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Effects of Scale Change on Distance Perception
in Virtual Environments
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PLUMERT, JAMES F. CREMER, and JOSEPH K. KEARNEY, The University of Iowa

We conducted a series of experiments to investigate effects of scale changes on distance perception in virtual environments.
All experiments were carried out in an HMD. Participants first made distance estimates with feedback in a virtual tunnel
(adaptation) and then made distance estimates without feedback in a differently-scaled virtual environment (test). We examined
several types of scale changes, including changing the size of (1) the tunnel, (2) the targets, and (3) the separation of the
two targets. Changes in target size always affected distance estimates at test. When the targets became smaller, participants
overshot distance and when the targets became larger, participants undershot distance. Changes in the size of the tunnel or the
separation between the targets (without a change in the size of the targets) had a minimal effect on distance estimates. These
results indicate that distance estimates at test were strongly influenced by familiar size cues for distance. The discussion focuses
on the stability of calibration processes and mechanisms for cue integration for perceiving distance in virtual environments.
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1. INTRODUCTION

Virtual environments have gained widespread use in recent years as a tool for training new skills,
particularly in cases where training in the real environment can be risky or dangerous. For example,
immersive virtual environments have been used for training fire fighters, medical doctors, and military
personnel [Johnson and Stewart 1999; Seidel and Chatelier 1997]. Virtual environments are attrac-
tive as training tools because they can be easily controlled and manipulated, and trainees’ errors do
not have perilous consequences. The use of these environments for such training purposes has raised
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the question of how well space perception is calibrated in virtual environments. A large body of work
examining distance estimation in virtual environments has shown that distances are underestimated
in virtual environments, especially when the environment is viewed through a head-mounted display
(HMD) system [Creem-Regehr et al. 2005; Interrante et al. 2006; Jones et al. 2008; Messing and Durgin
2005; Swan et al. 2007; Waller and Richardson 2008; Witmer and Sadowski 1998; Ziemer et al. 2009].
A related question that has received far less attention is: How does calibrating space perception in one
virtual environment affect space perception in another virtual environment? For example, if people are
trained to move to targets in one virtual environment, can they accurately move to targets in a new
virtual environment? In the present investigation, we addressed this question by asking whether expe-
rience with making distance estimates in a virtual environment of one scale affects people’s perception
of the same distances in an identical virtual environment of a different scale.

One way that calibration of space perception across environments has been investigated is by exam-
ining whether experience in the real environment affects distance perception in a virtual environment,
and vice versa. Interrante et al. [2006], for example, examined how experience in a real space influ-
ences participants’ sense of presence and ability to estimate distance in a virtual space that was an
exact replica of the real space. After a brief period of time in a real-world space, participants were im-
mersed in an identical virtual space. Participants who experienced the real-world space immediately
prior to viewing the virtual world replica were better able to judge distances than were participants
who experienced the same virtual-world replica without having seen the real-world space. A follow-up
investigation indicated that people were better at estimating distance in a novel virtual environment
if they first experienced the virtual-world replica and then transitioned to the novel virtual environ-
ment than if they did not experience the virtual-world replica beforehand [Steinicke et al. 2009]. Along
similar lines, Witmer and Sadowski [1998] examined how experience in the real environment affected
subsequent distance estimates in a virtual environment, and vice versa. Participants walked to targets
while blindfolded in either a real hallway or a virtual environment model of a hallway. Although the
effects were subtle, they found carryover from the first set of distance estimation trials to the second
set. When participants judged distances in the virtual hallway first, they did slightly worse in their
subsequent real-world distance estimations. However, when participants judged distances in the real-
world hallway first, they showed less distance compression in the virtual hallway. Interestingly, the
positive carryover from the real environment to the virtual environment was stronger than the nega-
tive carryover from the virtual environment to the real environment. Ziemer et al. [2009] also found
that the order in which people experience real and virtual environments impacts distance estimates.
They asked participants to make two sets of distance estimates in one of the following conditions:
(1) real environment first, virtual environment second; (2) virtual environment first, real environment
second; (3) real environment first, real environment second; or (4) virtual environment first, virtual
environment second. Both the distances and the spaces were identical across environments. When
the second environment was the same as the first environment (real-real and virtual-virtual), partic-
ipants’ second estimates were more accurate in the real than in the virtual environment. However,
when the second environment differed from the first environment (real-virtual and virtual-real), par-
ticipants’ second estimates did not differ significantly across the two environments. Together, these
studies show that experience in either a real or virtual environment can shift subsequent distance
estimates.

Calibration of space perception across environments has also been investigated by examining
whether recalibration of distance perception in a virtual environment transfers to the real environ-
ment. Richardson and Waller [2005], for example, gave people experience with walking to and from tar-
gets in a virtual environment during an adaptation period of approximately 5 minutes. They compared
pre- and postadaptation distance estimates and found that people’s average distance estimates were
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nearly accurate at postadaptation (94%), representing a 50% improvement over preadaptation. More-
over, they found that the improvement generalized across both direct blindfolded walking and indirect
(triangulated) blindfolded walking tasks. Additional work revealed that the recalibration of distance
perception in the virtual environment carried over to the real environment; after a period of adapta-
tion in the virtual environment, people significantly overestimated distances in the real environment
[Waller and Richardson 2008]. In a similar investigation, Mohler et al. [2006] examined how different
kinds of adaptation experiences affect recalibration of distance perception in virtual environments.
They had participants complete pretest and posttest distance estimates using either verbal report or
blindfolded walking to targets 3-7m away in either a real hallway or a virtual hallway. Between pre-
and posttest, participants experienced a 5- to 7-minute adaptation period in the virtual environment,
during which they walked to targets with either continuous visual feedback (walking with eyes open),
terminal visual feedback (opened their eyes at the end of the estimation to see how close they were to
the target), or verbal feedback (walked with eyes closed until experimenter told them they were at the
target location). Like Waller and Richardson, they found that virtual environment distance estimates
significantly improved after the adaptation period. However, they found that adaptation in the virtual
environment had no effect on distance estimates in the real environment unless they altered the rate
of optic flow in the virtual environment. When they altered the optic flow rate to be twice as fast as
the normal walking pace during adaptation, participants showed significant underestimation in their
later real-world distance estimates. Together, these studies clearly show that experience in virtual
environments leads people to recalibrate distance perception and that these recalibration effects can
carry over to the real environment.

At present, little is known about whether spatial calibration in one virtual environment carries over
to another virtual environment (for an exception, see Steinicke et al. [2009]). For example, does the
calibration achieved through interactions with a novel virtual world persist when a new virtual world
is experienced? Answering this question is important because it is not yet known to what extent the
recalibration that occurs is tightly linked to the specific characteristics of the adaption environment.
A useful way to test the stability of the calibration is to make systematic changes from the adaptation
environment to the new environment. Robust calibration of distance perception should be impervious
to changes from the old to the new environment. Here, we looked at how scale changes from the
adaptation environment to the new environment affected distance judgments.

At present, there are no direct comparisons of people’s distance estimates when moving from an
environment of one scale to an environment of another scale. However, there is some work suggesting
that people perceive distances differently in real environments of different scales. For example, Comp-
ton and Brown [2006] found that people who walked similar same-length routes in differently scaled
urban settings judged their traveled distances quite differently. People who walked in a small village
(i.e., a village in which many of the buildings were approximately seven-eighths as tall as normal vil-
lage dwellings) judged their traveled distance to be two to three times greater than that of people who
walked in a large city. Other work indicates that distance perception is also affected by scale-related
factors such as average distance of objects in an environment [Yang and Purves 2003]. Thus, it appears
that environmental scale may play a role in distance perception in real environments.

The goal of the present investigation was to examine how scale changes across virtual environments
affect people’s distance estimates. We addressed this question by giving people experience with making
distance estimates in one tunnel-like virtual environment with feedback (adaptation) and then asking
them to make distance estimates in an identical, but differently scaled, virtual environment without
feedback (test). The same distances were used in adaptation and test. As in other work, we expected
that people would become quite good at estimating distance by the end of the adaptation phase. Of
particular interest was whether people’s distance estimates remained accurate when they moved to
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another virtual environment that was different only in scale. If estimates remain accurate, this would
suggest that the learning observed in the Waller and Richardson [2008] and the Mohler et al. [2006]
studies is robust. If distance estimates become systematically less accurate, this would suggest that
the learning is fragile. In this case, it is important to determine whether some types of scale changes
are more disruptive than others.

We examined three types of scale changes: (1) changing the size of the tunnel, (2) changing the size of
the targets, and (3) changing the separation of the targets. In Experiments 1, and 2, we compared the
effect of scaling only the tunnel with the effect of simultaneously scaling everything (i.e., the tunnel,
targets, and target separation). We used joystick movement in Experiment 1, and blindfolded walking
in Experiment 2 to determine whether the same effects on distance estimation were observed with
different types of locomotion. In addition, we examined whether the direction of the scale change af-
fected distance estimates by carrying out adaption in a small tunnel and test in a large tunnel, and
vice versa. In Experiment 3, we examined how changing both the size of the targets and the separation
between the targets affected distance estimates via blindfolded walking. Finally, in Experiment 4, we
examined how changing either the size of the targets or the separation between the targets affected
distance estimates via blindfolded walking.

2. OVERVIEW OF EXPERIMENTAL SETTINGS AND PROCEDURE

2.1 Apparatus and Materials

A head-mounted display (HMD) system was used to display the virtual environment (VE). The view-
point of the virtual environment was adjusted for each participant’s eye height. The HMD (NVIS nVisor
SX) contained two small LCOS, displays, each with resolution of 1280 × 1024. The field of view was
approximately 60 degrees diagonal. Participants translated through the virtual environment via a joy-
stick (Logitech Cordless Precision game controller) or blindfolded walking. An Intersense Vistracker
IS-1200 was fitted to the HMD to measure orientation and, in the case of blindfolded walking, position.
The joystick directly controlled the speed of forward motion, with maximum deflection of the joystick
corresponding to 1.5 meters per second.

Joystick conditions (Experiment 1) were carried out in a dark room. Blindfolded walking conditions
(Experiments 2 to 4) were conducted in a large 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. Participants in the blindfolded walking
conditions also wore headphones that transmitted a constant white noise. 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 the direction of their travel while walking
with their eyes closed. The experimenter demonstrated the white noise guiding tool to the participants
at the beginning of the session and allowed them to step to the left and to the right to experience the
difference in amplitude in each ear.

2.2 Virtual Environments and Targets

A large virtual tunnel (20m wide by 7.9m tall) and a small virtual tunnel (6m wide by 2.4m tall) were
used to test the effect of changing the size of the tunnel on distance estimation (see Figures 1 and 2).
The two tunnels differed only in geometric scale. Specifically, the large tunnel cross-sectional area was
approximately 11 times larger (3.3 times taller and wider) than the small tunnel. Both tunnels were
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Fig. 1. Small and large tunnels used in the Scale Tunnel conditions. The top panels show the viewer’s perspective of the poles
in the small (A) and large (B) tunnels. The bottom panels show a top-down perspective of the relationship between the viewer
and the poles in the small (C) and large (D) tunnels.

Fig. 2. Small and large tunnels used in the Scale All conditions. The top panels show the viewer’s perspective of the poles in
the small (A) and large (B) tunnels. The bottom panels show a top-down perspective of the relationship between the viewer and
the poles in the small (C) and large (D) tunnels.
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1000m long. The walls were texture-mapped with gray stone brick and the floor with a black asphalt-
like texture. Texture scale remained the same in both tunnels; thus, the larger tunnel appeared to be
made of many more bricks than the smaller tunnel.

The targets were pairs of poles placed in the tunnels at five different distances from the participants:
6, 9, 12, 15, and 18m. Three pairs of poles—large, small, and tiny—were used to test the effect of
changing the size of the poles on distance estimation. Unlike the tunnels, the texture was scaled along
with the size of the poles. The large poles were 4.95m tall by 0.99m wide, the small poles were 1.5m tall
by 0.3m wide, and the tiny poles were 0.455m tall by 0.09m wide. Thus, the large poles were 3.3 times
taller and wider than the small poles, and the small ones were 3.3 times taller and wider than the
tiny poles. The lateral distance between the pole centers was proportional to the pole size. Thus, the
large poles were separated by 4m, the small poles were separated by 1.21m, and the tiny poles were
separated by 0.365m.

2.3 Procedure

The experiment consisted of two practice trials followed by an adaptation phase and a test phase. The
whole session lasted an average of 25 minutes.

The practice trials were used to familiarize the participants with the distance estimation task. In
each practice trial, two target poles appeared in front of the participants in the virtual tunnel. Par-
ticipants were instructed to move forward with eyes open, and to stop when they were directly be-
tween the poles. Because of the limited field of view of the HMD, participants had to turn their heads
90 degrees to the left and right in order to make sure that they were exactly lined up with the two
target poles. Pole distances of 9m and 15m were used for the practice.

Adaptation phase. During the adaptation phase, participants completed 20 distance judgments in
the virtual environment, receiving feedback after each trial. Participants were tested on each of the
five distances (6, 9, 12, 15, and 18m) four times during adaptation. The order of the target distances
was randomized in blocks of all five distances. In each adaptation trial, the target poles appeared in
front of the participant. Participants were instructed to look at the poles, but not to initiate travel.
After 5s, the experimenter said, “Close your eyes, go.” Participants then moved forward through the
virtual environment with their eyes closed via either the joystick or blindfolded walking. They said,
“I’m done” when they thought they were lined up between the poles. To ensure that subjects did not
receive any visual feedback during movement, the virtual environment was not displayed during the
movement. The experimenter then pressed a button to make the environment and poles reappear,
giving the participants feedback on how well they estimated the distance.

Test phase. After the adaptation phase, participants were instructed to close their eyes. They were
then put in a differently-scaled virtual environment for the test phase. During the test phase, partic-
ipants completed 10 distance estimation trials (two randomized sets of the five distances) but did not
receive any feedback after finishing movement (i.e., the poles did not reappear when participants said
“I’m done”).

2.4 Measures

The software system recorded the distance traveled (in meters) for all adaptation and test trials.

3. EXPERIMENT 1: HOW DOES SCALING THE TUNNEL VERSUS EVERYTHING (TUNNEL, TARGETS,
AND SEPARATION) AFFECT DISTANCE ESTIMATES VIA JOYSTICK MOVEMENT?

3.1 Experimental Conditions

In the first experiment, we examined two different types and directions of scale change. In the two
“Scale Tunnel” conditions, we performed an incomplete scale change by altering only the size of the
ACM Transactions on Applied Perception, Vol. 8, No. 4, Article 26, Publication date: November 2011.
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Fig. 3. Mean percentage of distance traveled by target distance, trial set, and experimental condition in Experiment 1 (Joystick
Movement).

tunnel between adaptation and test; the target poles remained the same size and distance apart. We
examined the effect of this type of scale change when going from a small tunnel to a large tunnel
(S-L), and when going from a large tunnel to a small tunnel (L-S) (see Figure 1). In the two “Scale All”
conditions, we performed a complete scale change between adaptation and test by altering the size of
the tunnel, the poles, and the separation between the poles. Again, we examined the effect of this type
of scale change when going from a small tunnel to a large tunnel (S-L), and when going from a large
tunnel to a small tunnel (L-S) (see Figure 2). In this experiment, participants used the joystick to move
within the environment. Thus, there were four experimental conditions:

Scale Tunnel S-L. adaptation in small tunnel with small poles, followed by test in large tunnel with
small poles;
Scale Tunnel L-S. adaptation in large tunnel with large poles, followed by test in small tunnel with
small poles;
Scale All S-L. adaptation in small tunnel with small poles followed by test in large tunnel with
large poles; and
Scale All L-S. adaptation in large tunnel with large poles, followed by test in small tunnel with
small poles.

3.2 Participants

Thirty-eight undergraduates participated for course credit. There were 20 females and 18 males.

3.3 Results and Discussion

Figure 3 shows the mean percentage of the distance traveled in the four conditions for each distance
and trial set. This figure shows that the accuracy of distance estimates increased gradually over adap-
tation. To determine whether there were differences between conditions over the course of adaptation,
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Table I. Mean Percentage of Adaptation
Distance Estimated at Test for Experiment 1

(Joystick Movement) and Experiment 2
(Blindfolded Walking)

Condition Experiment 1 Experiment 2

Scale All S-L 56.0%∗ (16) 82.1%∗ (13)
Scale All L-S 134.5%∗ (23) 114.8%∗ (13)
Scale Tunnel S-L 92.7% (12) 95.4% (11)
Scale Tunnel L-S 97.1% (14) 100.8% (9)
Asterisks indicate that the values differ significantly from
100%. Standard deviations are in parentheses.

we compared the mean percentage of distance traveled during the first two and second two adaptation
sets in a Condition (Scale Tunnel L-S, Scale Tunnel S-L, Scale All L-S, Scale All S-L) × Adaption Set
(first two, second two) repeated measures ANOVA. (Distance was not included as a factor because there
were only two observations at each distance for each adaptation set.) As expected, there was an effect
of adaptation set, F(1, 34) = 29.25, p < .001, indicating that the mean percentage of distance traveled
was smaller in the first two (M = 74% m, SD = 13) than in the second two (M = 84% m, SD = 9)
adaptation sets. Thus, participants’ estimates became more accurate over adaptation, although they
underestimated distance even at the end of adaptation. There was no significant main effect of condi-
tion or interactions involving condition, indicating that distance estimates did not differ by condition
during adaptation. The mean percentage of the distance traveled was 77% (SD = 11), 78% (SD = 12),
78% (SD = 9), 84% (SD = 16) in the Scale Tunnel L-S, Scale Tunnel S-L, Scale All L-S, Scale All S-L
conditions, respectively.

Our primary question of interest was whether distance estimates changed after moving to a differ-
ently scaled environment. To address this question, we first calculated the percentage of the adaptation
distance estimated at test by dividing the mean of the two test trials by the mean of the second two
adaptation trials for each distance. We then averaged these percentages over the five distances to ar-
rive at an overall percentage score for each participant. (Again, we did not include distance as a factor
because there were only two observations at each distance for the adaptation and test sets.) Scores over
100% indicate that a participant made longer distance estimates at test than at adaptation, whereas
scores under 100% indicate that a participant made shorter distance estimates at test than at adap-
tion. Table I shows the mean percentages for each condition. We used separate one-sample t-tests to
compare the overall percentage scores in each condition to 100%, the value expected with no change
from adaptation to test. The scores for both the Scale All S-L, t(9) = 8.83, p < .001, and Scale All
L-S, t(8) = 4.43, p < .01, conditions were significantly different from 100%. Thus, participants exhib-
ited significant change from adaptation to test when we scaled everything in the test environment.
However, the percentage scores for the Scale Tunnel S-L, t(8) = −1.76, p = .12, and the Scale Tunnel
L-S, t(9) = .65, p = .54, were not significantly different than the score expected with no change from
adaptation to test.

To determine whether the magnitude of the percentage scores differed by condition, we entered these
scores into a one-way ANOVA with condition as a between-participants factor. This analysis revealed a
significant effect of condition, F(3, 34) = 34.27, p < .0001. Fisher’s Protected Least Significant Differ-
ence (PLSD) follow-up tests indicated that all conditions differed significantly from one another except
for the Scale Tunnel L-S and the Scale Tunnel S-L conditions.

Together, these results suggest that when all aspects of the test environment were scaled, partici-
pants going from the large to the small tunnel perceived the same distances as longer during test than
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adaptation; and participants going from the small to the large tunnel perceived the same distances as
shorter during test than adaptation. This pattern of results was not obtained when only the size of the
tunnel changed from adaptation to test. These differences in how participants perceived the same dis-
tances after different kinds of scale changes suggest that not all types of scale changes affect distance
perception similarly.

4. EXPERIMENT 2: HOW DOES SCALING THE TUNNEL VERSUS EVERYTHING (TUNNEL, TARGETS,
AND SEPARATION) AFFECT DISTANCE ESTIMATES VIA BLINDFOLDED WALKING?

There were substantial differences in distance estimates when all aspects of the environment were
scaled from adaptation to test in Experiment 1. However, it is still unclear exactly what was being
affected by changes in scale. Participants used a joystick rather than actual walking to “move” to the
targets. Moving through a virtual environment via a joystick with one’s eyes closed provides mostly
timing information about distance (i.e., how long it takes to travel a given distance). Therefore, par-
ticipants may have been using a timing strategy to complete the task, grounding their memory for
distances in time rather than in actual movement through space. Furthermore, although the joystick
speed was similar to normal human walking speed, it was not calibrated to individual participants’
walking speeds. This may have led to an ungrounded perception of the environment, which was exac-
erbated by changing the scale of everything from adaptation to test. In Experiment 2, we further tested
the generality of people’s responses to different types of scale changes by replicating Experiment 1, ex-
cept that participants moved through the virtual environment via actual (blindfolded) walking. This
allowed us to investigate whether people continue to show systematic over and underestimation of dis-
tance perception in response to scale changes when they are given the opportunity to physically walk
to targets in a virtual environment.

4.1 Experimental Conditions

The experimental conditions and testing procedures were identical to those of Experiment 1, except
that participants made distance estimates via blindfolded walking.

4.2 Participants

Fifty-three undergraduate students participated for course credit. There were 24 females and 29 males.

4.3 Results and Discussion

Figure 4 shows the mean percentage of the distance walked in the four conditions for each for each
distance and trial set. As in Experiment 1, the accuracy of distance estimates increased gradually over
adaption. To determine whether there were differences between conditions over the course of adap-
tation, we compared the mean of the first two and second two adaptation sets in a Condition (Scale
Tunnel S-L, Scale Tunnel L-S, Scale All S-L, Scale All L-S,) x Adaption Set (first two, second two)
repeated measures ANOVA. As expected, there was an effect of adaptation set, F(1, 49) = 115.25, p <

.001, indicating that mean percentage of distance walked was smaller in the first two (M = 73%, SD =
13) than in the second two (M = 84%, SD = 11) adaptation sets. Thus, participants’ estimates became
more accurate over adaptation, though they again underestimated distance even at the end of adap-
tation. There was no significant main effect of condition or interactions involving condition. The mean
percentage of distance walked was 77% (SD = 17), 81% (SD = 10), 75% (SD = 13), 81% (SD = 11) in
the Scale Tunnel L-S, Scale Tunnel S-L, Scale All L-S, Scale All S-L conditions, respectively.

Our primary question of interest was whether distance estimates changed after moving to a differ-
ently scaled environment. Table I shows the mean percentage of the adaptation distance walked for
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Fig. 4. Mean percentage of distance walked by target distance, trial set, and experimental condition in Experiment 2 (blind-
folded walking).

each condition. We used separate one-sample t-tests to compare the overall percentage scores in each
condition to 100%, the value expected with no change from adaptation to test. The scores for both the
Scale All S-L, t(11) = 4.90, p < .001, and Scale All L-S, t(13) = 4.28, p < .001, conditions were sig-
nificantly different from 100%. Thus, participants exhibited significant change from adaptation to test
when we scaled everything in the test environment. However, the percentage scores for the Scale Tun-
nel S-L, t(11) = −1.42, p = .18, and the Scale Tunnel L-S, t(14) = .37, p = .72, were not significantly
different than the score expected with no change from adaptation to test.

To determine whether the magnitude of the percentage scores differed by condition, we entered these
scores into a one-way ANOVA with condition as a between-participants factor. This analysis revealed
a significant effect of condition, F(3, 49) = 18.19, p < .0001. Fisher’s PLSD follow-up tests indicated
that all conditions again differed significantly from one another, except for the Scale Tunnel L-S and
the Scale Tunnel S-L conditions.

The results of this experiment exactly replicated those of Experiment 1. Specifically, when all aspects
of the test environment were scaled, participants going from the large to small tunnel perceived the
same distances as longer during test than adaptation. Conversely, participants going from the small to
the large tunnel perceived the same distances as shorter during test than adaptation. When only the
tunnel was scaled at test, however, the effects were minimal.

Thus, it appears that these different kinds of scale changes affect joystick and physical movement
through virtual environment similarly. It should be noted, however, that the effects of scaling ev-
erything in the test environment were attenuated when participants actually walked to the targets
in the present experiment, as compared to when subjects used a joystick to move to the targets in
Experiment 1. In the Scale All L-S condition, participants overshot distances relative to adaptation by
an average of 34.5% (2.75m) in Experiment 1, but only 14.8% (1.09m) in Experiment 2. Likewise, in
the Scale All S-L condition, participants undershot distances relative to adaptation by an average 44%
(4.81m) in Experiment 1, but only 17.9% (1.83m) in Experiment 2. This suggests that the experience
of walking to the targets led to a more effective grounding of distance perception.
ACM Transactions on Applied Perception, Vol. 8, No. 4, Article 26, Publication date: November 2011.
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5. EXPERIMENT 3: DOES SCALING BOTH THE SIZE OF THE TARGETS AND THE SEPARATION
BETWEEN THE TARGETS LEAD TO CHANGES IN DISTANCE ESTIMATES?

Together, the first two experiments suggest that not all types of scale changes affect distance per-
ception similarly. When all aspects of the test environment were scaled, participants going from the
large to small tunnel perceived the same distances as longer during test than adaptation. Conversely,
participants going from the small to the large tunnel perceived the same distances as shorter dur-
ing test than adaptation. When only the tunnel was scaled at test, however, participants perceived
the distances as essentially the same from adaptation to test. These differences in how participants
perceived the same distances after different kinds of scale changes were similar for both joystick and
physical movement through virtual environments, although the effects of scale changes were attenu-
ated with actual physical movement in the VE.

One question these findings raise is whether participants will continue to exhibit systematic changes
in distance estimates when the target size and target separation, but not the tunnel size, are changed
from adaptation to test. In Experiments 1 and 2, we saw substantial effects of scaling all aspects of
the environment from adaptation to test. In addition, we saw minimal effects of scaling when the tun-
nel size changed but the target size remained the same. This suggests that the changes in people’s
distance estimates were driven by changes in target size and/or target separation. However, because
we scaled the tunnel along with the targets and separation between the targets, we cannot completely
rule out the possibility that target size and separation interact in some way with tunnel size. To begin
to tease apart these factors, we conducted a third experiment in which the tunnel size was unchanged
from adaptation to test, but the target size and separation changed from adaptation to test. Because
the effects of going from small to large were somewhat larger than those of going from large to small,
we chose to examine the effects of changing target size and separation from small (adaptation) to large
(test). In the large tunnel condition, participants viewed small poles with a small separation during
adaptation and viewed large poles with a large separation during test, whereas in the small tunnel con-
dition, participants viewed tiny poles with a tiny separation during adaptation and viewed small poles
with a small separation during test. Carrying out the same relative scale change in two differently-
sized tunnels with different-sized poles allowed us to determine whether the effects generalized across
different tunnel and pole sizes.

5.1 Experimental Conditions

Experimental conditions were as follows.
Scale TargetSizeAndSeparation S-L. adaptation with small poles and small separation, test with

large poles and large separation, all in large tunnel; and
Scale TargetSizeAndSeparation T-S. adaptation with tiny poles and tiny separation, test with small

poles and small separation, all in small tunnel.
The procedure was the same as that used in Experiment 2. Again, participants made distance esti-

mates via blindfolded walking.

5.2 Participants

Twenty-eight undergraduate students participated for course credit. There were 16 females and
12 males.

5.3 Results and Discussion

Figure 6 shows the mean percentage of distance walked in the large and small tunnel conditions for
each distance and trial set. As in the other experiments, the accuracy of distance estimates increased
gradually over adaptation. A Condition (Large Tunnel S-L vs. Small Tunnel S-L) × Adaption Set (first
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Fig. 5. Poles and tunnels used in Experiment 3. The top panel shows the poles in the large tunnel at adaptation (A) and test
(B) The bottom panel shows the poles in the small tunnel at adaptation (C) and test (D).

Fig. 6. Mean percentage of distance walked by target distance, trial set, and experimental condition in Experiment 3.

two, second two) repeated measures ANOVA on the first two and second two adaptation trials re-
vealed a significant effect of adaptation set, F(1, 26) = 58.18, p < .0001, indicating that the mean
percentage of distance walked was smaller in the first two (M = 69%, SD = 8) than in the last two
(M = 80%, SD = 10) adaptation sets. Thus, participants’ estimates became more accurate over adapta-
tion, although they again underestimated distance even at the end of adaptation. There was no effect of
condition or interactions with condition. The mean percentage of distance walked in the Large Tunnel
S-L and Small Tunnel S-L conditions was 77% (SD = 12) and 72% (SD = 10).
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Our primary question of interest was whether distance estimates changed from adaptation to test
when the tunnel size remained the same (i.e., large or small), but the poles and separation between
them increased in size. One-sample t-tests comparing the mean percentage scores to 100% revealed
that participants significantly underestimated distances at test relative to adaptation in both the large
tunnel, t(13) = −5.56, p < .0001, and in the small tunnel, t(13) = −2.76, p < .05. The mean percentage
change scores were 78.1% (SD = 15) and 89.9% (SD = 14) in the large tunnel and small tunnels,
respectively. In addition, a one-way ANOVA with condition as a between-participants factor yielded a
significant effect of condition, F(1, 26) = 4.84, p < .05, indicating that the percentage of adaptation
distance walked at test was significant smaller in the large tunnel than in the small tunnel.

These results clearly show that scaling the size of the target poles and the separation between
them without scaling the size of the tunnel led to changes in distance estimates at test. Regardless of
whether distance estimates were made in the small or large tunnel, participants significantly underes-
timated distance when the target size and separation increased from adaptation to test. Interestingly,
there was more underestimation in the large tunnel than in the small tunnel. Although the source
of this difference is unclear, it may be that distance estimates are more grounded in spaces closer to
people’s typical experience. That is, due to the size of the small tunnel, the distribution of distances in
the scene is closer to that of everyday experience (i.e., it has a maximum probability near 3m), which
is hypothesized to play a role in people’s judgment of distance [Yang and Purves 2003]. Overall, these
findings offer further support for the idea that people were responding to changes in target size and/or
separation rather than changes in the tunnel size. However, given that both target size and separation
were scaled simultaneously, it is possible that changes in the two together are required to produce
changes in distance estimates. To separate these two factors, we conducted a fourth experiment in
which only target size was scaled in one condition and only target separation was scaled in the other
condition.

6. EXPERIMENT 4: DOES SCALING EITHER THE TARGET SIZE OR THE TARGET SEPARATION
ALONE LEAD TO CHANGES IN DISTANCE ESTIMATES?

6.1 Experimental Conditions

Experimental conditions were as follows.
Scale TargetSize S-L. adaptation with small poles and large separation, test with large poles and

large separation, all in large tunnel; and
Scale TargetSeparation S-L. adaptation with small target separation, test with large target separa-

tion, all with small poles in large tunnel.
Again, all aspects of the procedure were the same as in Experiments 2 and 3.

6.2 Participants

Twenty-four undergraduate students participated for course credit. There were 12 females and 12
males.

6.3 Results and Discussion

Figure 8 shows the mean percentage of the distance walked in the target size and target separation
conditions for each distance and trial set. A Condition (size vs. separation) × Adaption Set (first two,
second two) repeated measures ANOVA on the mean of the first two and second two adaptation sets
again revealed a significant effect of adaptation set, F(1, 22) = 39.30, p < .0001, indicating that mean
percentage of distance walked was shorter in the first two (M = 70%, SD = 13) than in the second two
(M = 83%, SD = 14) adaptation sets. There was no effect of condition or interactions with condition.
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Fig. 7. Poles and tunnel during adaptation (A) and test (B) in the Scale TargetSize S-L condition. Poles and tunnel during
adaptation (C) and test (D) in the Scale TargetSeparation S-L condition.

Fig. 8. Mean percentage of distance walked by target distance, trial set, and experimental condition in Experiment 4.

The mean percentage of distance traveled in the target size and target separation conditions was 78%
(SD = 13) and 75% (SD = 16).

Our primary question of interest was whether distance estimates changed from adaptation to test
when (1) the size of the tunnel and the target separation remained the same, but the poles increased
in size, and (2) when the size of the tunnel and the poles remained the same, but target separation
increased. Separate one-sample t-tests comparing the mean percentage scores to 100% revealed that
participants in the target size condition significantly underestimated distances at test relative to adap-
tation, t(11) = −2.58, p < .05. This was not the case for participants in the target separation condition,
t(11) = −.13, p = .90. The mean percentage scores were 92.1%(SD = 11) and 99.5%(SD = 14) in the
ACM Transactions on Applied Perception, Vol. 8, No. 4, Article 26, Publication date: November 2011.
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target size and target separation conditions, respectively. However, a one-way ANOVA with condition
as a between-participants factor yielded no effect of condition, F(1, 22) = 2.19, p = .15, indicating that
the percentage of the adaptation distance walked at test did not differ between the size and separation
conditions.

To help round out our investigation of the impact of changes in target size and separation on distance
estimates at test, we also conducted a cross-experiment comparison of percentage scores in the target
size condition from Experiment 4 and in the target size and separation condition from Experiment 3
(large tunnel). All aspects of the two conditions were the same, except that the Experiment 3 condition
involved changing both target size and separation at test, whereas the Experiment 4 condition involved
changing only the target size. A one-way ANOVA with condition as a between-subjects factor yielded
a significant effect of condition, F(1, 24) = 7.54, p < .05, indicating that participants underestimated
distances more at test when both target size and separation changed (M = 78%, SD = 15) than when
only target size changed (M = 92%, SD = 11).

Together, these results indicate that change in target size, not separation, is the critical factor lead-
ing to changes in distance estimation from adaptation to test. When target size changed but the target
separation remained the same, participants significantly underestimated distance. However, when the
target separation changed, but the target size remained the same, participants exhibited no significant
change in their distance estimates from adaptation to test. Note, however, that the amount of under-
estimation when only the target size was changed from adaptation to test was relatively small. The
implications of these findings are discussed in further detail below.

7. GENERAL DISCUSSION AND CONCLUSIONS

The goal of this investigation was to examine the influence of scale changes on distance perception in
virtual environments. Of particular interest was how people responded to changes in the size of the
surrounding environment (a tunnel in our case), the targets (two poles), and the separation between
the targets. We discovered that distance judgments at test were largely unaffected by an eleven-fold
increase in the cross-sectional size of the tunnel. Thus, the calibration of distance achieved during
adaptation was stable in face of a significant change in the scale of the surrounding environment
at test. Distance judgments were also unaffected by changes in the separation of the two targets.
However, changing the size of the targets had significant and systematic effects on distance esti-
mates. When the target poles became larger from adaptation to test, participants undershot distances
at test relative to adaptation. Conversely, when the target poles became smaller from adaptation to
test, participants overshot distances at test relative to adaptation. These results are summarized in
Table II.

Together, these results indicate that changes in the retinal size of the targets had a strong influ-
ence on the perceived distance to the targets. For objects with constant physical size, the size of the
object on the retina is a well-established cue to distance. One manifestation of the perceptual encod-
ing of the relationship between retinal size and distance is the ability to judge absolute distance to
well-known objects on the basis of their familiar size. Classic studies have shown that familiar size is
a particularly powerful cue to distance when other cues are unavailable or attenuated [Epstein et al.
1961; Ittelson 1951]. For example, if people view off-size playing cards (e.g., twice as large or small as
a normal playing card) at the same distance in a darkened room, they will judge the smaller card as
farther away and the larger card as closer. While the objects used in our experiments were not familiar
to the participants prior to the experiment, participants became familiar with their size throughout
the adaptation trials. They viewed the poles at the beginning of each adaptation trial and stood close to
them at the end of each adaptation trial, providing them with extensive experience with size-distance
relationships. Change in size can also be a cue for change in relative distance even if the actual size
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Table II. Summary of Experimental Conditions and Results
Experiment Scaling Conditions and Results

Experiment 1 Scale everything, move via Scale only tunnel, move via
joystick joystick, small poles

Small-to-large 56.0%* 92.7%
Large-to-small 134.5%* 97.1%
Experiment 2 Scale everything, move via Scale only tunnel, move via

blind walking blind walking, small poles
Small-to-large 82.1%* 95.4%
Large-to-small 114.8%* 100.8%
Experiment 3 Scale targets and separation, large Scale targets and eparation, small

tunnel only, small-to-large poles tunnel only, tiny-to-small poles
78.1%* 89.9%*

Experiment 4 Scale targets, large tunnel Scale target separation, large
only, small-to-large poles tunnel only, small-to-large poles

92.1%* 99.5%
The percentage values in the table are the means of the distances estimated at test expressed as a
percentage of the distances estimated at adaptation. Asterisks indicate that the values differ significantly
from 100%.

of the object is unknown. For example, objects that continuously grow in size on the retina can be
perceived as moving on a trajectory approaching the observer (i.e., looming). Participants in our exper-
iment could have been using either knowledge of absolute size or changes in relative size to make their
distance judgments.

A complementary way to think about the link between size and distance is the ability to perceive
objects as having a stable size despite changes in viewing distance. Object constancy refers to the
idea that the same object is perceived as being the same size at different distances, even though the
size of the image on the retina varies with distance from the observer. Many classic real-world ex-
periments have shown that people accurately judge object size despite changes in distance [Harvey
and Leibowitz 1967; Holway and Boring 1941]. More recently, Kenyon et al. [2007] examined whether
people use size constancy in virtual environments. They found that when asked to adjust the size of
a Coke bottle placed on a table at various distances in a rich virtual environment, participants accu-
rately set the size of the bottle to correspond to the actual size of the object. Their work clearly shows
that people maintain size constancy in virtual environments, although they have difficulty doing so in
impoverished virtual environments (i.e., when cues to distance are removed). While our experiment
did not explicitly examine the perception of object size, a tendency to perceive objects as having a sta-
ble size may underlie the pattern of distance judgments we found. Thus, when objects became larger,
they were perceived as closer and when they became smaller, they were perceived as further away.

Although object size appeared to play an important role in distance estimation, participants’ adjust-
ments of their distance estimates were only a small proportion of the 3.3 factor by which object size
was increased or decreased. This suggests that distance estimates were based not only on perceived
object size, but on information integrated from multiple distance cues. Unlike the classic perception
studies in which participants viewed objects in cue-impoverished, darkened rooms, the virtual en-
vironments we used were fully lit and contained many other distance cues such as motion parallax,
angular declination, and linear perspective. Based on the results of the first couple of adaptation trials,
when subjects could not have known the absolute size of the targets, we know that participants could
estimate distance equally well with the large and small poles (albeit they underestimated distance
for both sets of targets). Thus, it seems likely that participants were relying on cues other than size
during adaptation such as the angular declination. When the target size changed at test, those other
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cues conflicted with object size cues. In the face of conflicting cues, participants may have integrated
the information from multiple cues and arrived at an estimate that was a weighted average of the
conflicting sources of information. Other work indicates that cue weightings in virtual environments
can shift depending on factors such as object distance [Glennerster et al. 2006].

Participants made greater adjustments when both the size of the poles and the separation between
them changed from adaptation to test (Experiments 1 to 3) than when only the size of the poles changed
(Experiment 4). This pattern of results can be explained by a cue weighting model that puts confidence
in cues that are consistent with a stable world view, the presumption that the physical attributes of
and spatial relations among objects in the world tend to be stable [Glennerster et al. 2006]. A coupled
change in pole size and separation is consistent with an explanation that the changes are caused by
a change of viewpoint in a stable world. That is, if the size and separation of the poles were fixed,
then the retinal sizes of the poles and angles subtended by the poles both grow or shrink at view-
points closer or further away from the targets. Thus, scaling only poles size (Experiment 4) would
produce retinal images that could not solely be explained by a change in viewpoint. Notably, distance
judgments were significantly less influenced in this condition. Likewise, distance judgments were not
significantly influenced by changes in only the separation of the poles. This pattern of results sug-
gests a preference for explanations that preserve the stability of object size over the stability of spatial
arrangements.

Further work is needed to determine how the properties of the targets and the environment influence
distance perception. For example, simple changes to the features of the poles (e.g., color, shape, or
texture) between adaptation and test may be sufficient to override the perception that poles that get
bigger are closer and poles that get smaller are farther away. If so, this would suggest that people
dynamically reweight distance cues in response to other perceptual information about targets.

A final issue concerns whether perceptual-motor recalibration during adaptation is necessary to pro-
duce scale change effects at test. The improvement in distance estimates over the course of adaptation
shows that participants recalibrated perception and action in our virtual environment (see also Mohler
et al. [2006]; Waller and Richardson [2008]). Clearly, people learned about the relationship between the
perceived visual size of the poles and movements produced to reach the poles during adaptation. Fur-
thermore, the retinal changes in the size of the poles and the angle subtended by the poles at the
beginning and end of each adaptation trial may have increased the salience of size cues. However, it
is also possible that perceptual-motor recalibration is unnecessary to produce effects of scale change
on distance perception. The fact that distance estimates during adaptation did not differ depending
on whether participants saw large or small poles indicates that the critical factor is the change in
size from adaptation to test. One way to test whether perceptual-motor recalibration plays a role in
producing scale effects is to expose people to the poles at the different distances during adaptation
without asking them to make any kind of distance judgment (e.g., blindfolded walking). If people show
systematic patterns of distance estimation at test depending on whether the poles become larger or
smaller, then we can conclude that perceptual-motor recalibration is not necessary to produce these
effects. At present, the role of purely visual experience in producing scale change effects on distance
estimation is not known.

In sum, the large effects of scale changes on distance perception lend further support to the con-
clusion that people have difficulty accurately perceiving egocentric distance in virtual environments.
The distances were the same from adaptation to test, and yet people thought the poles were farther
away when the targets became smaller, and closer when the targets became larger. This occurred de-
spite the fact that quantitative cues such as the angle of declination remained the same for a given
distance. Further work is needed to better understand how space perception is calibrated in virtual
environments.
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