environment displayed in the HMD. Significant underestimation of distances was also reported in
an HMD environment that showed images from a head-mounted video camera [Messing and Durgin
2005]. Klein et al. [2009] found significant distance underestimation relative to the real world in
a large-screen display system using a photo-based panorama of an outdoor background in conjunc-
tion with a rendered virtual ground and target. Here, we compare distance perception indoors in a
perspectively-correct photo-based presentation with distance perception in the real world and in a
rendered virtual world.

The primary aim of this study was to compare a number of different visual presentation methods
using two measurement protocols, while keeping the setting, targets, distances, visual model, and the
methods constant. We were particularly interested in the following research questions.

(1) What is the impact of the weight and FOV of the HMD on distance perception? Can it explain
distance compression observed in the virtual environments?

(2) Do the effects of a particular display system on distance perception depend on the measurement
protocol used (i.e., blindfolded walking versus imagined walking)?

(3) How does accuracy of distance estimation in HMDs compare to that in LSID systems?
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(4) Can visual models of higher rendering quality substantially improve distance perception in an
LSID system?

To answer these questions, we asked participants to estimate the distance to a pair of poles located
6 to 18 meters in front of them in a hallway setting. Each participant viewed the same hallway envi-
ronment in one of the following six presentation methods:

(1) Real: unrestricted real-world view of hallway;
(2) Real+HMD: real-world view of hallway seen through an HMD;
(3) Virtual+HMD: virtual model of hallway viewed in an HMD;
(4) Virtual+LSID: virtual model of hallway viewed on multiple large screens;
(5) Photo+LSID: photo-based presentation1 of hallway viewed on multiple large screens;
(6) AR: augmented-reality presentation of virtual target objects superimposed on a real hallway seen

through HMD.

Our study consisted of two experiments. One experiment compared the first five presentation meth-
ods using the timed imagined walking protocol suitable for assessing distance estimation in both LSID
and HMD systems. The other experiment compared non-LSID presentation methods (conditions 1
through 3) along with the AR condition (condition 6) using a blindfolded walking protocol.

2. EXPERIMENTAL DESIGN AND METHODS

2.1 Experimental Design

Both experiments used a between-subjects design. Each participant viewed the environment in one
of the five presentation conditions in Experiment 1 or in one of the four presentation conditions in
Experiment 2. Participants in Experiment 1 made their judgments using the timed imagined walking
protocol, whereas participants in Experiment 2 used the direct blindfolded walking protocol. The tar-
gets were placed at a distance of 6, 9, 12, 15, or 18 meters. Each participant was presented with three
random permutations of these five distances for a total of 15 trials.

2.2 Apparatus and Materials

In the HMD conditions, we used an NVIS nVisor ST head-mounted display system with optical see-
through functionality. The HMD contains two small LCOS displays each with resolution of 1280 × 1024
pixels. Stereoscopic display was used in all HMD conditions. Convergence distance for our HMD was
set by the manufacturer to 10m. The field of view is 40.5 vertical and 49.5 degrees horizontal. The opti-
cal see-through functionality enables both a virtual-environment-only presentation and an augmented
reality presentation, in which virtual objects are superimposed on a view of the real environment. An
Intersense Vistracker IS-1200 6 DOF optical tracker was mounted on the HMD to measure partici-
pants’ position and orientation in the hallway. A black cloth was used to block out light around the
sides and back of the HMD and a black piece of foam was attached underneath the HMD lenses to
prevent participants from seeing the floor or their feet. The cloth had a flap that could be lifted in some
conditions to allow participants to view the real environment.

In the LSID conditions, the VE was displayed on three 10-feet-wide × 8-feet-high screens placed
at right angles relative to one another, forming a three-walled room. The room’s floor was one foot

1Participants viewed a photographic panorama of the real hallway and real targets. In order to create perspectively-correct dis-
plays for subjects, we hired a professional photographer to capture the scene for eye heights ranging from 55 through 71 inches,
in one-inch increments, at each target distance.
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above the bottom of the screens, so the effective screen height was seven feet. Participants stood eight
feet from the front screen, midway between the side screens. Three Projection Design F1+ projectors
were used to rear project high-resolution graphics (1280 × 1024 pixels) onto the screens, providing
participants with approximately (depending on the participant’s height) 224 degrees horizontal and
46 degrees vertical FOV of nonstereoscopic, immersive visual imagery. The viewpoint of the scene was
adjusted for each participant’s eye height, but motion parallax was not available.

In the Real conditions, a simple foam blindfold was used to block out light during the blindfolded
walking task. A laser rangefinder was used to measure distances. The targets were a pair of cylindrical
poles. The poles were 0.30 m in diameter and 1.219 m tall. The distance between the centers of the
poles was one meter. Virtual targets were a faithful representation of the real ones.

The virtual hallway model was built to match the real hallway as closely as as possible. We deter-
mined the HMDs field of view by positioning the HMD so that known hallway features aligned with
the outer boundary of the scene visible through the HMD. To ensure proper registration of the vir-
tual and real hallways, we needed to determine the relationship between the coordinate frame of the
tracking camera mounted on top of the HMD and coordinate frame of the HMD’s display screens. We
measured the translational distances by hand. For the relative orientation, we placed the HMD on a
person’s head and, in see-through mode, used a interactive program to adjust a rotation matrix until
the wireframe view of the doorway at the end of the hall aligned with the real doorway.

2.3 Procedure

The experiments were carried out either in the immersive large-screen environment in our laboratory
or in the hallway outside the lab. To minimize exposure to the environments immediately prior to the
experiment, participants met with the experimenter in the lobby of the building and were escorted to
the hallway or lab blindfolded. For HMD conditions, setup and calibration of the HMD were performed
prior to reaching the hallway. The goal of the calibration process was to ensure that participants eyes
were centered on the HMD display screens. We displayed a test-pattern-style image (cross hairs in the
middle and a nested set of colored thin rectangular rings at the outer portion of the image) and first
directed participants to use the top and back HMD fit adjustment knobs so that device was snug and
they could see the same color at the extreme top and bottom of their view. Next, participants adjusted
the HMD’s eyepieces to center each eye horizontally on its screen. On the nVisor ST, each eyepiece has
its own IPD (inter-pupillary distance) adjustment knob. Participants were told close one eye and use
the corresponding IPD knob to adjust the eyepiece so that the same color was visible at the right and
left edges of that eye’s display. This was then repeated for the other eye.

Before each trial, we positioned the participant at the appropriate starting location. Participants
had the opportunity to view the target for four to five seconds before the experimenter told them to
close their eyes. Then the blindfold was replaced or the screens were turned off and participants were
instructed to make their distance judgment via either blindfolded walking or timed imagined walking.
No feedback was given at the end of a trial.

For timed imagined walking, participants started the stopwatch when they imagined starting to
walk and stopped the stopwatch when they imagined reaching the target (without ever looking at the
stopwatch). The experimenter then recorded the stopwatch time. Headphones were not used in the
imagined movement conditions due to low ambient noise in the environment and the fact that partici-
pants remained stationary. This also minimized the encumbrance. After each participant completed all
15 trials, the experimenters obtained an estimate of that person’s average walking speed by measuring
how long it took him or her to walk 18 meters at a comfortable walking speed.

For blindfolded walking, participants walked until they thought they had reached the target. The ex-
perimenter then recorded the distance walked and escorted participants back to the starting position
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blindfolded. For blindfolded walking with the HMD, participants wore headphones that transmitted
a constant white noise (with the exception of the Real condition for which participants wore no head-
phones). The headphones served a dual purpose of both blocking out some of the ambient noise of the
hallway and as a guide for walking without vision. If participants deviated too far from the center of
the hallway to the right, the white noise in the right ear headphone would get progressively louder.
If participants moved too far to the left, the white noise in the left ear headphone would get louder.
Differences in amplitude of white noise in the two ears allowed participants to self correct their travel
direction while walking with eyes closed. The experimenter demonstrated the white noise guiding tool
to the participants at the beginning of the session, instructing them to step left and right to experience
the amplitude changes in each ear.

3. EXPERIMENT 1. THE EFFECT OF PRESENTATION CONDITION ON DISTANCE ESTIMATION
USING TIMED IMAGINED WALKING

Experiment 1 compared five presentation conditions using the timed imagined walking protocol. This
measurement protocol was selected because it was suitable for both HMD and LSID presentation
conditions. The conditions were as follows.

(1) Real: unrestricted real-world view of hallway (N = 12);
(2) Real+HMD: real-world view of hallway seen through an HMD (N = 12);
(3) Virtual+HMD: virtual model of hallway viewed in an HMD (N = 13);
(4) Virtual+LSID: virtual model of hallway viewed on multiple large screens (N = 15);
(5) Photo+LSID: photo-based presentation of hallway viewed on multiple large screens (N = 12).

3.1 Participants

We recruited 64 undergraduate and graduate students to participate. The participants received either
course credit or monetary compensation. There were 39 males and 25 females. There were five addi-
tional participants who completed the task, but were excluded from the analysis due to the difficulties
they experienced with the measurement protocol.

3.2 Measures

The primary measure for the timed imagined walking conditions was Time To Target. We used each
participant’s average walking speed to convert each Time To Target measurement into an estimate of
Distance Walked. We used distance walked to calculate Judged Percentage of True Distance for each
trial, which was expressed as a ratio between the distance walked and the true distance to the target.
Judged Percentage of True Distance can be used as a measure of the accuracy of a participant’s distance
estimates.

Judged Percentage of True Distance = Distance Walked
True Distance

(1)

We assessed the precision of the distance estimates by computing Variable Error, which is expressed
as a coefficient of variation for distance walked. Specifically, Variable Error for a given value of true
distance and a given participant is the ratio of standard deviation of distance walked to the mean
distance walked.

Variable Error = SD(Dist. Walked)
Mean(Dist. Walked)

(2)
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Fig. 2. Mean percentages of true distance using timed imagined walking. Error bars represent 95% confidence intervals.

3.3 Results

Figure 2 shows mean judged percentage of true distances for each observed distance in all experimental
conditions. These means were obtained by first finding the mean of the three observations for each
participant at a given distance and then by averaging across all participants in each condition. The
figure suggests that the performance of the participants remained fairly stable across all five distances,
though the Photo+LSID and Virtual+LSID conditions showed a noticeable decrement in performance
for the 6m distance.

To simplify the analyses of accuracy, we estimated a single value of expected Judged Percentage of
True Distance for each participant over the whole range of observed distances. To do this, we simulta-
neously fit a linear regression line for each participant with true distance to target as predictor and
distance walked as a dependent variable. The intercept was fixed at zero. In this model the estimated
slopes correspond to the expected judged percentages of true distances for each of the participants.
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Fig. 3. Mean accuracy for distance estimation using timed imagined walking. Points represent mean judged distances. The
slopes of the lines correspond to expected judged percentages of true distance for each condition.

This method yields results very similar to finding a simple mean percentage of judged true distance.
However, it assumes a stronger relationship between observations from the same participant over the
range of distances and treats the whole distance range as a continuous interval. Overall, we found
that the model fit the data well (R2 = 97%). Figure 3 illustrates the resulting linear fit for each condi-
tion to the mean distances walked at each true distance. Table I shows estimates of the mean judged
percentage of true distance for each condition.

We compared the mean accuracy of the participants in each condition using a one-way ANOVA
with experimental condition as the predictor and Expected Judged Percentage of True Distance as
the dependent variable. The overall ANOVA F-test was not significant, F(4, 59) = 1.927, p = 0.118.
However, Figure 1 suggests that participants in the Photo+LSID, Virtual+LSID, and Virtual+HMD
conditions underestimated true distances more than did participants Real and Real+HMD conditions.
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Table I. Means of Expected Judged Percentages
of True Distances Using Imagined Walking

Condition Mean 95% Confidence interval

Real 0.888 [ 0.767, 1.008 ]
Real+HMD 0.885 [ 0.764, 1.006 ]
Virtual+HMD 0.759 [ 0.643, 0.875 ]
Virtual+LSID 0.719 [ 0.611, 0.827 ]
Photo+LSID 0.743 [ 0.623, 0.864 ]

Therefore, we grouped participants who observed a virtual world or photographic images of the real
world (Virtual+LSID, Virtual+HMD, and Photo+LSID conditions) and compared them to participants
who observed the real world (Real and Real+HMD conditions). A one-way ANOVA with Group (Real,
Virtual) as a predictor and expected Judged Percentage of True Distance as the dependent variable
confirmed our hypothesis, F(1, 62) = 7.775, p = 0.007.

We also compared mean performance of participants in the Real condition with ideal performance
(i.e., 100% accuracy in judged distance). A one-sample t-test showed that participants did not signifi-
cantly underestimate true distances: t(11) = −1.74, p = 0.11.

Variable errors were analyzed in a Condition(5) × True Distance(5) repeated measures ANOVA with
the first factor as a between-subjects variable and the second as a within-subjects variable. We found a
significant main effect of True Distance, F(4, 236) = 4.86, p < 0.001. The main effect of condition (p =
0.226) and the Condition × True Distance interaction (p = 0.55) were not significant. Variable errors
tended to decrease with distance. To estimate the linear trend over the range of observed distances,
we repeated the ANOVA analysis with Distance as a continuous predictor. There was a statistically
significant negative trend for the error which tended to decrease on average by 0.5% per meter of
true distance, F(1, 251) = 15.70, p < 0.001. The overall mean Variable Error was estimated at 16.7%
(SE = 0.6%).

3.4 Discussion

These results indicate no difference in accuracy of distance estimation between the participants in
Real and Real+HMD conditions, with means of the judged percentages of true distance being almost
identical (88.8% and 88.5%, respectively). We conclude that the combination of HMD weight and lim-
ited FOV are not likely to cause substantial underestimation of distances as measured by the timed
imagined walking protocol.

At the same time, our data shows that participants in the Virtual+HMD, Virtual+LSID, and Photo+
LSID conditions exhibited similar levels of distance compression relative to the real world. The similar-
ity across the three conditions is especially notable in light of substantial differences between display
systems (HMD versus LSID) and presentation methods. In particular, the lack of difference between
judgments in Virtual+LSID and Photo+LSID conditions implies that the improving the quality of vir-
tual model rendering would not improve distance estimation, at least in nonstereoscopic, nonparallax
LSIDs systems.

One striking feature in our results is the performance of participants at the 6m distance for both
LSID-based presentations, where the accuracy of estimates is apparently lower than for other dis-
tances. The participants seem to be placing the targets just beyond the physical location of the screen,
suggesting that their awareness of the screens might play an important role in distance estimation.

The analyses of variable error revealed that precision increased with distance. Although this finding
might appear counterintuitive at first, we speculate that the gradual increase in precision with dis-
tance is due to the decision time and the reaction time of the participant while starting and stopping
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the stopwatch. Assuming that these timing errors are relatively stable for a given participant, its con-
tribution to the overall variable error will decrease as overall measured time intervals increase with
distance.

4. EXPERIMENT 2: THE EFFECT OF PRESENTATION CONDITION ON DISTANCE JUDGMENTS
USING DIRECT BLINDFOLDED WALKING

Experiment 2 compared non-LSID presentation conditions using direct blindfolded walking protocol,
which is traditionally used for distance estimation in HMD-based presentations. The conditions were
as follows.

(1) Real: unrestricted real-world view of hallway (N = 11);
(2) Real+HMD: real-world view of hallway seen through HMD (N = 14);
(3) Virtual+HMD: virtual model of hallway viewed in HMD (N = 10);
(4) AR: augmented-reality presentation of virtual target objects superimposed on real hallway seen

through HMD (N = 8).

We were specifically interested in further investigating the effect of wearing the HMD on distance
estimation by comparing Real+HMD, Virtual+HMD, and AR conditions against the control Real condi-
tion. In addition, were interested in comparing distances estimates obtained through timed imagined
walking in the first experiment with distance estimates obtained through blindfolded walking, partic-
ularly for the Real and Real+HMD conditions.

4.1 Participants

We recruited 43 undergraduate students to participate for course credit. There were 21 males and
22 females. Two additional participants in the AR condition completed the task, but were excluded
from the analysis due to apparent difficulties with the blindfolded walking protocol.

4.2 Measures

The primary measure for the blindfolded walking conditions was Distance Walked on each trial. We
then used this measure to compute Judged Percentage of True Distance.

4.3 Results

Figure 4 shows mean Judged Percentage of True Distance for each observed distance in all experi-
mental conditions. These means were again obtained by first finding the mean of the three observa-
tions for each participant at a given distance and then by averaging across all participants in each
condition.

As in Experiment 1, we estimated a single value of expected Judged Percentage of True Distance for
each participant by fitting a linear regression line with true distance to target as the predictor and
distance walked as the dependent variable. The intercept was fixed at zero. The model fit the data well
(R2 = 97%). Figure 5 illustrates the resulting linear fit to the mean distances walked at each true
distance for each experimental condition. Table II shows estimates of the mean judged percentage of
true distance for each condition. See also Figure 6 that summarizes the mean judged percentages of
true distances for both experiments.

A one-way ANOVA with experimental Condition (4) as the predictor and expected Judged Percentage
of True Distance as the dependent variable compared the mean accuracy of the participants in each
condition. We found a significant effect of experimental condition, F(3, 39) = 6.68, p < 0.001.

Planned comparisons between conditions were carried out using a Bonferroni-Holm adjustment. We
found significant underestimation relative to Real condition in the Virtual+HMD (p = 0.002) and AR
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Fig. 4. Mean percentages of true distance using blindfolded walking. Error bars represent 95% confidence intervals.

(p = 0.004) conditions. There was significant underestimation in the Virtual+HMD condition relative
to Real+HMD (p = 0.02). The difference between Real and Real+HMD conditions (p = 0.21) was not
significant.

We observed that performance in Real+HMD condition was substantially influenced by two par-
ticipants, which on average overestimated true distances by 38.9% and 18.5%, respectively. A classi-
cal Grubb’s test suggested that both these values were potential outliers (p = 0.013). We repeated
the analysis without the data from these two participants. The planned comparisons showed signif-
icant underestimation of distances relative to Real condition in the AR (p < 0.001), Virtual+HMD
(p < 0.001), and Real+HMD (p = 0.023) conditions. The difference between the Real+HMD and Vir-
tual+HMD conditions was also significant (p = 0.048).

We also compared mean performance of participants in Real condition with ideal performance (i.e.,
100% accuracy in judged distance). A one-sample t-test showed that participants did not underestimate
true distances: t(10) = −0.41, p = 0.69.
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Fig. 5. Mean accuracy for distance estimation using blindfolded walking. Points represent mean judged distances. The slopes
of the lines correspond to expected judged percentages of true distance for each condition.

Table II. Means of Expected Judged Percentages
of True Distances Using Blindfolded Walking

Condition Mean 95% Confidence interval

Real 0.979 [ 0.875, 1.084 ]

Real+HMD
0.891 [ 0.798, 0.984 ]
0.825a [ 0.741, 0.909 ]

Virtual+HMD 0.699 [ 0.589, 0.809 ]
AR 0.706 [ 0.583, 0.829 ]

aExcluding two overestimating participants

Variable errors were analyzed in a Condition (4) x Distance (5) repeated measures ANOVA with the
first factor as a between-subjects variable and the second as a within-subjects variable. Neither of the
main effects were significant, F(3, 39) = 1.88, p = 0.149, and F(4, 156) = 1.57, p = 0.185, respectively.
However, the linear trend for Variable Error to increase with distance was significant, F(1, 168) = 4.69,
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Fig. 6. Mean accuracy for distance estimation using blindfolded walking and timed imagined walking. Error bars represent
95% confidence intervals.

p = 0.032. On average, the error tended to increase by 0.7% per meter of true distance. The overall
mean variable error was 12.2% (SE = 0.6%).

4.4 Discussion

Together, our analyses of accuracy indicate that participants in both Real+HMD and Virtual+HMD
conditions showed significant underestimation of distances. However, the significant distance com-
pression in the Virtual+HMD condition relative to the Real+HMD condition indicates that the HMD
encumbrance alone cannot account for the degree of distance underestimation observed in the virtual
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Fig. 7. Comparison of measurement protocols: Mean expected judged percentages of true distances by experimental condition.
Error bars correspond to 95% confidence intervals.

environment. Our initial analysis suffered somewhat due to the large variability in performance of
individual participants in Real+HMD conditions, which made the differences between Real and Real+
HMD condition less apparent. We were able to clarify this difference, by excluding two participants
with somewhat unusual level of overestimation of distances.

We also found that the performance of participants in AR condition, who observed virtual targets in
the real visual settings, was similar to that of participants in Virtual+HMD condition, who observed
virtual targets in the virtual visual settings. However, it is difficult to draw conclusions based on a
relatively small sample of AR participants in our analysis. Finally, the increase in variable error with
distance matched our intuitive expectation that the precision should decrease with distance for the
tasks based on physical action, such as blindfolded walking.

5. EFFECT OF EXPERIMENTAL PROTOCOL

The impact of the measurement protocol on distance perception can be examined by comparing the
performance of participants in Real, Real+HMD, and Virtual+HMD conditions between the two ex-
periments. Figure 7 shows the mean expected judged percentages of true distances for both direct
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blindfolded walking and timed imagined walking in each of the three conditions. The mean value for
the Real+HMD condition for direct blindfolded walking does not include two overestimating partici-
pants that were identified in the earlier analysis.

We compared the performance across the measurement protocols using a Protocol(2) × Condition(3)
two-way ANOVA. We found that both the main effect of the Protocol (F(1, 64) = 0.043, p = 0.837) and
interaction between Protocol and Condition (F(2, 64) = 1.083, p = 0.345) were not significant. The
main effect of condition was significant (F(2, 64) = 5.63, p = 0.006). These results suggest that par-
ticipants performed similarly in each of the three conditions whether they used the imagined walking
or direct blindfolded walking. However, the timed imagined walking protocol yielded somewhat less
accurate estimates in the Real condition and had noticeably lower precision (as evidenced by higher
mean variable error).

The most important differences were in the relative performance of participants across the three
conditions within each protocol. Participants significantly underestimated distance with both measure-
ment methods in the Virtual+HMD condition relative to real-world estimates. However, the difference
between Real+HMD and Real conditions was only found with the blindfolded walking protocol. When
participants viewed the targets in the real world through the HMD but imagined moving to the tar-
gets while standing in place, there was no difference between the Real and the Real+HMD conditions.
When participants viewed the targets through the HMD and then actually walked to the targets, they
underestimated distance in the Real+HMD condition relative to the real condition. Thus, the effect
of the HMD encumbrance only influenced distance estimates when the participants were required to
physically walk to the target. This may be related to a greater effect of the tipping torque or pull from
the cables when walking as opposed to when standing still. Thus, it appears that the effect of wear-
ing an HMD while viewing the real environment depends on the measurement protocol used to study
distance estimation.

One limitation to the preceding direct comparison between the two protocols is associated with the
potential presence of a systematic bias in the distance estimates produced by the timed imagined
walking protocol due to conversion of a directly measured value of time into an indirect measure of
distance. The estimate of participant’s speed required for this conversion was obtained by timing the
participant’s sighted walking over a fixed distance. However, the data collected by Kunz et al. [2009]
indicates that timed imagined walking produces systematically shorter estimates of time required
to reach a target than the actual sighted walking. One explanation for this phenomenon is that the
implied speed for the timed imagined walking is higher than the actual walking speed. Consequently
our method for converting time to distance would lead to systematically shorter implied distances for
the timed imagined walking protocol. At the same time, such a bias would not affect our key conclusions
based on comparisons between experimental conditions which were carried out within experimental
protocol.

6. GENERAL DISCUSSION AND CONCLUSION

The goal of the present investigation was to compare a number of different visual presentation methods
using two measurement protocols, while controlling for several other factors that could potentially
influence distance perception. More specifically, we examined how distance estimation is influenced
by the FOV and weight of an HMD, the protocol used to measure perceived distance, the display
technology (i.e., HMD versus LSID system), and the quality of rendering in an LSID system.

Our investigation confirmed earlier findings by Willemsen et al. [2009] showing that the encum-
brance of an HMD can cause underestimation of real-world (i.e., see-through) distance estimates.
Specifically, we found that blindfolded walking distance estimates were significantly worse in the
Real+HMD than in the Real condition. Further, the fact that performance in the Virtual+HMD
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condition was worse than the Real+HMD condition for both imagined timed walking and for direct
blindfolded walking supports the conclusion that the restricted FOV and weight of the HMD can-
not fully explain the degree of distance compression experienced in the virtual environments viewed
through the HMD.

Our results do not fit quite as well with Jones et al. [2008], despite the fact that the visual pre-
sentation conditions, as well as the HMD and tracking systems in Experiment 2, were the same as
theirs. The most striking difference is the accuracy achieved in the AR condition. In their experiment,
performance in the AR condition was comparable to performance in a real-world condition. In our
experiment, participants significantly underestimated distance in the AR condition.

What might account for the discrepancy in results? It seems possible that higher overall accuracy in
Jones et al. [2008] was also due in part to the combination of shorter distances and much shorter tar-
gets. This combination encourages subjects to incline their gaze downward and may more directly
activate use of angle of declination cues to distance [Ooi et al. 2001]. Second, Jones et al. [2008]
used a within-subjects design, whereas we used a between-subjects design. The smaller differences
between conditions in their experiment can be partly attributed to the carry-over effects demonstrated
by Ziemer et al. [2009], which should negate some of the variation in performance between conditions
even when the presentation order is randomized. Additional investigation is needed to determine the
exact source of the observed differences in results.

The direct comparison between measurement protocols revealed that the effect of wearing an HMD
while judging distances in a real environment depends on the protocol. This evidence of higher ap-
parent robustness of the timed imagined walking with respect to physical encumbrances, its wider
applicability, and the similarity of performance between the two protocols strengthens the argument
[Klein et al. 2009] in favor of more general use of timed imagined walking.

Somewhat surprisingly, we found a similar level of accuracy when the virtual environment was
displayed on the HMD and on the LSID. This result suggests that the ample differences between the
two display technologies do not lead to differences in distance perception, at least as measured by the
timed imagined walking protocol. It is particularly striking in light of the fact that our LSID system
lacks such important distance cues as motion parallax and stereopsis, both of which were present in
the HMD. At this point, however, it is still not clear whether or not distance underestimation with the
two display technologies is caused by the same factors.

We also found that the use of photo-based visual model did not substantially remedy distance com-
pression experienced by the participants in the virtual environment displayed using an LSID system.
This implies that an improvement in the quality of rendering would not help to decrease distance
underestimation in LSID systems, at least in those that lack stereo images and motion parallax sup-
port. This finding confirms earlier results by Thompson et al. [2004], who found significant under-
estimation of distances in a photo-based virtual panorama environment displayed in an HMD. Anec-
dotally, we were somewhat surprised by this result because photo-based scenes appeared to give a
much stronger impression of depth. Overall, our results reinforce the conclusion of Thompson et al.
[2004] and Messing and Durgin [2005] that the quality of graphics does not significantly affect dis-
tance estimates in virtual environments.

In conclusion, the present investigation represents an important step in making direct comparisons
of distance estimation across display systems and measurement protocols. In particular, our article
makes the following novel contributions to the extensive body of literature on the subject:

(1) experimental evidence that wearing an HMD while viewing the real world does not cause com-
pression when distance is estimated with imagined timed walking (in contrast to underestimation
observed here and in previous studies for direct blindfolded walking);
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(2) a comparison between two commonly used experimental protocols for estimating distance: Direct
blindwalking and imagined walking;

(3) a direct comparison between distance estimation in HMD and LSID systems;

(4) a thorough investigation of the effect of the quality of graphics on distance estimation in LSID
systems by comparing distance perception in the real-world, photo-based, and virtual computer
graphics rendered presentations.

As noted earlier, such comparisons have been difficult to make across the many prior studies of
distance perception due to the wide variation in critical factors such as the visual targets and settings,
the fidelity of the visual virtual model, and the range of distances examined. Further work is needed
to determine how multiple factors work together to produce underestimation of distance in virtual
environments.
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