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We conducted three experiments to compare distance perception in real and virtual environments. In Experiment 1, adults
estimated how long it would take to walk to targets in real and virtual environments by starting and stopping a stopwatch while
looking at a target person standing between 20 and 120 ft away. The real environment was a large grassy lawn in front of a
university building. We replicated this scene in our virtual environment using a nonstereoscopic, large-screen immersive display
system. We found that people underestimated time to walk in both environments for distances of 40 to 60 ft and beyond. However,
time-to-walk estimates were virtually identical across the two environments, particularly when people made real environment
estimates first. In Experiment 2, 10- and 12-year-old children and adults estimated time to walk in real and virtual environments
both with and without vision. Adults underestimated time to walk in both environments for distances of 60 to 80 ft and beyond.
Again, their estimates were virtually identical in the real and virtual environment both with and without vision. Twelve-yearolds’ time-to-walk estimates were also very similar across the two environments under both viewing conditions, but 10-year-olds
exhibited greater underestimation in the virtual than in the real environment. A third experiment showed that adults’ time-towalk estimates were virtually identical to walking without vision. We conclude that distance perception may be better in virtual
environments involving large-screen immersive displays than in those involving head-mounted displays (HMDS).
Categories and Subject Descriptors: J.4 [Computer Applications]: Social and Behavioral Sciences—Psychology; I.3.7 [Computer Graphics]: Three Dimensional Graphics and Realism—Virtual reality
General Terms: Experimentation, Measurement, Performance
Additional Key Words and Phrases: Virtual environments, large-screen immersive displays, distance estimation, perception

1.

INTRODUCTION

Virtual environments are gaining widespread acceptance as a tool for studying human behavior [Loomis
et al. 1999; Plumert et al. 2004]. Problems ranging from children’s road-crossing behavior (Plumert
et al. 2004) to adults’ collision-avoidance behavior [Cutting et al. 1995] have been studied using various
kinds of virtual environments. One obvious question that arises when using virtual environments to
study human behavior is how well does behavior in virtual environments correspond to behavior in
the real environment? Although virtual environments are an exciting new medium for investigating
difficult-to-study problems under realistic and controlled conditions, the results of such experiments
are of questionable value if virtual environments lack ecological validity. One critical aspect of behavior
in virtual environments that has received increasing attention is distance perception. Clearly, distance
perception underlies a wide range of human action in both natural and virtual environments. Tasks such
as throwing a ball at a target or steering a bike around an obstacle require that observers accurately
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perceive how far away things are from themselves. Given the importance of distance perception for
human action, it is critical to assess how well distance perception corresponds in real and virtual
environments. We addressed this question by asking people to judge the same distances both in the
real environment and in an immersive virtual environment.
How good are people at perceiving distance in the natural environment? A relatively large number of
studies have been conducted on how people perceive egocentric distance (i.e., absolute distance from self)
and exocentric distance (i.e., relative distance between objects) in the natural environment. Studies that
use visually guided judgments to assess perception of distance typically find that people progressively
undershoot egocentric distance with increasing physical distance [e.g., Gilinsky 1951; Harway 1963;
Loomis et al. 1992]. For example, when asked to match a depth interval on the ground plane with
an interval in the frontal plane, people consistently chose depth intervals that were too large [Loomis
et al. 1992]. In other words, people perceived the same interval as shorter in the depth plane than in
the frontal plane. In contrast, studies that use visually directed action to assess perception of distance
typically find that people are very good at perceiving distances [Loomis et al. 1992; Philbeck and Loomis
1997; Rieser et al. 1990]. These studies have shown that people are quite accurate at walking without
vision to previously seen targets, particularly within what is called action space (up to about 20 m).
Beyond 20 m or so, people tend to undershoot distances when walking without vision. Together, these
studies suggest that the mapping between visual and physical space is distorted in perception, but not
action.
How good are people at perceiving distance in virtual environments? A number of recent studies suggest that people underestimate distance in virtual environments [Loomis and Knapp 2003; Thompson
et al. 2004; Willemsen and Gooch 2002]. Loomis and Knapp [2003], for example, examined perception of egocentric distance in a virtual environment using a stereoscopic HMD system. People viewed
spheres lying on the ground plane at distances of 2, 6, and 18 m. Using a triangulation task, people first
viewed the target, then turned from the target, and then walked without vision for about 3 m. At the
stopping point, people attempted to point to the previously viewed target. Pointing errors showed that
people undershot distances by about a factor of 2. In contrast, other work has shown relatively little
compression of distance in virtual environments [Interrante et al. 2004; Witmer and Sadowski 1998].
Witmer and Sadowski [1998] compared blindfolded walking in a real hallway to blindfolded walking on
a treadmill in a virtual hallway. In both environments, people saw a target and then attempted to walk
to it without vision. They found that mean errors varied between 1 and 11% of the target distances in
the real environment and between 2 and 18% in the virtual environment. Mean error increased linearly
with increasing target distance, but did not differ significantly across environments. In addition, people
made greater errors in both environments when they experienced the virtual environment first than
when they experienced the real environment first. A recent study by Interrante et al. [2004] similarly
showed that people were highly accurate in walking without vision up to 30 ft in a real room and in a
high-fidelity virtual model of the room presented in an HMD system. Although these last two studies
suggest a more mixed view of distance perception in virtual environments, there is a general consensus
that distance perception is distorted to varying degrees in virtual environments as compared to distance
perception in real environments.
The conclusion that people underestimate distances in virtual environments relative to the real
environment may be premature, however. To date, studies examining distance perception in virtual
environments have all used HMD systems, which provide a limited field of view (FOV) in both the
horizontal and vertical directions. Recently, Wu et al. [2004] examined the influence of vertical and
horizontal field of view on distance perception in the real environment. Subjects were asked to judge
the distance to targets while looking through a slot that reduced either the vertical or the horizontal
field of view. They found that subjects underestimated distance when their horizontal field of view
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was unrestricted, but their vertical field of view was restricted to 21 degrees or less. However, when
their vertical field of view was unrestricted, but their horizontal field of view was restricted, subjects
performed as well as under full-view conditions. They conjecture that people are better able to integrate
the distance along the ground plane when the entire area between the subject and the target is visible.
Recent work by Creem-Regehr et al. [2005] however, indicates that not being able to see the area
around one’s feet (a typical feature of HMDs) does not impair people’s ability to perceive distance in
the natural environment. Likewise, Knapp and Loomis [2004] found that restricting people’s FOV to
the extent typically experienced in HMDs does not impair distance perception in the real environment.
Thus, restricted vertical FOV by itself does not appear to account for distorted distance perception in
virtual environments involving HMDs.
Very little is known about how people perceive distance in virtual environments using large-screen
immersive display systems (LSIDs), such as CAVES. Large-screen environments typically provide a
much larger FOV than HMDs, perhaps making it easier to perceive egocentric distance. In the first two
experiments reported below, we examined distance estimates in a virtual environment using a LSID
system. We measured distance perception by asking people to estimate how long it would take to walk
to targets at distances ranging between 20 and 120 ft in an open, natural environment [see also Decety
et al. 1989]. We chose this environment because we wanted to test distance perception in the type of
environment used in our other work on simulated road crossing [Plumert et al. 2004]. Participants
estimated how long it would take to walk to each target distance by starting a stopwatch when they
imagined starting to walk to the target and stopping the stopwatch when they imagined reaching the
target (without ever looking at the stopwatch). Participants made time-to-walk estimates both in the
real environment (a large grassy lawn in front of a university building) and in our virtual environment
(a simulated version of the real environment). Time-to-walk estimates in both environments were
compared to actual time-to-walk estimates derived from a baseline walking task. Participants either
made estimates in the real environment first or in the virtual environment first. We also conducted a
third experiment to compare distance estimates using our time-to-walk measure and a more traditional
blindfolded walking measure.
2.

EXPERIMENT 1

2.1

Method

2.1.1 Participants. Twenty-four undergraduates participated for course credit. There were 13 females and 11 males.
2.1.2 Apparatus and Materials. A handheld stopwatch was used to record participants’ time estimates and a tape measure was used to measure the target distances.
2.1.3 Experimental Settings.
2.1.3.1 Real Environment. The real environment was an open, grassy lawn in front of a university
building (Figure 1). To keep the real and virtual environments as similar as possible, we made every
attempt to keep the testing area free of distractions and objects. For example, we asked people (and
ducks) sitting within about 30 ft of the testing area to move and picked up all sticks and litter from the
testing area.
2.1.3.2 Virtual Environment. The virtual environment was a scene depicting the setting that served
as the real environment (Figure 2). This scene was displayed on three 10 ft × 8 ft-high screens placed
at right angles relative to one another, forming a three-walled room. The screens were positioned 18 in.
above the floor of the room. A black skirt hung from the bottom of the screens to the floor. Participants
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Figs. 1 and 2. Photographs of the real environment and virtual environment. (Note that the picture of the real environment
was taken from a place near the eye point used in the virtual environment.)

stood midway between the two side screens and 8 ft from the front screen. Three Electrohome DLV
1280 projectors were used to rear project high-resolution, textured graphics onto the screens (1280 ×
1024 pixels on each screen), providing participants with 270◦ of nonstereoscopic immersive visual
imagery. The room housing the virtual environment was dark except for the light from the projectors.
The viewpoint of the scene was adjusted for each participant’s eye height. Participants viewed the
scene binocularly. The experiment was run on an 8-processor SGI Onyx computer with Infinite Reality
Graphics. The software foundation was the Hank simulator, a real-time ground-vehicle simulation
system designed to support complex scenarios [Cremer et al. 1997; Willemsen et al. 2003]. The particular
setup described above was chosen to validate previous research examining children’s road-crossing
judgments using the Hank simulator [Plumert et al. 2004].
2.1.4 Design and Procedure. Participants were tested individually in this and in all subsequent experiments. We first obtained an estimate of each participant’s typical walking speed by timing how long
it took each participant to walk between two points in an uncluttered hallway. The first experimenter
positioned participants at the starting line and instructed them to walk at their normal speed past a
finish line near the end of the hallway. The second experimenter started a stopwatch when participants
began walking and stopped the stopwatch as participants crossed the finish line. The distance between
the start and finish lines was 53 ft, falling approximately midway in the range of distances participants
estimated in the test portion of the experiment.
Following the baseline-walking task, participants made estimates of how long it would take them to
walk to targets in the real and virtual environment. One-half of the participants made estimates in the
virtual environment first and one-half made estimates in the real environment first. Participants who
first made estimates in the real environment were taken outside to a place at one end of the lawn facing
the university building. The first experimenter informed participants that the second experimenter
would stand at different places on the lawn in front of them and that their task was to imagine walking
to the second experimenter. The first experimenter then handed a stopwatch to the participants and
told them that they should start the stopwatch when they imagined starting to walk and to stop
the stopwatch when they imagined reaching the second experimenter (without ever looking at the
stopwatch). Participants were given an opportunity to practice starting and stopping the stopwatch to
make sure that they knew how to operate the stopwatch. Before the start of each trial, participants
turned around so that they could not see the second experimenter moving into position. Each distance
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was measured using a large tape measure. When the second experimenter was in position, he or she
retracted the tape measure. Participants then turned around and faced the target and started the
stopwatch when they were ready. Participants kept their eyes open in the real and virtual environment
while making their estimates. After participants stopped the stopwatch, the experimenter recorded the
time elapsed. Participants completed time-to-walk estimates for six randomly ordered distances (20,
40, 60, 80, 100, and 120 ft).
Participants who first made estimates in the virtual environment were taken into the simulator
facility and positioned in the middle of the display screens depicting the outdoor scene. The experimenter
informed participants that an image of a person would appear at different places on the lawn in front
of them and that their task was to imagine walking to the person. The experimenter then handed a
stopwatch to the participants and told them that they should start the stopwatch when they imagined
starting to walk and to stop the stopwatch when they imagined reaching the person. Participants were
given an opportunity to practice starting and stopping the stopwatch to make sure that they knew how to
operate the stopwatch. For each trial, participants faced away from the display while the experimenter
pressed a key to make the person appear on the lawn. Participants were then asked to turn around, face
the target, and start the stopwatch when they were ready. After participants stopped the stopwatch,
the experimenter recorded the time elapsed. Again, participants did not look at the stopwatch during
or after the imagined walking task. All participants completed time-to-walk estimates for six randomly
ordered distances (20, 40, 60, 80, 100, and 120 ft).
2.1.5 Measures
2.1.5.1 Actual Time to Walk. We estimated the amount of time actually required to walk the six
distances for each participant by dividing each actual distance (i.e., 20, 40, 60, 80, 100, and 120 ft)
by the participant’s walking speed. (Each participant’s walking speed was determined by dividing the
baseline-walking distance by the baseline-walking time.)
2.1.5.2 Time-to-Walk Estimates in the Real Environment. Each participant had six time-to-walk
estimates in the real environment, representing the time elapsed between starting and stopping the
stopwatch for each distance.
2.1.5.3 Time-to-Walk Estimates in the Virtual Environment. Each participant also had six timeto-walk estimates in the virtual environment, representing the time elapsed between starting and
stopping the stopwatch for each distance.
2.2

Results

The analyses below focus on two primary questions. First, how closely did time-to-walk estimates
correspond in the real and virtual environments? Second, how closely did time estimates in the real
and virtual environments correspond to actual times?
2.2.1 Time-to-Walk Estimates. As shown in Figures 3(a) and (b), average time-to-walk estimates
were very similar across the real and virtual environments. We compared time-to-walk estimates across
the two environments in an environment order (real environment first vs. virtual environment first) ×
environment (real versus virtual) × distance (20, 40, 60, 80, 100, versus 120 ft) repeated-measures
ANOVA with the first factor as a between-subjects variable and the second and third factors as withinsubjects variables. As expected, there was a significant effect of distance, F (5, 110) = 118.54, p < 0.001.
There was also a significant environment order × distance interaction, F (5, 110) = 8.84, p < 0.001.
Simple effects tests revealed a significant effect of environment order at distances of 60 ft and beyond,
F  s(1, 22) > 4.31, p s < 0.05. For these longer distances, overall time-to-walk estimates were smaller
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Figs. 3(a) and (b). Mean time-to-walk estimates in the real environment first and virtual environment first conditions.

when people made estimates in the virtual environment first than when they made estimates in the
real environment first. There was also a significant environment order × environment interaction,
F (1, 22) = 9.70, p < 0.01. Simple effects tests showed a significant effect of environment for the virtual
environment first condition, F (1, 11) = 8.37, p < 0.05, but not for the real environment first condition,
F (1, 11) = 2.89, ns. In the virtual environment first condition, time-to-walk estimates were smaller in
the virtual environment (M = 7.20, SD = 4.52) than in the real environment (M = 8.36, SD = 5.52). In
the real environment first condition, estimates did not differ significantly in the real (M = 10.98, SD =
6.19) and virtual environments (M = 11.86, SD = 7.04). Thus, time-to-walk estimates were remarkably
similar across the two environments at virtually all distances in the real environment first condition.
2.2.2 Comparison to Actual Time to Walk. How well did time-to-walk estimates in the real and
virtual environment correspond to actual time to walk? Real and virtual time-to-walk estimates in
each condition were compared to actual times in separate Estimate (estimated time-to-walk vs. actual
time-to-walk) × distance (20, 40, 60, 80, 100, versus 120 ft) repeated-measures ANOVAs.
2.2.2.1 Real Environment first. For time-to-walk estimates in the real environment, there were
significant effects of distance, F (5, 55) = 407.95, p < 0.001, estimate, F (1, 11) = 14.86, p < .01, and a
significant distance × estimate interaction, F (5, 55) = 8.78, p < 0.001 ([see Figure 3(a)]). Simple effects
tests revealed a significant effect of estimate at distances of 60 ft and beyond, F  s(1, 11) > 10.68, p s <
0.01, indicating that people significantly undershot times at the longer distances. For time-to-walk
estimates in the virtual environment, there were significant effects of distance, F (5, 55) = 248.95, p <
0.001, estimate, F (1, 11) = 5.023, p < 0.05, and a significant distance × estimate interaction, F (5, 55) =
5.55, p < 0.001 [see Figure 3(a)]. Simple effects tests revealed a significant effect of estimate at distances
of 60, 100, and 120 ft, F  s(1, 11) > 5.81, p s < 0.05, indicating that people significantly undershot times
at longer distances.
2.2.2.2 Virtual Environment first. For time-to-walk estimates in the virtual environment, there
were significant effects of distance, F (5, 55) = 265.77, p < 0.001, estimate, F (1, 11) = 47.42, p < .001,
and a significant distance × estimate interaction, F (5, 55) = 76.85, p < 0.001 [Figure 3(b)]. Simple
effects tests revealed a significant effect of estimate at distances of 40 ft and beyond, F  s(1, 11) >
9.56, p s < 0.05. For time-to-walk estimates in the real environment, there were significant effects
of distance, F (5, 55) = 248.50, p < 0.001, estimate, F (1, 11) = 21.24, p < 0.001, and a significant
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distance × estimate interaction, F (5, 55) = 30.67, p < 0.001 [Figure 3(b)]. Simple effects tests revealed
a significant effect of estimate at distances of 40 ft and beyond, F  s(1, 11) > 6.14, p s < 0.05. Thus,
people undershot times in both the real and virtual environment at distances of 40 ft and beyond when
they made estimates in the virtual environment first.
2.3

Summary

Several results are noteworthy. First, people’s time-to-walk estimates were remarkably similar across
the real and virtual environments, particularly when they made estimates in the real environment first.
This finding is inconsistent with previous investigations of distance perception in virtual environments
using HMD systems [Loomis and Knapp 2003; Thompson et al. 2004; Willemsen and Gooch 2002].
Second, people began to undershoot time to walk in the real environment at 60 ft and in the virtual
environment at 40 ft. Finally, time-to-walk estimates for distances of 60 ft and beyond were more
distorted in both environments when people experienced the virtual environment first. This finding is
consistent with the results of Witmer and Sadowski [1998].
Why did people undershoot time-to-walk estimates at the longer distances? One possibility is that
viewing the target while making a time-to-walk estimate interfered with spatial updating. In studies of
blindfolded walking, people presumably update their view of the environment as they locomote toward
the target [Rieser et al. 1990]. In imagined movement, we assume that people also update their view of
the environment as they imagine moving toward the target. In situations where people imagine moving
toward a constantly viewed target, there may be a conflict between a spatially updated view of the
environment generated through imagined movement and the concurrent nonupdated view specified
by staying in the same place. This suggests that people may be better at imagining moving to the
target in our task if they make their time-to-walk estimates without vision. We tested this hypothesis
in Experiment 2 by having 10- and 12-year-old children and adults make time-to-walk estimates in
real and virtual environments with and without vision. We included 10- and 12-year-old children in
this experiment because large-screen immersive displays have been used in recent work on children’s
road-crossing behavior [Plumert et al. 2004]. Therefore, we wanted to determine whether children’s
time-to-walk estimates were also similar in real and virtual environments.
3.
3.1

EXPERIMENT 2
Method

3.1.1 Participants. Forty-eight 10- and 12-year-old children and adults participated. There were
9 males and 7 females in the 10-year-old group, 11 males and 5 females in the 12-year-old group, and
7 males and 9 females in the adult group. Children were recruited from a child research participant
database maintained by the Department of Psychology at the University of Iowa. Adults participated
to fulfill research credit for an introductory psychology course.
3.1.2 Apparatus and Materials. A handheld stopwatch was used to record participants’ time estimates and a lidar gun was used to measure the target distances. Sunglasses with the lenses, sides,
and nose area blocked out were used to prevent participants from viewing targets while making time
estimates without vision.
3.1.3 Experimental Settings. The real and virtual environments were identical to those used in
Experiment 1.
3.1.4 Design and Procedure. We first obtained an estimate of participants’ walking speeds using
the same procedure as in Experiment 1, except that participants did the baseline-walking task twice
to obtain a more stable estimate of walking speeds (especially for children).
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Fig. 4. Ten-year-olds’ mean time-to-walk estimates in the real and virtual environment.

Following the baseline-walking task, participants made estimates of how long it would take them to
walk to targets at six distances (i.e., 20, 40, 60, 80, 100, and 120 ft) in the real and virtual environment.
Estimates of time to walk for each environment were made both with and without vision, resulting
in four sets of judgments for each participant. The procedure for making time-to-walk estimates was
the same as that used in the first experiment, with the exception of the blindfolded trials. For these
trials, participants viewed the target for approximately 4–5 s, put on the blindfold, and started the
stopwatch when they were ready. We counterbalanced the order in which participants encountered
the two environments. Thus, one-half of the performed the judgments in the virtual environment first
and one-half performed the judgments in the real environment first. Within each half, the order in
which participants performed the blindfolded and sighted judgments was counterbalanced. The order
of distances was random.
3.1.5 Measures. As in Experiment 1, we estimated the amount of time actually required to walk
the six distances for each participant by dividing each actual distance by the participant’s average
walking speed. Participants made six time-to-walk estimates in the real environment and in the virtual
environment for both blindfolded and sighted trials, resulting in a total of 24 time-to-walk estimates.
3.2

Results

Again, we focus on two primary questions. First, how closely did time-to-walk estimates correspond
in real and virtual environments? Second, how closely did time-to-walk estimates in real and virtual
environments correspond to actual times? We addressed these questions separately for the three age
groups, because preliminary analyses suggested that the patterns of estimates varied across the three
age groups. We collapsed the data across the two environment orders and the two vision orders because
the number of participants in each group was too small to conduct meaningful analyses on order.
3.2.1 Time-to-walk Estimates.
3.2.1.1 10-Year-Olds. As shown in Figure 4, 10-year-olds’ estimates in the virtual environment
were generally smaller than in the real environment. We analyzed their time-to-walk estimates in
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Fig. 5. Twelve-year-olds’ mean time-to-walk estimates in the real and virtual environment.

an environment (real versus virtual) × vision (sighted versus unsighted) × distance (20, 40, 60, 80,
100, versus 120 ft) repeated-measures ANOVA. As would be expected, there was a significant effect of
distance, F (5, 75) = 49.90, p < 0.001. There was also a significant effect of environment, F (1, 15) =
10.87, p < 0.01, and a significant distance × environment interaction, F (5, 75) = 2.78, p < 0.05. There
were no significant effects involving vision, however. Simple effects tests revealed a significant effect of
environment at distances of 40, 60, 80, and 120 ft, F  s(1, 15) > 5.94, p < 0.05. The effect of environment
was marginally significant at distances of 20 ft, F (1, 15) = 4.34, p = 0.054, and 100 ft, F (1, 15) = 3.99,
p = 0.064. Thus, 10-year-olds tended to underestimate time-to-walk in the virtual environment relative
to the real environment at almost all distances (see Figure 4).
3.2.1.2 12-Year-Olds. Unlike the 10-year-olds, the 12-year-olds’ time-to-walk estimates were highly
similar across the real and virtual environments (see Figure 5). We analyzed their time-to-walk estimates in an environment (real versus virtual) × vision (sighted versus unsighted) × distance (20, 40,
60, 80, 100, versus 120 ft) repeated-measures ANOVA. As would be expected, this analysis yielded a
significant effect of distance, F (5, 75) = 30.16, p < 0.001. No other main effects or interactions were significant. Thus, 12-year-olds’ time-to-walk estimates were similar in the real and virtual environments
at all distances and were not influenced by whether they made estimates while sighted or blindfolded.
3.2.1.3 Adults. Like the 12-year-olds, the adults’ time-to-walk estimates were very similar across
the real and virtual environments (see Figure 6). We analyzed their time-to-walk estimates in an environment (real versus virtual) × vision (sighted versus unsighted) × distance (20, 40, 60, 80, 100,
versus 120 ft) repeated-measures ANOVA. As expected, there was a significant effect of distance,
F (5, 75) = 68.24, p < 0.001. There was no main effect of environment, F (1, 15) = 0.40, ns, but there
was a significant distance × environment interaction, F (5, 75) = 2.58, p < 0.05. Simple effects tests
revealed that adults’ time-to-walk estimates were smaller in the virtual than in the real environment
at 100 ft, F (1, 15) = 6.76, p < 0.05. Estimates in the real and virtual environment did not differ significantly at any other distance, F  s(1, 15) < 1.29, p s > 0.20. Thus, adults’ time-to-walk estimates were
highly similar across the real and virtual environments and did not differ significantly in the sighted
and unsighted conditions (see Figure 6).
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Fig. 6. Adults’ mean time-to-walk estimates in the real and virtual environment.

3.2.2 Comparison to Actual Time to Walk. We also compared time-to-walk estimates to actual times
to examine the accuracy of people’s time-to-walk estimates. Sighted and blindfolded time-to-walk estimates and actual times were entered into separate estimate (time-to-walk estimate versus actual
time) × distance (20, 40, 60, 80, 100, versus 120 ft) repeated-measures ANOVAs for each environment.
Again, age groups were analyzed separately.
3.2.2.1 10-Year-Olds. For blindfolded and sighted estimates made in the real environment, there
were significant effects of distance, F  s(5, 75) > 184.29, p s < 0.001, estimate, F  s(1, 15) > 18.84,
p s < 0.001, and a significant distance × estimate interaction, F  s(5, 75) > 21.01, p s < 0.001. Simple effects tests of the distance × estimate interaction for sighted estimates revealed a significant
effect of estimate at distances of 60 ft and beyond, F  s(1, 15) > 5.13, p s < 0.05. Simple effects tests
of the distance × estimate interaction for blindfolded estimates revealed a significant effect of estimate at distances of 40 ft and beyond, F  s(1, 15) > 6.68, p s < 0.05. For blindfolded and sighted estimates made in the virtual environment, there were significant effects of distance, F  s(5, 75) > 185.04,
p s < 0.001, estimate, F  s(1, 15) > 111.46, p s < 0.001, and a significant distance × estimate interaction, F  s(5, 75) > 31.88, p s < 0.001. Simple effects tests of the distance × estimate interaction for sighted estimates revealed a significant effect of estimate at distances of 40 ft and beyond,
F  s(1, 15) > 24.53, p s < 0.001. Simple effects tests of the distance × estimate interaction for blindfolded estimates revealed a significant effect of estimate for all distances, F ’s (1, 15) > 9.70, p’s < 0.01.
Thus, 10-year-olds underestimated times in the real environment for distances of 40 to 60 ft and beyond, and underestimated times in the virtual environment at distances of 20 to 40 ft and beyond (see
Figure 4).
3.2.2.2 12-Year-Olds. For blindfolded and sighted estimates made in the real environment, there
was a significant effect of distance, F  s(5, 75) > 64.42, p s < 0.001. Unlike the younger children, there
was no effect of estimate, F  s(1, 15) < 1.22, ns, and no distance × estimate interaction, F  s(5, 75) < 0.89,
ns. For blindfolded and sighted estimates made in the virtual environment, there was a significant
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effect of distance, F  s(5, 75) > 120.62, p s < 0.001, and a significant distance × estimate interaction,
F  s(5, 75) > 5.02, p s < 0.001. Simple effects tests of the distance × estimate interaction for sighted
estimates revealed a significant effect of estimate at distances of 80 and 100 ft, F  s(1, 15) > 6.79,
p s < 0.05. Simple effects tests of the distance × estimate interaction for blindfolded estimates revealed
a significant effect of estimate for 120 ft, F (1, 15) = 10.07, p < 0.01. Thus, 12-year-olds’ time-to-walk
estimates were generally quite accurate except for the longest distances (see Figure 5).
3.2.2.3 Adults. For blindfolded and sighted estimates made in the real environment, there were
significant effects of distance, F  s(5, 75) > 223.90, p s < 0.001, and estimate, F  s(1, 15) > 6.18, p s <
0.05, and a significant distance × estimate interaction, F  s(5, 75) > 5.31, p s < 0.001. Simple effects
tests of the distance × estimate interaction for sighted estimates revealed a significant effect of estimate
at distances of 60 ft and beyond, F  s(1, 15) > 5.24, p s < 0.05. Simple effects tests of the distance ×
estimate interaction for blindfolded estimates revealed a significant effect of estimate at distances of
80 ft and beyond, F  s(1, 15) > 6.50, p s < 0.05. For blindfolded and sighted estimates made in the virtual
environment, there were significant effects of distance, F  s(5, 75) > 166.73, p s < 0.001, estimate,
F  s(1, 15) > 5.24, p s < 0.05, and a significant distance × estimate interaction, F  s(5, 75) > 6.47,
p s < 0.001. Simple effects tests of the distance × estimate interaction for sighted estimates revealed
a significant effect of estimate at distances of 40 ft and beyond, F  s(1, 15) > 5.57, p s < 0.05. Simple
effects tests of the distance × estimate interaction for blindfolded estimates revealed a significant
effect of estimate for distances of 80 ft and beyond, F  s(1, 15) > 4.70, p s < 0.05. Thus, adults began to
significantly undershoot time-to-walk estimates at 40 ft when sighted and at 60 ft. when blindfolded
(see Figure 6).
3.3

Summary

People’s sighted and unsighted time-to-walk estimates were very similar, suggesting that people can
mentally update their movement to a target when either blindfolded or sighted. As in Experiment
1, adults’ time-to-walk estimates in the real and virtual environment were very similar. This also
held true for 12-year-old children, although 10-year-olds underestimated times more in the virtual
environment than in the real environment. At this point, it is unclear why 10-year-olds exhibited more
underestimation in the virtual than in the real environment compared to 12-year-olds and adults. Other
studies have shown that children’s ability to engage in imagined movement undergoes developmental
change between the ages of 8 and 10 years [Gauvain and Rogoff 1989]. Possibly, the unfamiliarity of the
virtual environment disrupted 10-year-olds’ somewhat fragile ability to imagine walking to a target.
Additional research is needed to determine exactly why 10- and 12-year-olds responded differently to
the virtual environment.
One possible reason for the discrepancy between our findings and those of others concerns differences in the measures used to assess people’s distance perception. Previous studies comparing distance
perception in real and virtual environments have used visually directed action tasks such as triangulation [Loomis and Knapp 2003] or blindfolded walking [Witmer and Sadowski 1998]. Although our
time-to-walk measure is similar in the sense that people are judging distance to fixed targets, it is
different in that it involves imagined rather than real movement toward those targets. People’s timeto-walk estimates may look highly similar in real and virtual environments because the processes
involved in imagined movement remain constant across environments. This raises the question of
whether the same processes are involved in imagined and blindfolded walking. As a first step in addressing this question, we conducted a third experiment in which we directly compared time-to-walk
estimates made with or without vision and walking without vision for a set of distances between 20 and
70 ft.
ACM Transactions on Applied Perception, Vol. 2, No. 3, July 2005.

Distance Perception in Real and Virtual Environments

4.
4.1

•

227

EXPERIMENT 3
Method

4.1.1 Participants. Twenty-four undergraduates participated for course credit. There were 8 females and 16 males.
4.1.2 Apparatus and Materials. A handheld stopwatch was used to record participants’ time estimates and a tape measure was used to measure the target distances and distances walked. Sunglasses
with the lenses, sides, and nose area blocked out were used to prevent participants from viewing targets
while walking without vision and while making blindfolded time estimates.
4.1.3 Experimental Setting. The experimental setting was the real environment used in Experiments 1 and 2.
4.1.4 Design and Procedure. We first obtained an estimate of each participant’s walking speed using
the same procedure as in Experiment 2.
Following the baseline-walking task, participants were taken outside to the far end of the lawn. They
first made time-to-walk estimates for targets at six distances (i.e., 20, 30, 40, 50, 60, and 70 ft). (We chose
a shorter set of distances to avoid having participants walk without vision for long distances.) One-half
of the participants made time-to-walk estimates while blindfolded and one-half made estimates while
sighted. The same procedure was used for the sighted and blindfolded time-to-walk estimates as in
Experiment 2. After completing the time-to-walk estimates, all participants attempted to walk the
six target distances without vision. We first gave them practice with walking blindfolded in an area
perpendicular to the test area. Participants first faced away while the second experimenter stood at a
distance of 25 ft. Participants then turned to face the second experimenter for approximately 4–5 s. The
first experimenter then instructed them to put on the blindfold, close their eyes, and walk to the target.
Participants were also instructed to keep their eyes closed after they stopped walking so that they
would not receive any feedback about how close they came to the target. Participants continued to keep
their eyes closed while the first experimenter led them back to the starting point. After completing four
practice trials, participants completed six test trials at 20, 30, 40, 50, 60, and 70 ft. The procedure was the
same as that used for the practice trials except that we measured how far they walked prior to leading
them back to the starting position. Again, they walked without vision back to the starting position. The
order of distances was random for both the time-to-walk estimates and the blindfolded walking trials.
4.1.5 Measures. As in the previous experiments, we estimated the amount of time actually required
to walk the six distances for each participant by dividing each actual distance by the participant’s
average walking speed. In order to directly compare time-to-walk estimates and blindfolded walking,
we transformed the six time-to-walk estimates into distances by multiplying each time estimate by the
participant’s baseline-walking speed.
4.2

Results

4.2.1 Time-to-Walk Estimates. The first question we addressed was whether time-to-walk estimates
differed across the blindfolded and sighted conditions [see Figures 7(a) and 7(b)]. Time-to-walk estimates were entered into a condition (blindfolded versus sighted time-to-walk estimates first) × distance
(20, 30, 40, 50, 60, versus 70 ft) repeated-measures ANOVA, with the first factor as a between-subjects
factor and the second as a within-subjects factor. As expected, there was a significant effect of distance,
F (6, 132) = 71.11, p < 0.001. As in Experiment 2, there was no effect of condition, suggesting that
time-to-walk estimates did not differ depending on whether they were made with or without vision.
We also compared time-to-walk estimates done with or without vision to the actual times in separate
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Figs. 7(a) and (b). Blindfolded and sighted time-to-walk estimates.

estimate (time-to-walk versus actual time) × distance (20, 30, 40, 50, 60, versus 70 ft) repeated-measures
ANOVAs [see Figures 7(a) and 7(b)]. For participants who made time-to-walk estimates while blindfolded, there was a main effect of distance, F (5, 55) = 114.59, p < 0.001, but no effect of estimate,
F (1, 11) = 0.28, ns. Likewise, for participants who made time-to-walk estimates while sighted, there
was a main effect of distance, F (5, 55) = 178.21, p < 0.001, but no effect of estimate, F (1, 11) = 1.48,
ns. Thus, time-to-walk estimates did not differ significantly from actual times in either condition across
distances of 20 to 70 ft.
4.2.2 Blindfolded Walking. As shown in Figure 8, the distances people walked without vision were
very close to the actual distances regardless of whether people made sighted or blindfolded time-towalk estimates first. We compared distances walked with the target distances to determine whether
people significantly undershot (or overshot) the target distances (see Figure 8). One-sample t-tests
revealed that people who made sighted time-to-walk estimates before doing the blindfolded-walking
task significantly undershot target distances at 20, 40, 60, and 70 ft, t’s (11) < −2.21, p s < 0.05. People
who made blindfolded time-to-walk estimates before doing the blindfolded-walking task significantly
undershot target distances at 30, 40, and 50 ft., t  s(11) < −2.28, p s < 0.05. Thus, although the distances
walked were very close to the target distances, there was some tendency to undershoot distance during
blindfolded walking.
4.2.3 Comparison of Time-to-Walk Estimates and Blindfolded Walking. The primary question of
interest was how well people’s time-to-walk estimates corresponded to their walking without vision. We
compared time-to-walk estimates (transformed into distances) and blindfolded walking in a condition
(blindfolded versus sighted time-to-walk estimates first) × estimate (time-to-walk versus blindfolded
walking) × distance (20, 30, 40, 50, 60, versus 70 ft) repeated-measures ANOVA with the first factor as
a between-subjects factor and the second and third as a within-subjects factors. This analysis yielded
only a significant effect of distance, F (5, 110) = 198.15, p < 0.001. There was no significant effect of
estimate, F (1, 22) = 1.65, p > 0.20, or interactions with estimate, suggesting that people’s time-to-walk
estimates and walking without vision were highly similar (see Figure 9).
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Fig. 8. Mean distance walked without vision.

Fig. 9. Mean distance walked in blindfolded walking task and timing task (transformed into distance).

4.3

Summary

The results of this experiment show that people’s time-to-walk estimates and their blindfolded walking
in the real environment were virtually identical [see also Decety et al. 1989]. In addition, both timeto-walk estimates and blindfolded walking were very accurate across distances of 20 to 70 ft. The
similarity between time-to-walk estimates and blindfolded walking is important because it suggests
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that similar spatial updating mechanisms may underlie both imagined and blindfolded walking. This
issue is considered in more detail below.
5.

GENERAL DISCUSSION

A consistent pattern of results emerges from our experiments. Time-to-walk estimates were highly
similar in virtual and real environments, particularly for older children and adults. In general, people
began to undershoot sighted time-to-walk estimates at 40 ft and blindfolded time-to-walk estimates
at 60 ft. These findings are consistent with previous research showing that people are very good at
walking without vision to targets up to about 20 m. Our final experiment comparing imagined walking
with blindfolded walking showed that people’s time-to-walk estimates (converted to distances) were
almost identical to the distances walked without vision [see also Decety et al. 1989]. Together, these
results suggest that distance perception in virtual environments with large-screen immersive displays
is similar to distance perception in real environments.
The finding that time-to-walk estimates were very similar in real and virtual environments is surprising given that several other studies have found that people typically underestimate distance in virtual
environments that use HMDs. What accounts for this discrepancy? At least three possibilities come to
mind. First, people may find it easier to perceive egocentric distance in virtual environments involving
LSIDs than in virtual environments involving HMDs. Unlike large-screen immersive displays, HMDs
have restricted vertical and horizontal FOV. The importance of FOV in estimating distance in both
the real environment and in virtual environments has been the subject of recent controversy, however.
According to Wu et al. [2004] a restricted vertical FOV (21◦ or less) leads to underestimation of distance
in the real environment. Likewise, Witmer and Sadowski [1998] suggest that the reduced vertical FOV
in HMDs may degrade convergent linear perspective and relative size as cues to distance. In contrast,
Knapp and Loomis [2004] recently found that a reduced vertical FOV similar to that experienced with
HMDs had no impact on blindfolded walking in the real environment. For distances between 2 and 15 m,
blindfolded walking was highly accurate under conditions of unrestricted FOV (120◦ vertical) and reduced FOV (43◦ vertical). Likewise, Creem-Rehehr et al. [2005] found that not being able to see the
area around one’s feet (a typical feature of HMDs) does not impair people’s ability to perceive distance
in the real environment. Together, these findings suggest that the reduced vertical FOV in commonly
used HMDs does not account for underestimation of distance in virtual environments using HMDs.
However, this does not rule out the possibility that reduced vertical FOV in combination with other
aspects of virtual environments contributes to underestimation of distance in HMDs. In addition, there
may be other differences between LSIDs and HMDs, including the weight of the HMD itself [Willemsen
et al. 2004], that account for the discrepancy between our findings and those of other researchers. As
a first step in determining what those differences might be, research is needed that directly compares
distance perception in LSIDs and HMDs using the same measures.
A second possible reason for the discrepancy between findings concerns differences in the tasks used
to assess people’s distance perception. Previous studies comparing distance perception in real and
virtual environments have used visually directed action tasks such as triangulated walking [Loomis
and Knapp 2003] or blindfolded walking [Witmer and Sadowski 1998]. Our experiments comparing
distance perception in real and virtual environments, relied on imagined walking. People’s time-to-walk
estimates may look highly similar in real and virtual environments, because the processes engaged in
imagined movement remain constant across environments. Thus, there may be something particular
to time-to-walk estimates that accounts for the similarity between real and virtual environments. Our
third experiment, however, showed that people’s time-to-walk estimates (converted into distances) and
the distances walked without vision were virtually identical. Moreover, consistent with other studies of
visually directed action in the real environment, time-to-walk estimates and blindfolded walking were
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highly accurate up to around 70 ft, suggesting that the same spatial updating processes are used in
imagined and blindfolded walking.
A third source of variation that may partially account for the difference between our results and
those of previous studies is the structure and familiarity of the environment and the targets. In our
experiments, subjects judged the distance to a standing person (a real person in the real environment
and an image of a person in the virtual environment) in a familiar outdoor environment with a rich
texture gradient. Most of the experiments that report substantial distance compression in virtual environments have used more confined, indoor environments such as hallways. Moreover, the targets were
disks or balls on the floor. The familiar size of our targets, the expansiveness of our environment, and
the subjects’ everyday experience in the real environment may have provided better cues to depth,
leading to improved distance estimation in our virtual environment.
What about the claim that imagined walking and blindfolded walking share common underlying
mechanisms? Visually directed actions such as blindfolded walking or triangulated walking are thought
to engage a spatial updating system [Rieser et al. 1990, 1986; Rieser and Rider 1991]. According to Rieser
and his colleagues, this spatial updating system is based on the learned correlation between optic flow
information and efferent/proprioceptive information generated through everyday walking with vision.
From this perspective, access to the spatial updating system depends critically on actual movement.
This suggests that people should be good at estimating location during blindfolded locomotion but
not during imagined locomotion. Support for this argument comes from numerous studies showing
that shifts of spatial perspective are easy if people are allowed to physically rotate to the new spatial
perspective, but hard if people have to imagine rotating to the new spatial perspective [e.g., Loomis et al.
1999a; Rieser et al. 1986, 1994; Wang and Spelke 2000; Wraga et al. 2000]. Importantly, recent work has
shown that people have much more difficulty with imagined updating of spatial perspective after selfrotations than after self-translations [May 2004]. May concludes that people’s difficulty with imagined
self-rotation is the result of a conflict between one’s current perspective (represented by sensorimotor
object-location codes) and the imagined perspective (represented by cognitive codes of the same object
locations). In the case of imagined self-translation, there is less conflict between sensorimotor and
cognitive codes because the current and imagined heading are the same, leading to shorter response
latencies and smaller pointing errors after a change in imagined perspectives. Our finding that imagined
walking and blindfolded walking resulted in nearly identical distance judgments also supports the idea
that people have little trouble updating imagined self-translations. Together, these findings leave open
the possibility that imagined and blindfolded walking share the same spatial updating mechanisms.
Further work is needed to examine the cognitive processes (including timing mechanisms) involved in
spatial updating without vision.
We end with a note of caution about the conclusion that distance perception in large-screen immersive
virtual environments is similar to distance perception in the real world. In particular, the results of Experiment 1 showed clear order effects on distance perception [see also Witmer and Sadowski 1998]. That
is, performing virtual environment time-to-walk estimates first impacted subsequent real environment
time-to-walk estimates (i.e., leading to greater underestimation) and performing real environment timeto-walk estimates first influenced subsequent virtual environment time-to-walk estimates (i.e., leading
to less underestimation). One interpretation of these results is that people calibrated their time-to-walk
estimates to the environment that they experienced first. Although it is not terribly surprising that
experiencing the real environment first grounded people’s judgments in the virtual environment, it is
surprising that the brief experience in the virtual environment impacted people’s judgments in the real
environment. Interestingly, recent work in other labs has also shown that people very quickly recalibrate their locomotion in the real environment based on changes in the relation between optic flow and
proprioceptive information experienced in a large-screen immersive virtual environment [Mohler et al.
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2004]. The persistence of the recalibration after subjects are reexposed to the natural coupling between
visual motion and action in the real world is unknown. However, these kinds of recalibration effects
suggest that some caution is warranted in drawing conclusions about real-world and virtual-world distance perception until more is known about how experiences in virtual environments affect perception
in the real environment and vice versa.
6.

DIRECTIONS FOR FUTURE WORK

At least three issues should be addressed in future work. The first is the order effects discussed above.
Experiment 1 should be replicated using a full factorial design in which the two environments and the
two environment orders are fully crossed (i.e., include conditions in which participants make judgments
in the virtual environment first and second or make judgments in the real environment first and second).
A fully crossed design would shed light on whether there is something special about moving from one
environment to the other or about doing a second set of judgments (regardless of the environment
previously experienced). The second issue that deserves further attention is a direct comparison of
distance perception in HMDS and LSDS using the same environment and the same measures. Such a
comparison would more clearly answer the question of whether distance perception is better in LSDS
than in HMDS. A third issue that deserves further consideration is whether distance perception is
better in virtual environments depicting large-scale, outdoor environments than in those depicting
small-scale, indoor environments (e.g., hallways). As noted above, our environment contained a variety
of rich texture and relative size cues. A comparison of the same absolute distances in indoor versus
outdoor environments would tell us whether people find it easier to judge distance in some types of
environments than in others. Answers to all of these questions are needed before definitive conclusions
can be drawn about distance perception in virtual environments using large-screen display systems.
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