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Abstract

Distance perception in virtual reality is reviewed, and investigated in a
series of experiments. In experiment 1, the systematic underestimation of
distance found in virtual reality displays was investigated. This investiga-
tion used a video camera mounted on a head-mounted display to compare
a photorealistic ”virtual” world to monocular viewing of the real world
with restricted field of view and unrestricted viewing. In experiment 2, the
use of angular declination from the horizon as a cue to distance was inves-
tigated in virtual reality using a virtual world with a variable horizon line
height. Subjects performed both a verbal estimation task and a visually
directed action task. Subject data were fit to power function models to
avoid issues of linear underestimation. In experiment 3, distance percep-
tion in indoor and outdoor virtual environments was investigated, using
the same tasks as experiment 2. Experiment 1 found significant distance
underestimation in the head-mounted display condition, but not in either
of the real-world viewing conditions. This suggests that neither restricted
field of view, nor level of graphical detail are responsible for the distance
underestimation found in virtual reality. Experiment 2 found similar per-
formance between the two tasks, and significantly higher power function
exponents when the horizon line was lowered. This supports declination
from the horizon as a cue to distance, and is consistent with a theory
of distance perception suggesting the two tasks use the same underlying
representation of distance. Experiment 3 found similar performance be-
tween both tasks in the outdoor environment, but a significantly larger
mean verbal exponent than motor exponent in the indoor condition. This
dissociation between verbal and motor performance suggests that there
might be some fundamental difference between the two tasks, or between
the two environments used.

1 Introduction

Understanding distance perception has long been a fundamental problem in the
study of human vision. Despite this, distance perception has not yet been fully
elucidated, and remains an area of active research.
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1.1 How does distance perception work?

In order to investigate distance perception, we have to consider what mecha-
nism underlies it. Because humans can interact with environments that they
have seen, even with their eyes closed, we can assume that they have some
internal representation of the space around them. Traditionally, this internal
representation has been called visual space, and a lot of perception research goes
into investigating its properties (J. Loomis, Silva, Fujita, & Fukusima, 1992).

There have been a number of approaches to investigating the structure of
visual space. Gibson believed that visual perception was veridical and direct,
implying that there is no need for a visual space, since everything visible in a
natural, structured environment is directly and immediately available(Gibson,
1986). Gilinsky also investigated the relationship between the real world and
our representation of it, seeking mathematical equations to map from physical
to visual space(Gilinsky, 1951).

Loomis and his colleagues have done a number of experiments involving
visually directed action, meaning that subjects are given visual input, and sub-
sequently asked to perform a task without vision (J. Loomis et al., 1992). This
sort of task clearly involves visual space. One theory put forth by Loomis et
al. suggested that physical space is mapped to visual space in a way that gives
very accurate measures of egocentric distance, but not of exocentric distance.
Loomis et al. use this to argue that visual perception and visually directed
action draw on the same perceptual resources (J. Loomis et al., 1992).

Another theory, which initially seems to contradict Loomis et al.’s view of
a unified visual perception and visual-motor system, comes from Goodale and
Milner, who show a range of neurological and behavioral evidence for a sepa-
ration between the neural pathways leading to conscious visual perception, and
those leading to visually guided action(Goodale & Milner, 1992). This theory is
at odds with Loomis et al.’s because its suggestion of separate visual and visuo-
motor pathways implies some dissociation of visual space for the two. Michaels,
an ecological psychologist, attacks Goodale and Milner’s definitions of percep-
tion and perceptual action, pointing out that the assumption of a purely per-
ceptual information processing stream goes against the tight perception-action
coupling advocated by ecological psychologists(Michaels, 2000). Despite this
objection, most mainstream perception scientists find Goodale and Milner’s as-
sumption of perceptual representation unobjectionable.

While these two theories seem to be in conflict, neither one really excludes
the other. Goodale and Milner note that while the two pathways can operate
independently, there is definitely some communication between them(Goodale
& Milner, 1992). This would allow Loomis et al.’s theorized single, egocentric
representation of visual space to reside in one place, and be available to both
pathways.
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1.2 How is distance perception measured?

One major focus of work by Loomis and his colleagues is the difference between
egocentric and exocentric distance perception. Egocentric distance is distance
from the observer to some location in the world, while exocentric distance is
the distance between two objects. They argue that visual space is organized
in terms of egocentric distance, and show evidence of near-veridical egocentric
distance perception, and significantly less accurate exocentric distance percep-
tion(J. Loomis et al., 1992).

A related concern which Loomis et al. have controlled for, but haven’t dis-
cussed in detail, is the indicator of perceived distance. Distance can be indicated
by subjects either implicitly, or explicitly. Implicit indication of perceived dis-
tance involves an action, like walking to a target, which indicates indirectly what
the subject believes a distance to be. Explicit indication of perceived distance
tends to be more cognitive, and involves a direct report of what the subject
believes the distance to be.

Another concern is how to model the data once it’s been gathered. One well-
established method of modelling this sort of distance perception data is with a
power function. The use of a power function generally focuses on the exponent,
which indicates the rate at which perceived distance appears to increase as
actual distance increases. A pair of studies by Teghtsoonian and Teghtsoonian
illustrate this method of modelling distance perception data(M. Teghtsoonian
& Teghtsoonian, 1969; R. Teghtsoonian & Teghtsoonian, 1970). In the first
of these studies, verbal judgements of indoor distances were given by subjects,
and each subject’s responses were modelled as a power function. In the second
study, the mean exponent found in the original study was compared to the
mean exponent found for outdoor viewing. The indoor study found a mean
exponent of 1.2, meaning that perceived distance increases more quickly than
actual distance indoors. The outdoor study found mean exponents between
0.85 and 0.99, decreasing as the range of distances judged increases, which
means that perceived distance and actual distance increase at about the same
rate up to a point, after which increased actual distance has a diminishing
impact on perceived distance. The popularity of power function modelling has
declined in recent years, in favor of simpler, linear models of the relationship
between perceived and actual distance, as used by Loomis et al.(J. Loomis et
al., 1992). Linear models more directly model absolute distance perception
perception, while power function models are more useful for understanding how
that distance perception changes over distance.

1.3 Cues to Distance

Another important consideration is just what cues to depth are available to the
human visual system.

There are two kinds of information that cues to distance can give. Most cues
give relative distance information, telling the visual system about the distance
relationships between different objects in the world. For example, a relative
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distance cue might tell the visual system that one object is twice as far away as
another object, but not exactly how far away either object is. A few cues give
absolute distance information, telling the visual system about exact distance
quantities in the world. These absolute cues are often limited, either by effective
range, or familiarity with the observed object. The ways in which absolute and
relative cues to distance perception can be combined will be discussed shortly.

In order to focus the light that falls on the fovea, the eye uses a lens system.
This system involves using ocular muscles to vary the thickness of the lens.
The visual system has access to how thick or thin these muscles make the lens,
where the thinner the lens is, the farther away the eye is focused. This cue,
called accommodation, tells the visual system exactly how far away the object
being brought into focus is. Accommodation only provides useful information
for objects within about 8 feet of the observer, because at greater distances, the
lens is already as thin is at gets, or needs to be to bring distant objects into
focus(Palmer, 1999; Cutting & Vishton, 1995).

Some distance cues are given by motion. One such cue, motion parallax,
allows an observer to determine the relative distances of two objects based
on their relative motion as the observer’s viewpoint moves through the world.
Objects that are closer to the observer will move more than objects farther from
the observer(Palmer, 1999; Cutting & Vishton, 1995).

Another motion cue comes from the motion of texture as the observer moves
through the world. This cue is given by the way textures change over time, as
either the observer or the world moves. As textures shrink, cover less area,
and increase in density, the objects that they’re associated with grow more
distant(Palmer, 1999).

Texture can also be a depth cue without motion. Since an object’s texture
density tends to be greater on parts of the object that are further away, the
texture gradient can function as a cue for relative depth(Palmer, 1999). Further
supporting texture as a depth cue, texture discontinuities have been shown to
cause underperception of distance(Sinai, Ooi, & He, 1998). Feria et al. have
hypothesized that this is because the line separating the textures is given some
amount of area, and that this separating area is subtracted from the distance
estimation(Feria, Braunstein, & Andersen, 2003).

Another property of the projection from three-dimensional to two-dimensional
space is the existence of a horizon line, at eye level, infinitely far away, towards
which all parallel lines converge. Basic trigonometry allows the visual system to
determine the distance from the observer to an object on the ground plane, as
long as the angle between the object and the horizon, and the observer’s height,
are known(Palmer, 1999).

Ooi et al. recently demonstrated that the angular declination from the hori-
zon line to an object is a cue to distance(Ooi, Wu, & He, 2001). Objects appear
closer to an observer when the angle between the object and the horizon is
greater. This is because the horizon line is generally constant, as is the ob-
served angle between the horizon and an observer’s feet. As a result, when the
angle between the horizon and an object increases, this implicitly decreases the
angle between the object and the observer’s feet, implying that the object is

4



closer.
Dixon et al. have shown that eye height is a cue to object size(Dixon, Wraga,

Proffitt, & G.Williams, 2000). Using the fact that the ratio of an object’s height
to it’s distance from the horizon is equal to the ratio of it’s retinal size to it’s
retinal distance from the horizon, an object’s actual size could be extracted from
an image of it, as long as eye height is known. This could also provide a cue to
distance, as distance can be determined if both observed and actual height are
known.

A very simple cue is based on the observed sizes of objects. This cue, relative
size, is the visual system’s understanding that larger objects tend to be closer to
the observer than smaller objects(Palmer, 1999). Another distance cue, familiar
size, works for objects of known size. If an object whose size is familiar to the
observer is seen at some distance, the observer can use the difference between the
object’s known size and it’s perceived size to appropriately scale the perceived
distance into actual distance(Palmer, 1999). Familiar size is the only cue to
distance that gives absolute, rather than relative, distance estimations without
relying on motor signals from the ocular muscles.

Another cue to distance that takes advantage of the structure of the environ-
ment is aerial perspective. Aerial perspective refers to the haziness of distant
objects caused by photon-blocking particles in the air between the observer and
the object(Palmer, 1999; Cutting & Vishton, 1995). This causes objects that
are further away in hazy environments to appear to have lower contrast than
nearer objects, as less of the light reflecting off of further objects reaches the
observer.

The addition of a second eye to the visual system allows two more cues
to distance, one ocular, one optical. As discussed before, the visual system has
access to information about the ocular muscles. As a result, the different viewing
angles of the two eyes, are available to the visual system. Knowing the two
viewing angles, and the interpupillary distance, it is possible to determine the
point of intersection of those angles, relative to the observer. This cue is called
convergence, and while it is only useful within about 8 meters of an observer,
after which the angles of the eyes are too close to straight ahead to be useful,
it is a very powerful cue to depth within that distance. Like accommodation
and familiar size, convergence gives an absolute estimation of distance(Palmer,
1999).

The optical cue given by a second eye is the difference between corresponding
points in the two optical images. This difference, called binocular disparity, is
a cue that something is close by, as the retinal images of the two eyes differ less
and less as the viewed distance increases(Palmer, 1999).

While many cues to distance are well-established, there may well still be
cues that we have not taken into account. One method used to investigate this
is ideal observer modelling. Ideal observer models attempt to quantify the most
accurate possible perceptions given the known physical limits of perceptual cues
and optimal Bayesian combination of those cues. Ideal observer models show
that we aren’t considering the right cues, or misunderstand their limits, when
the models perform worse than actual human subjects(Liu, Knill, & Kersten,
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1995). While we cannot present an ideal observer model here, we can address
how humans actually perform cue combination.

1.4 Cue Combination

While it’s important to individually consider the cues to distance, it is also
important to consider their combination. Without some way to combine the
information from all of these cues, only accommodation, convergence, and fa-
miliar size could give estimates of absolute distance. Since the first two cues
are only effective within a few meters of the observer, and familiar size is only
effective at estimating the size of known objects, using only these cues would
be a significant limitation.

One way to combine cues would be a winner-take-all competition, using the
distance value reported by the cue that the visual system gives the most weight
to, or the one that reports the least uncertainty. This approach is problematic
because individual cues are unreliable. The winner-take-all approach also throws
out the very powerful technique of using one cue to support another.

Landy et al. describe two ways that cues could be combined to support
each other, and offer a model that compromises between the two(Landy, Mal-
oney, Johnston, & Young, 1995). One way, weak fusion, is a weighted linear
combination of the values of various cues. This model is appealing because it
makes empirical investigation of the weights easy. However, weak fusion is too
limited, because not all cues give absolute distance values, and thus couldn’t be
combined as a weighted linear average of depth maps.

Another model described by Landy et al., strong fusion, involves very com-
plex interactions between different cues(Landy et al., 1995). While this model is
very flexible, it effectively eliminates the ability to investigate cues individually.
Because of this limitation, strong fusion is seen as an overly flexible, pessimistic
model.

A compromise offered by Landy et al., modified weak fusion, involves the use
of some cues to ”promote” others(Landy et al., 1995). Most cues offer relative
information, that can be transformed into absolute information given a single
point of absolute distance information from another cue. Other, ancillary cues
offer support information that can qualitatively disambiguate cues, providing
information like the direction in which an object is spinning. The depth maps
generated by combining cues are then combined in a weighted linear fashion.

Hillis et al. show that multimodal cue combination allows access to the
original cues, while the combination of cues from the same sensory modality
merges them and doesn’t allow access to the original cues(Hillis, Ernst, Banks, &
Landy, 2002). Hillis et al. demonstrated this using a discrimination task, where
three stimuli, two of which were identical, were given, and the task was to pick
the odd stimulus. Subjects were shown multi-cue stimuli that appeared to have
the same value for a parameter (either slant or size). Some of these stimuli had
consistent values for different cues, while others had inconsistent values whose
weighted average was the intended value, even though no cue indicated that
value by itself. Subjects using a combination of visual and haptic cues were
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able to discriminate accurately between individual cue values, while subjects
using only visual cues were unable to separate the individual cues from their
weighted average.

1.5 Distance perception in virtual reality

Virtual reality is a popular and powerful tool in perception research. It allows
experimenters unprecedented control of visual stimuli, while maintaining some
measure of ecological validity(J. M. Loomis, Blascovich, & Beall, 1999).

Virtual reality systems have a number of limitations. Because their screens
are fixed, they cannot manipulate accommodation. The quality of real-time
computer graphics is limited, as is the resolution of virtual reality displays.
The field of view available from most head-mounted virtual reality displays is
much more limited than a natural field of view. The light from a head-mounted
display is collimated, which means that subjects will get the same image on their
retina as the position of the display on their head shifts, potentially causing
problems if the display is not very securely attached to the subject. Despite
these limitations, virtual reality systems are often the best way for experimenters
to display complicated, highly-controlled stimuli in something approaching an
ecologically valid setting.

One issue that experimenters have run into is a systematic compression of
perceived distance in head-mounted displays. Loomis and Knapp thought that
this compression might be due to the limited quality of their virtual reality
system’s graphics rendering(J. M. Loomis & Knapp, 2003). Rowland has hy-
pothesized that using dense, high quality, natural textures on the ground plane
would reduce compression(Rowland, 1999). Surprisingly, no significant differ-
ence was found in distance compression between very simple line-drawing virtual
environments, and photo-realistic ones(Thompson et al., in press). This find-
ing seems at odds with both Loomis & Knapp’s, and Rowland’s explanations.
In addition, Creem-Regehr et al. found that, individually, neither monocular
viewing, nor restricted field of view caused underestimation of distance in real
environments, which suggests that they are not responsible for compression in
virtual environments(Creem-Regehr, Willemsen, Gooch, & Thompson, 2003).
Knapp and Loomis also investigated restricted field of view in binocular view-
ing, and like Creem-Regehr et al., found no statistically significant effect of
restricting field of view (Knapp & Loomis, (in press)).

The compression of distance in virtual reality is a confusing phenomenon
that has resisted investigation. No variable has been found that affects the
magnitude of distance compression, nor has any aspect of virtual reality been
found that induces distance compression in real environments.

2 Experiment 1

Thompson et al. showed that the level of graphical detail in a virtual envi-
ronment does not significantly affect distance judgements(Thompson et al., in
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press). The apparatus used in that study was limited by a need to restrict
subject head motions. This restriction was necessary because the photorealistic
environment was generated by a carefully spaced series of still images, stitched
together using computer vision techniques which allow very accurate interpola-
tion of the correct view between images, but only from a fixed point. Thus, while
the system could accurately handle rotations, it needed to restrict head trans-
lations. This limitation prevents the use of motion parallax, and other motion
cues, to determine distance, reducing the ecological validity of the study.

One way to provide a photorealistic level of graphical detail without restrict-
ing subject head motions would be to provide live video from a head-mounted
video camera. The present experiment uses this technique. The use of a video
camera to provide realtime video for a head-mounted display was inspired by
an anecdote mentioned by Loomis and Knapp(J. M. Loomis & Knapp, 2003),
though our findings are different from theirs.

There is reason to believe that stereoscopic displays may be inaccurately
rendered in virtual reality(Wann, Rushton, & Mon-Williams, 1995). In addition,
a number of studies have found no difference in distance perception between
monocular and binocular viewing of distances greater than 2 meters (Creem-
Regehr et al., 2003; Philbeck & Loomis, 1997). As a result of these findings, and
the increased complexity of developing a binocular apparatus, this experiment
uses only monocular viewing conditions.

Distance perception in the head-mounted display viewing condition was com-
pared to direct viewing of the environment in two conditions. One condition
used a pair of goggles that restricted the field of view to the same angle as
the head-mounted display condition. This condition attempted to produce di-
rect viewing of the environment with a retinal image as closely matched to the
head-mounted display condition as possible. Another viewing condition was
only restricted to monocular viewing. This condition was intended to control
the restricted field of view condition. This was important because, although
restricted field of view has been investigated previously(Creem-Regehr et al.,
2003; Knapp & Loomis, (in press)), the simultaneous combination of restricted
field of view and monocular viewing in distance perception is novel.

Although the head-mounted video camera provided photorealistic detail
while allowing unrestricted head movements, it had some limitations. Practical
concerns prevented the system from displaying the retinal image that would be
seen from the subject’s eye location. Instead, the camera was mounted on the
side of the head-mounted display. This lead to both a slight translation of the
subject’s viewpoint, and a shifted axis of horizontal rotation. The viewpoint
translation was probably insignificant, because the change in apparent distance
of a target several meters away would be very small. The rotational shift may
have been more significant, but probably was not responsible for perceptual er-
rors. This is because the head motions involved in viewing a target in depth are
primarily translations and vertical rotations. The most significant limitation of
the apparatus was the signal delay between the camera and the headset. This
delay, between .5 and 1.0 seconds, might be enough to desynchronize motion
parallax from actual head motion, which could weaken motion parallax as a cue
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to distance.
While Thompson et al.’s study lacked motion parallax as a cue to distance,

there is some evidence that it is a weak cue to distance by itself (Beall, Loomis,
Philbeck, & Fikes, 1995). While motion parallax is tightly coupled with con-
vergence in natural viewing circumstances, potentially strengthening both cues,
motion parallax is a weak cue to distance in virtual environments with fixed
convergence(Philbeck & Loomis, 1997).

2.1 Methods

2.1.1 Participants

Subjects were 20 naive undergraduates at Swarthmore College. Some partic-
ipated as part of an introductory psychology course requirement, and others
were volunteers given five dollars and a candy bar as compensation for their
participation in the study. 7 participated in the head-mounted display condi-
tion, 7 in the restricted field of view condition, and 6 in the unrestricted viewing
condition.

2.1.2 Apparatus

In all conditions, subjects wore a piece of foam, held on by an eyepatch, in order
to ensure monocular viewing.

In the restricted field of view condition, subjects wore a pair of field of view
restricting goggles. The field of view on these goggles was the same as the
manufacturer-specified field of view for the head-mounted display, 51 degrees
horizontal field of view by 38 degrees vertical field of view.

In the head-mounted display condition, the apparatus consists of a Sharp
VL-Z3 digital video camera with a wide-angle lens attachment, whose field of
view was approximately equal to the field of view of the head-mounted display.
This camera was connected by IEEE-1394 cable to an Apple G4 running custom-
written video software, which output video to a Virtual Research Systems V8
head-mounted display. The V8 head-mounted display has an accommodative
distance of 1 meter. The camera was attached to the left side of the head-
mounted display with a velcro strap, and stabilized with pieces of foam. The
camera lens was approximately 10 cm from the subject’s left eye. Latency from
the camera to the display was determined to be at least 433 milliseconds, by
taping an event actually occurring, and being output to a screen. While this
method takes into account the delay in a signal being sent from the camera
to the computer, it fails to account for a possible difference in display latency
between the computer’s screen and the head-mounted display. As a result, the
433 milliseconds may not fully account for the latency, but probably serves as
a good approximation, and certainly an effective minimum bound.

In all conditions, including the unrestricted monocular viewing condition,
subjects wore an eyepatch over one eye. In the restricted field of view condition,
because of the design of the field of view restricting goggles, the eyepatch was
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Figure 1: The hallway where experiment 1 took place, with a target 7 meters
from the observer.

worn over the right eye. In the other conditions, subjects selected their preferred
eye to remain unpatched.

In each condition, subjects were shown a target that was a light orange
cylinder of foam, 22 cm in diameter and 1.25 cm high. The target is pictured
in the hallway used for the experiment in figure 1.

All subjects wore hearing attenuators in order to prevent them from getting
audible feedback from the environment.

2.1.3 Design

Subjects were assigned to one of three conditions, which differed in types of
viewing. Subjects monocularly viewed the target through a live-video head-
mounted display, a pair of field of view restricting goggles, or without restriction.

In all conditions, subjects were shown a target at distances of 2,3,4,5,6, and
7 meters in a hallway with which they had limited familiarity.

2.1.4 Procedure

Subjects performed a visually-directed walking task in a texture-rich hallway.
This task required the subject to look at a target while standing in a fixed
position. Subjects had no restrictions on time or head movements while looking
at targets. Subjects then signaled readiness to begin walking, at which point
they closed their eyes. In the head-mounted display condition, the display was
also disabled at this point, and was not enabled until the next trial. After
closing their eyes, subjects would walk to the target location, and the distance
along the hallway from the subject to the target would be measured.

Subjects were told that they were performing a non-cognitive task investi-
gating low-level visual perception, and that as a result, they were not to count
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their steps, and were to walk quickly and confidently to the target. Subjects
were also advised that the target itself would be removed after they closed their
eyes, to prevent them from getting haptic feedback from the foam target itself.

Subjects performed 6 trials with targets at distances of 2-7 meters. Though
subjects were not informed of it, the first two trials were recorded as practice,
and the targets for those trials were placed, in random order, at 3 and 6 meters
from the subject. The next four trials were experimental trials, with, in random
order, distances of 4 and 5 meters at the ends of the trial block, and distances
of 2 and 7 meters in the middle.

2.2 Results

One subject was removed from analysis of the head-mounted display condition
because the subject’s average ratio of perceived distance to actual distance was
over 5 standard deviations (as measured excluding the subject) away from the
other subjects in that condition.

In the head-mounted display condition, subjects walked an average of 77%
of the distance viewed (averages were computed in log space) which was signifi-
cantly different from 100%, t(5) = 5.87, p < .01. The 95% confidence interval for
the mean distance walked in the head-mounted display condition (computed in
log space) extends from 70% to 86%. The distances walked in the head-mounted
display were also reliably less than the distances walked with a restricted field of
view (M = 96%), t(9) = 3.53, p < .01, and less than the distances walked in the
unrestricted monocular viewing condition, (M = 96%), t(11) = 3.83, p < .01.
Neither of these latter conditions differed reliably from each other, nor did either
differ reliably from accurate walking (p > .10). These results are illustrated in
figure 2.

Fitting each subject’s data to a power function, the average exponent in
the head-mounted display condition was 0.95. The average exponent in the
restricted field of view condition was 0.98. The average exponent in the un-
restricted viewing condition was 0.93. None of these values were significantly
different from and exponent of 1, and there was no significant difference between
any of these values.

2.3 Discussion

We found significant distance compression in the head-mounted display con-
dition, which displayed photorealistic live video. This is consistent with the
findings of Thompson et al.(Thompson et al., in press), and shows that the
finding persists after eliminating the limitations on translational head motion
imposed by their apparatus.

We also found no significant difference between the restricted field of view
condition, and the unrestricted viewing condition. This is consistent with the
findings of Creem-Regehr et al., and Knapp and Loomis (Creem-Regehr et al.,
2003; Knapp & Loomis, (in press)). Because previous studies have not inves-
tigated the combination of restricted field of view and monocular viewing, this
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Figure 2: Mean percentage of distance to the target walked, by viewing condi-
tion.

study expands those previous findings.
While level of graphical detail and restricted field of view are not the cause

of distance underestimation in virtual reality, some other aspect of the system
must be responsible. One hypothesis is that the problems lie in part with the
optics of the system. Because the system’s lens cannot adjust as the virtual
world changes, accommodation is always generating the same information for
the observer, regardless of the scene being observed. In addition, because no eye-
tracking system can track where in three-dimensional space the eye is focusing,
virtual reality displays must be in sharp focus at all times. This means that
depth blur, which would normally be present in objects not at the distance
being focused on, also generates the same information regardless of the virtual
scene being observed.

Loomis (personal communication) has investigated the effect of accommoda-
tive lenses, and doesn’t think that they effect distance judgements at distances
as far from the observer as those used in this experiment. This suggests that in-
accurate accommodative information is not responsible for the underestimation
of distance in virtual environments.

Despite the limitations of virtual reality for providing accurate distance infor-
mation, it remains a potentially useful tool for investigating distance perception
because of the ease with which a virtual environment can be manipulated. The
remaining studies reported here will use virtual reality to investigate other hy-
potheses about distance perception. The problem of distance underestimation
will be avoided by modelling subject data with power functions and examining
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their exponents, thus ignoring linear effects.

3 Experiment 2

Ooi et al. showed that the angular declination of an object from the horizon
serves as a cue to distance (Ooi et al., 2001). Subjects wore prisms which
deviated the angle of everything they saw, making objects appear a few degrees
closer to their feet, and thus causing underestimation of distance. Subjects were
then adapted to the prisms, and when they were removed, subjects perceived
the horizon as at a lower than it really was. This had the effect of making
objects appear farther away, because as an object’s angle of regard gets closer
to the angle of the horizon, that is, as it’s angular declination from the horizon
decreases, the object appears closer to the horizon, and thus further away. While
the prism method used by Ooi et al. was quite thorough and well-controlled,
virtual reality systems have more control over displays, and can vary the horizon
line height without effecting the rest of the world.

In rendering virtual worlds, it can be very computationally expensive to
render an observer’s view as a scene extends infinitely. In order to solve this
problem, a computer graphics system must stop rendering a scene as it extends
past a fixed distance from the observer. This can result in an artificially low
horizon line. However, if the eye height of the observer is known, the amount by
which the horizon is lowered can be computed. If a sufficiently simple texture
is used, the end of the ground plane can be artificially extended, replacing the
horizon at the correct level. We took advantage of this process to investigate
the effect of the height of the horizon on distance perception in virtual reality.

The findings of Ooi et al.(Ooi et al., 2001) suggest that distances should
appear farther away if the horizon is artificially lowered than if it is not. This
is illustrated in Figure 3. In order to lower the horizon by a fixed angle, a,
assuming an observer eye height of 1.5 meters, rendering of the world must stop
at 1.5m∗tan(90o−a) meters from the observer. The correct horizon line should
appear at eye level, and object X has angular declination b from the horizon. If
the horizon line is lowered by a degrees, then object X has angular declination
b− a from the new horizon. If the observer’s eye height is 1.5 meters, object X
will appear to be tan(90− (b− a)) ∗ 1.5 meters from the observer.

A horizon a degrees low will cause objects to appear to be a degrees closer
to the horizon. Because this constant angular quantity signifies more and more
actual distance as an object gets closer to the horizon line, the amount by which
a low horizon effects the perception of distance increases with distance from the
observer.

Distance perception can be modelled in different ways. Traditionally, dis-
tance perception has been modelled as a power function(M. Teghtsoonian &
Teghtsoonian, 1969; R. Teghtsoonian & Teghtsoonian, 1970). Modelling dis-
tance perception data by fitting a subject’s perceptions to a power function
characterizes the rate at which perceived distance increases as actual distance
increases. Recent work on distance perception has used linear modelling(J.
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Figure 3: This figure depicts the effects of lowering the horizon line by 1.5
degrees.

Loomis et al., 1992; Thompson et al., in press). Linear models of distance per-
ception have allowed investigators to characterize a number of findings, like the
systematic underperception of distance in virtual reality displays. While linear
modelling is a useful tool, power function modelling seems more appropriate to
the present study. This is because we do not expect a linear finding, like the
compression of distance in virtual reality. We expect that the horizon line ma-
nipulation will impact distance perception more as distance from the observer
increases (See Figure 4).

Perceived distance can be indicated in a number of different ways. One
way to implicitly indicate distance, used in the previous experiment, is visually
directed action. Another way to indicate perceived distance is explicit verbal
judgement. Goodale and Milner hypothesize two separate visual pathways, one
for visual perception, and the other for perceptual action(Goodale & Milner,
1992). This theory would suggest and explain differences between a strictly
perceptual task, like verbal estimation of distance, and a visually directed action
task. Loomis et al., on the other hand, theorize that humans have one underlying
egocentric representation of visual space (J. Loomis et al., 1992). This theory
suggests that there should be little difference in performance between the two
tasks, as they both rely on the same underlying representation of the viewed
scene.

While differences in distance perception between the two tasks could be seen
as supporting Goodale and Milner’s theory, it could also be explained by the
differing task demands. Verbal judgements might make subjects more likely to
look at the whole scene, while a walking task might make subjects pay more
attention to the ground between them and the target. If task strategies differ
in this way, verbal judgements might be more greatly effected by variation of
the horizon line.
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Figure 4: The effect on distance perception of an artificially 1.5o low horizon
created by cutting the rendering plane at about 57.28 meters.

3.1 Methods

3.1.1 Participants

Subjects were 20 naive undergraduates at Swarthmore College who participated
as part of an introductory psychology course requirement. In each of the verbal
response and visually directed action response conditions, 5 of the subjects were
male, and 5 female.

3.1.2 Apparatus

Subjects wore a Virtual Research Systems V8 head-mounted display with a 3rd

Tech HiBall head tracker. Subjects also wore hearing attenuators. The virtual
environments were rendered by two G4 computers. Subjects viewed the virtual
environments binocularly.

3.1.3 Displays

Subjects were shown an outdoor virtual environment with a grassy field. This
environment included a red circle, 1 foot(0.3048 meters) in diameter, where
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Figure 5: The outdoor virtual
environment with a 1.5o low
horizon, and a target 7 meters
from the observer.

Figure 6: The outdoor vir-
tual environment with a correct
horizon, and a target 7 meters
from the observer.

subjects were supposed to stand, and an orange cone which served as the target
in both conditions. The target remained the same size in the virtual world,
so its retinal image varied with its location. The target was rendered without
contact cues, but in a world with diffuse lighting and targets at a minimum of 3
meters, contact cues like shadows would probably not have been noticeable on
a small object like the target.

Two variations of the outdoor environment were used. In one, the horizon
line was positioned 1.5 degrees too low, as in figure 5. In the other, the horizon
line was correct, as in figure 6.

Subjects in the visually directed action condition were also shown a fea-
tureless indoor environment with a yellow line in the middle in order to aid in
repositioning between trials. This environment is shown in figure 7.

Figure 7: The featureless indoor hallway environment used to reposition subjects
in the visually directed action condition.
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3.1.4 Design

Subjects were assigned to one of two response conditions, either verbal judge-
ment, or visually directed action.

Subjects were shown three practice targets, at distances of 5 meters, 10
meters, and 1 meter, and were then shown 20 experimental targets, which were
assigned a distance between 3 and 7.5 meters, and randomly shifted by up to
half a meter away from the subject. All of the practice trials and half of the
experimental trials that each subject saw were in the corrected-horizon world,
while the rest were in the uncorrected-horizon world. The two worlds were
randomly interleaved in the experimental trials.

3.1.5 Procedure

Subjects were instructed differently depending upon their task. In the walking
conditions, subjects were instructed that they were not performing a cognitive
task, and were instructed not to use explicitly cognitive methods of distance
estimation, like counting increments of known distances to the target. Subjects
were told that the random shifting of target distances would prevent memorizing
distances from helping them. Subjects were instructed to look at the world for
as long as they felt they needed, and to then close their eyes and walk quickly
and confidently to where the target was. Subjects were positioned over a red
circle, and instructed that moving away from that circle would blank the display.
Subjects were not told that the first three trials were practice.

In the verbal condition, subjects were instructed to give estimations of dis-
tance in feet and inches. They were instructed to be as accurate and consistent
as possible, and to give as specific estimates of distance as possible. Subjects
were also told that distances would be randomly shifted, so that memorization
of distances would not be helpful. As in the walking condition, subjects were
instructed not to count increments of known distances to the target. This was
done in order to vary as little as possible besides report modalities between
the conditions. Subjects were positioned on top of a red circle, and informed
accurately that it was a foot in diameter, though they were cautioned to only
use that as a reference, rather than attempting to count the number of circles
out to the target.

In the walking condition, subjects were trained to walk quickly and con-
fidently before the experiment started. Subjects were instructed to hold the
headset over their shoulder and walk quickly up and down the hallway. The
headset then gave them feedback about whether or not they had walked fast
enough.

3.2 Results

Each subject’s distance perception data was fitted to a power function. A
repeated measures ANOVA was conducted on the power function exponents
with horizon (normal or low) as a within-subject variable and sex (male or
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Figure 8: Average exponents of power functions modelling subject performance
in verbal estimation and visually directed action in an outdoor virtual environ-
ment with a correct or artificially low horizon line.

female) and response (verbal estimation or visually directed action) as between-
subject variables. Consistent with the predicted effects of the horizon cue,
exponents were higher when the horizon was low (M = 1.095), than when it
was normal (M = 0.983), F (1, 16) = 8.71, p < .01. This is illustrated in figure
8.

Each subject’s average ratio of estimated to actual distance was also com-
puted. A repeated measures ANOVA was conducted on the ratio of estimated
to actual distance with horizon (normal or low) as a within-subject variable
and sex (male or female) and response (verbal estimation or visually directed
action) as between-subject variables. There were no reliable differences found in
this measure, though there was a trend for visually directed action to produce
greater estimates of distance than verbal estimation. This is illustrated in figure
9.

3.3 Discussion

As predicted, lowering the horizon increased the exponent of the power function
fitting subjects’ perception of distance. The power function fitting the predicted
performance of subjects seeing targets from 3 to 7.5 meters in the low horizon
condition had a mean exponent of 1.08, which is very close to the value found.
Since Ooi et al.’s investigations took place in indoor environments, the present
experiment extends their findings to environments with visible horizon lines(Ooi
et al., 2001).
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Figure 9: Average proportion of distance walked to distance viewed in verbal
estimation and visually directed action in an outdoor virtual environment with
a correct or artificially low horizon line.

This experiment showed very similar performance in verbal estimation and
visually directed action. This is consistent with Loomis et al.’s theory of a single
egocentric representation of visual space(J. Loomis et al., 1992). While there
was an unreliable trend for verbal estimation to produce lower ratios of perceived
to actual distance than visually directed action, this could be because producing
an explicit verbal estimate of distance may require more cognitive processing
than an implicit action-based estimation. This extra processing could lead to
the added inaccuracy.

One factor that must be considered when working in virtual reality is the
level of detail of the virtual environments, and how this can impact ecological
plausibility. While Thompson et al. (Thompson et al., in press) and experiment
1 have shown that the level of detail of a virtual environment may be unrelated
to distance compression, that level of detail surely impacts the quantity and
quality of depth information. The virtual environment used in this experiment
is a fairly simple one, with very few objects. Despite having a richly textured
ground plane, the environment’s paucity of features, and the presence of a visible
horizon line, may have emphasized the use of the horizon line as a depth cue
more than a more ecologically valid environment would have. Nonetheless, the
results we have obtained are consistent with those of Ooi et al., in indicating
that even a very subtle manipulation of the horizon line position can produce
measurable effects on both motor and verbal judgments of distance.
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4 Experiment 3

Experiment 2 showed similar performance from subjects in both the verbal and
motor conditions. This similarity of performance seems consistent with Loomis
et al.’s theory of a single underlying egocentric representation of visual space(J.
Loomis et al., 1992). Differences in performance between the two tasks, on the
other hand, would tend to support Goodale and Milner’s theory of two separate
visual pathways for perception and action(Goodale & Milner, 1992). The next
experiment investigated a situation expected to produce dissociation between
verbal estimation and visually directed action.

In a series of studies, Teghtsoonian and Teghtsoonian found a difference in
distance perception between indoor and outdoor environments(M. Teghtsoonian
& Teghtsoonian, 1969; R. Teghtsoonian & Teghtsoonian, 1970). To ensure the
robustness of their findings, they compared distance perception across varying
ranges of distances. Modelling their results with power functions, they found
an average exponent of about 1.2 in indoor environments, regardless of range,
and average exponents ranging from 0.99 to 0.85 in outdoor environments, de-
creasing as range increased. Both of these studies used explicit verbal report of
distance, rather than a visually directed action task. These studies clearly show
a difference in distance perception, as measured by verbal report, between an
indoor and an outdoor environment.

Durgin et al. investigated locomotor adaptation in an indoor virtual envi-
ronment(Durgin, Fox, Lewis, & Walley, 2002). In pre-adaptation subjects, they
found power functions with exponents slightly lower than 1 with a motor task,
and slightly greater than 1 with a verbal task. However, their experiment was
not designed to investigate this issue, and it is unknown whether the findings
of Teghtsoonian and Teghtsoonian will replicate in virtual reality.

4.1 Methods

4.1.1 Participants

Subjects were 26 naive undergraduates at Swarthmore College who participated
as part of an introductory psychology course requirement. In the verbal response
condition, 8 of the subjects were male, and 6 were female. In the visually
directed action response condition, 6 of the subjects were male, and 6 were
female.

4.1.2 Apparatus

The same system used in experiment 2 was used here. The virtual environments
were the only change.

4.1.3 Displays

Subjects saw both the corrected-horizon world from the previous experiment
(see figure 6), and a blue textured hallway. The hallway was 2 meters wide, and
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Figure 10: The indoor virtual environment with a target 7 meters from the
observer.

2.5 meters tall. The hallway, like the grassy field, had both the red circle at the
subject’s feet, and the orange cone that served as the target. The hallway is
shown in figure 10.

4.1.4 Design

The design of this experiment was similar to the design of experiment 2, but
the two worlds were shown in five-trial counterbalanced blocks, rather than in-
terleaved. Subjects were shown the 3 practice trials in whichever of the worlds
the subjects would see in their first block. This meant that the first block of
trials could serve as a between-subject design, much as Teghtsoonian and Teght-
soonian used a between-subject design in their experiments(M. Teghtsoonian &
Teghtsoonian, 1969; R. Teghtsoonian & Teghtsoonian, 1970).

4.1.5 Procedure

The procedure used here was the same as in experiment 2.

4.2 Results

Two male subjects were removed from analysis of the verbal report condition
because their average ratios of perceived distance to actual distance were over 3
standard deviations (as measured excluding the subjects) away from the other
subjects in that condition. This brings the number of subjects to 6 males and
6 females in both the verbal estimation and visually directed action conditions.

A repeated measures ANOVA was conducted on the power function expo-
nents with environment (indoor or outdoor) as a within-subject variable and sex
(male or female) and response (verbal estimation or visually directed action) as
between-subject variables. A marginal interaction between response type and
world was revealed, F (1, 20) = 3.445, p = .078. Separate ANOVAs were there-
fore conducted for each world. There was no reliable difference between the
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Figure 11: Average exponents of power functions modelling subject performance
in verbal estimation and visually directed action in indoor and outdoor virtual
environments.

visually directed action exponent (1.06) and the verbal exponent (1.13) in the
outdoor environment, F (1, 22) < 1. However, in the indoor environment, the
verbal exponent (1.18) was reliably greater than the visually directed action
exponent (0.98), F (1, 22) = 5.35, p < .05. This is illustrated in figure 11. In-
deed, only the verbal response exponent in the indoor environment was reliably
greater than 1, t(11) = 2.41, p < .05.

Each subject’s average ratio of estimated to actual distance was also com-
puted. A repeated measures ANOVA was conducted on the ratio of estimated
to actual distance with environment (indoor or outdoor) as a within-subject
variable and sex (male or female) and response (verbal estimation or visually
directed action) as between-subject variables. The indoor environment pro-
duced reliably greater estimates of distance than the outdoor environment,
F (1, 20) = 8.12, p < .01. There was an unreliable trend for visually directed
action to produce greater estimates of distance than verbal estimation. This is
illustrated in figure 12.

A between subject analysis looking only at the first experimental block
showed a similar pattern. In the outdoor virtual environment, the mean verbal
exponent (1.10) did not differ from the mean visually directed action exponent
(0.98), F (1, 10) < 1. However, in the indoor virtual environment, the verbal ex-
ponent during the first block (1.33) was higher than the corresponding visually
directed action exponent (0.97), F (1, 10) = 6.21, p < .05. This is illustrated in
figure 13. Perhaps most importantly, the verbal exponent in the indoor virtual
environment is reliably greater than 1, t(5) = 2.65, p < .05.
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Figure 12: Average proportion of distance walked to distance viewed in verbal
estimation and visually directed action in indoor and outdoor virtual environ-
ments.

In order to illustrate that an exponent greater than 1 means that distance ra-
tios increase with distance, the average distance ratio given by verbal estimation
was calculated for each distance category, as shown in figure 14. The distances
are grouped into categories because each distance was randomly extended by 0
to 0.5 meters.

4.3 Discussion

In this experiment, the fitted power functions of subjects performing verbal
estimation showed an exponent reliably greater than 1 in the indoor virtual
environment, but not in the outdoor virtual environment. Teghtsoonian and
Teghtsoonian modelled distance perception in real indoor and outdoor environ-
ments with power functions, and found an exponent significantly above 1 in in-
door environments, and an exponent very close to 1 in outdoor environments(M.
Teghtsoonian & Teghtsoonian, 1969; R. Teghtsoonian & Teghtsoonian, 1970).
The results of this experiment are consistent with the findings of Teghtsoonian
and Teghtsoonian, and extend their findings to virtual environments.

While the results from the verbal estimation condition were consistent with
the findings of Teghtsoonian and Teghtsoonian, the visually directed action
condition showed no significant difference in distance perception between envi-
ronments. In fact, while it was not statistically significant, the visually directed
action condition showed a small trend in the opposite direction, with power
function exponents greater in the indoor virtual environment than the outdoor
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Figure 13: Average exponents of power functions modelling subject performance
in verbal estimation during their first block in indoor and outdoor virtual envi-
ronments.

one. It is likely that the mean exponent for distance perception in the indoor
virtual environment is not just a result of small sample size, as the exponent is
very close to those found in experiment 1, which also involved a visually directed
action task in an indoor environment, although not a virtual one.

The different results seen for verbal estimation and visually directed action
seem, unlike experiment 2, to be consistent with Goodale and Milner’s theory
of separate visual pathways for perception and action(Goodale & Milner, 1992).
However, in the context of the similar results for the two tasks in experiment
2, it is hard to make any strong claims. Since the only point where there was a
significant difference between the two tasks occurred in the indoor environment,
it seems likely that either a cue that is present in the indoor environment is
misleading in some way that is more salient to the verbal task, or a cue present
in the outdoor environment is accurate in some way more relevant to the visually
directed action task. Another possibility is that the different environments cause
different weighting of cues to distance. This is almost certainly the case with
the cue of distance by angular declination from the horizon, because the horizon
is not present in indoor environments, and thus ought to be ignored.

5 Conclusion and General Discussion

Experiment 1 investigated distance underperception in virtual reality. Distance
underperception was found in a live video head-mounted display condition, and
not in a monocular restricted field of view condition or an unrestricted monoc-
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Figure 14: Average distance ratio given by verbal estimation for each distance
category. Distances in meters.

ular viewing condition. These findings suggest that the restricted field of view
and the level of realism in a virtual reality head-mounted display are not respon-
sible for the underestimation of distance. While there were some limitations of
the apparatus used, particularly the latency of the head-mounted display condi-
tion, the results strongly suggest that the cause of underperception of distance
in virtual reality head-mounted displays lies elsewhere in the virtual reality sys-
tem. In particular, the cues given by accommodation and depth blur in virtual
reality displays can be misleading, if the focal length of the head-mounted dis-
play and the distance of the virtual object being viewed differ, and at least one
is within the range where accommodations is an effective cue to distance (about
8 feet)(Palmer, 1999). Despite these limitations in virtual reality, it offers very
powerful control over displayed environments. The next experiments used vir-
tual reality to investigate distance perception, while using power function data
modelling to avoid problems associated with distance underperception.

Experiment 2 used virtual reality to investigate declination from the horizon
as a cue to distance. By varying the height of the horizon, it was shown that
declination from the horizon does serve as a cue to distance. Subjects in both a
verbal estimation task and a visually-directed action task performed similarly.

Experiment 3 tried to investigate a possible dissociation between distance
perception as measured by verbal estimation and visually directed action. Teght-
soonian and Teghtsoonian had shown different performance on a verbal estima-
tion task in real indoor and outdoor environments(M. Teghtsoonian & Teght-
soonian, 1969; R. Teghtsoonian & Teghtsoonian, 1970), while Durgin et al. had
found differing performance in verbal estimation and visual action tasks in an
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indoor virtual environment(Durgin et al., 2002). By using both indoor and
outdoor virtual environments, the experiment was able to extend the work of
Teghtsoonian and Teghtsoonian to virtual reality. The findings for the verbal
task were consistent with the findings of Teghtsoonian and Teghtsoonian, while
the motor task showed no significant difference between the indoor and outdoor
virtual environments.

In the context of experiment 2, which showed similar performance in both
the verbal estimation and visually directed action tasks, and experiment 3,
which showed a dissociation between the two tasks, it is hard to make a strong
claim about the underlying nature of the visual system. Experiment 2 supports
Loomis et al.’s theory of a single underlying representation of visual space, while
experiment 3 supports Goodale and Milner’s theory of two separate visual path-
ways for perception and action (J. Loomis et al., 1992; Goodale & Milner, 1992).
However, experiment 2 showed trends that, while not reliable, differentiated the
two tasks. These differences could be the result of the two tasks using two sepa-
rate pathways, but they could also be the result of other differences between the
tasks, like the degree of cognition required. Experiment 3, on the other hand,
showed the two tasks differing in performance in the indoor virtual environment,
but not in the outdoor virtual environment. This suggests that the difference
observed could be due to differences between the environments, rather than the
underlying representation of space. One thing that might differ between envi-
ronments is the weighting of cues in cue combination. In addition, some cues are
only present in some environments. For example, declination from the horizon
line and aerial perspective are only present in outdoor environments.

The textures used for the indoor and outdoor virtual environments in ex-
periment 3 have different colors, patterns, and gradients. One way to further
investigate the findings from experiment 3 could be to use the same texture in
both indoor and outdoor virtual environments. I hypothesize that the disso-
ciation between virtual environments in the verbal report task is not texture-
dependant, but rather results from a fundamentally different weighting of cues
in indoor and outdoor environments.
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