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Abstract

Observers adjusted a pointer to match the depicted distance of a monocular virtual
object viewed in a see-through, head-mounted display. Distance information was
available through motion parallax produced as the observers rocked side to side. The
apparent stability of the virtual object was impaired by a time delay between the ob-
servers’ head motions and the corresponding change in the object position on the
display. Localizations were made for four time delays (31 ms, 64 ms, 131 ms, and 197
ms) and three depicted distances (75 cm, 95 cm, and 113 cm). The errors in localiza-
tions increased systematically with time delay and depicted distance. A model of the
results shows that the judgment error and lateral projected position of the virtual ob-
ject are each linearly related to time delay.

1 Introduction

The cost, weight, and complexity of a head-mounted display (HMD) can
be reduced by presenting the images to one eye rather than both eyes. How-
ever, one drawback of monocular display is that a user cannot employ stereopsis
to gauge object distance. As an alternative to stereopsis, an observer could de-
termine object distance by relying on motion parallax, defined as the ‘‘relative
movement of images across the retina resulting from movement of the observer
or the translation of objects across his field of view’’ (Rogers & Graham, 1979).
Motion parallax, which is helpful in distinguishing the different distances of
objects ahead of the observer, can be produced by an observer who rocks to the
left and right to obtain different views of a scene.

The examination of motion parallax dates back to Helmholtz (1925), who
noted that there is an inverse relationship between the distance to an object and
the velocity of the object across the retina during head translation, assuming
the viewer is fixated at optical infinity. Later, Gibson (1950) examined the use-
fulness of motion parallax and other consequences of observer movement in a
study of the ability of pilots to estimate airplane heading during simulated land-
ings. Motion parallax was also found to be effective during simulated head-
movement conditions in which stationary observers viewed targets presented
via a video projector (Braunstein, 1966; Dees, 1966). In virtual environments
with low spatial resolution, active head-coupled camera motion (motion paral-
lax) provides a more effective cue than passive camera motion (Smets & Over-
beeke, 1995). Motion parallax under translating head conditions was examined
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in an early head-tracking study by Vircks (1968). In this
experiment, a perspective drawing of a cube was pre-
sented on a cathode-ray tube while observers translated
their heads. Head position was monitored in real time
with a photo-optical apparatus, and the perspective of
the cube shifted with head position to simulate a real
cube. Not surprisingly, observers made better distance
judgments while translating their heads as opposed to
remaining stationary. One possible cause for the im-
proved performance in that study was the presence of
internal perspective of the target. Motion parallax is a
relatively weak cue for egocentric distance judgments if
the target has no internal perspective, such as a single
point of light (Gogel & Tietz, 1979; Philbeck & Loo-
mis, 1997). The effectiveness of motion parallax with
single uniform targets can be improved through training
sessions in which observers are informed of the correct
target distance after making each judgment (Ferris,
1972). In addition to being a cue for object distance,
motion parallax is also helpful in gauging object depth
(Koenderink & van Doorn, 1975; Ono et al., 1986;
Rogers, 1993; Rogers & Graham, 1979, 1982). (Depth
is defined as the length of an object along the visual axis,
and distance as the separation between the observer and
object.)

All of these studies examined motion parallax with the
assumption that the objects were statonary in space. In
an HMD, however, time delay between the observer’s
motion and the image update causes instabilities in the
depicted position of the virtual object (Azuma, 1997),
thereby degrading performance (Held & Durlach,
1993). The effects of this phenomenon were investi-
gated in a recent study by Ellis et al. (1997), in which
observers aligned a pointer with the apparent position of
the virtual object while maintaining a fixed head position
or translating from side to side. In that experiment, the
position and orientation of the virtual object on the dis-
play were not precisely synchronized with head position
due to a time delay. Ideally, the object on the display
should shift instantaneously as the head moves to sup-
port the percept that the virtual object has a constant
exocentric position (that is, stationary in the environ-
ment). However, because the processing time of the
computer and sensors produced a time delay, the object

position at time t corresponded to the head position at
time t-t, where t was a mean time delay of 49 ms (with a
non-normal distribution with s 5 8 ms). This time de-
lay did not completely eliminate the ability to localize
the virtual object.

The primary study presented here parametrically ex-
amines how different time delays affect the ability of ob-
servers to localize a virtual object. Localization refers to
a physical alignment task (not a perceptual task) in which
the observer aligns a pointer at the depicted distance of a
virtual object. In this study, the time delay and depicted
distance of a virtual object were systematically varied.
The errors in localization of the virtual object increased
monotonically with time delay and depicted distance.

2 Control Study

This control study was used to determine a base-
line of performance at zero time delay with real, physical
objects for the localization technique. It also helped de-
termine the parameters for the primary study.

2.1 Task

Observers translated their heads from side to side
to induce motion parallax while monocularly viewing a
target and making distance judgments. Head oscillations
were paced with a metronome set to a 3 sec. period. For
comparison, observers also made judgments while at-
tempting to hold their heads stationary. Observers spent
approximately 10 to 20 sec. for each judgment. To make
the judgment, each observer rotated a knob to move a
physical pointer along a rail until the pointer was directly
below the apparent position of the target, as shown in
Figure 1 and described by Ellis and Menges (1997). The
pointer position was measured with an encoder attached
to its base. The target distances were 75 cm, 95 cm, and
113 cm for three reasons: to correspond with previous
studies in the laboratory, to stay within the physical
range of the equipment, and to stay within the range of
tabletop displays.

Prior studies have found that, within limits, the speed
and extent of head movements do not affect the ability
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to perceive depth (Rogers & Graham, 1982; Ono et al.,
1986). As a result, head translation amplitude was not
precisely constrained to a particular value during the pri-
mary study. (The approximate amplitude was 25 cm.)
Observers were instructed not to hesitate at each reversal
of head direction. As a comparison to the moving-head
condition, judgments were also made with the user re-
maining nearly stationary. To replicate the conditions
typical in an application environment, the head was not
fixed with a clamp or bitebar.

2.2 Equipment

The object viewed by the observers was an in-
verted wireframe pyramid with approximate luminance
of 40 cd/m2. It was viewed monocularly by each observ-
er’s dominant eye against an orthogonal wall with a lu-
minance of 2.9 cd/m2. The wall was 2.4 m from the ob-
server and perpendicular to the line of sight. The
dominant eye was determined with a sighting test. Each

observer’s nondominant eye was patched during the
control experiments. Observers were allowed to wear
their prescription lenses during the experiment. The wall
and table were visible during the experiment. The visible
features in the background, such as the tracking mecha-
nism on the table and texturing on the wall, provided
distance cues.

In the control study, the pyramid was a real object
made of balsa wood and covered with cotton to simulate
the approximate appearance of the virtual object. Two
pyramids of different sizes were used. One had dimen-
sions of 5 3 5 3 5 cm, and the other had dimensions of
10 3 5 3 5 cm (where 10 cm refers to the base length
along the visual axis). To deter observers from using size
cues, the pyramids were randomly switched among vari-
ous trials while the observers closed their eyes.

2.3 Results

In the control study, five observers (four experi-
enced, including two authors, and one naive) with an
age range of 21 to 51 years estimated the distance to a
real object with and without motion parallax. Localiza-
tions were made for three object distances with and
without head translation, for a total of six different con-
ditions. Each condition was repeated five times per ob-
server.

As expected with a real object, performance improved
with a translating head compared with a nearly station-
ary head. Figure 2 illustrates the mean judgments (with
standard errors) over all five observers. As shown in this
figure, the results with a moving-head condition are
nearly veridical. The mean error between the judged and
actual distances was 1.8% for the head-moving condition
and 3.2% for the head-stationary condition. Here, the
error E is defined as

E 5
da2dj

da
p 100%, (1)

where da is the actual distance from the observer to the
target, and dj is the pointer position (judged distance
from observer to target).

For the two closest distances, the mean judgments
were nearly veridical (even in the nearly stationary condi-

Figure 1. Experimental apparatus. Observers viewed a virtual object

presented in an HMD and moving a vertical pointer under the apparent

position of the target. a) Side view of the apparatus. b) Frontal view.
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tion), presumably because of the saliency of several
physical distance cues such as accommodative demand.

These results indicate an upper limit on the distance
judgment accuracy that can be achieved with virtual ob-
jects in this setup, assuming that accommodative de-
mand is veridical and the time delay is zero. Presumably,
more-accurate judgments could be obtained with targets
that have high texture gradients with well-defined edges,
as discussed by Fisher and Ciuffreda (1988).

3 Primary Study

The purpose of the primary study was to examine
the effects of time delay on localizations of a virtual tar-
get. The time delays were 31 ms, 64 ms, 131 ms, and
197 ms. (Each time delay was from a non-normal distri-
bution with s 5 5 ms.) Time delays were computed us-
ing the techniques described in Jacoby et al. (1996). The
task was identical to that of the control study in that ob-
servers adjusted a pointer to indicate the position of the
object.

3.1 Equipment

In the primary study, the pyramid was a computer-
generated virtual object (with luminance of 65 cd/m2)
visible in a see-through HMD, as described by Ellis and
Menges (1997). The pyramid was projected on the par-
tially silvered (15%), polycarbonate mirror of the HMD.
With this arrangement, the observers could simulta-
neously view the monocular virtual object as well as the
binocular real environment. As in the control study, the
natural features on the wall and table provided relative
distance cues to the pyramid target. The pyramid had a
nominal base size of 10 3 10 cm and a height of 5 cm.
Because size is a strong distance cue in monocular tasks
(for example, Beall et al., 1995), the pyramid was ran-
domly scaled such that its projected size in 3-D space
varied by a factor between 0.5 and 1.0 on each trial.
Analysis of pilot data indicated that judgments were in-
dependent of relative target size when the target was
scaled. The accommodative demand of the virtual object
was fixed at 1.5 D (about 65 cm). The HMD weighed
1.5 kg and contained a Citizen 1.5 in. 1,000-line minia-
ture CRT. The monochrome display was presented in
NTSC mode (60 Hz interlaced fields). It was driven by a
Silicon Graphics Onyx computer (four MIPS R4400
CPUs) with a Reality Engine 2 graphics board. Head
position was tracked at 120 Hz with a Polhemus FasTrak
sensor. The measurements of head position were used to
update the image such that zero time delay would corre-
spond to the target being depicted as perfectly station-
ary.

3.2 Results

In the primary study, eleven observers (four experi-
enced, including three authors, and seven naive) with an
age range of 17 to 51 years judged the depicted position
of a virtual object with and without motion parallax.
This study required five separate, one-hour sessions for
each observer. Localizations were made for three object
distances (75 cm, 95 cm, and 113 cm) and four time
delays (31 ms, 64 ms, 131 ms, and 197 ms) to produce
twelve conditions. In addition, localizations were made
at the three object distances without head motion at a

Figure 2. Results of the control study. Each point is the mean

judgment (with standard errors) over all five observers. Observers viewed

a real object while either translating their heads or remaining nearly

stationary. The target was presented at three distances (75, 95, and

113 cm).
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31 ms time delay (for a total of fifteen conditions in the
primary study). Each condition was repeated twenty
times (in random order without blocking) per observer.
Observers were told that the target could be positioned
anywhere along the span of the table. Consequently, an
additional number of judgments (7%) were made to tar-
gets randomly depicted at other distances besides the
three primary distances. The results for these sham con-
ditions were discarded.

The results of the primary study are shown in Figure
3, in which each point represents the mean (with stan-
dard error) over all eleven observers. For the motion
parallax condition, significant effects were related to the
depicted target distance (ANOVA: F2,438 5 916.5,
p , 0.001), time delay (ANOVA: F3,657 5 81.7,
p , 0.001), and their interaction (ANOVA:
F6,1314 5 14.2, p , 0.001). For the nearly stationary
head condition, significant effects were caused by target
distance (ANOVA: F2,438 5 40.0, p , 0.001).

The standard deviations of the distance judgments
were analyzed with nonparametric statistics because the
standard deviations exhibited a possible lack of homoge-
neity of variance. For the motion-parallax condition, the

standard deviations of the distance judgments over all
eleven observers increased over the depicted distance
range of 75 cm to 113 cm (Friedman two-way ANOVA
by ranks: x2,20

2 5 10.4, p , 0.01). The standard devia-
tions decreased over the latency range of 31 ms to 197
ms (Friedman two-way ANOVA by ranks: x3,30

2 5 11.4,
p , 0.01).

The results were also examined separately for each
observer. For the motion-parallax condition, the judged
target distance was dependent on the depicted target
distance for each observer (ANOVAs: F2,38 . 63.4,
p , 0.001), and it was dependent on time delay for ten
of the eleven observers (ANOVAs: F3,57 . 3.7,
p , 0.05). (For simplicity, the smallest F value of the
observers is listed in this analysis.) The target distance
interacted with the time delay for two experienced and
two naive observers (ANOVAs: F6,114 . 2.8, p , 0.05).
For the nearly stationary head condition, the judged
distance increased a small amount with the depicted dis-
tance for three experienced and five naive observers
(ANOVAs: F2,38 . 3.2, p , 0.05). This phenomenon
was most likely due to slight shifts in head position dur-
ing each trial.

4 Model of the Results

Because of the time delay in the primary study, the
displayed target position did not correspond to that of a
stationary object. An initial simplified analysis of the ef-
fect of time delay is shown in Figure 4. For this initial
analysis, the observer is assumed to translate with con-
stant velocity v to the right (Figure 4a) and left (Figure
4b) through eight different head positions. The open
triangles represent the ideal (zero time delay) target po-
sition and the filled triangles illustrate the actual (non-
zero time delay) target position. Because the head-trans-
lation speed is constant, the projected target positions
intersect at the same point for a given direction of mo-
tion (except for the time delay period about the direc-
tion-reversal points of observer motion). For example, as
the observer translates to the right, the projected posi-
tions of the delayed target intersect at target position A.
The projected displacement from the ideal projected

Figure 3. Results of the primary study. Each point is the mean

judgment (with standard errors) over all eleven observers. Observers

viewed a virtual object while either translating their heads or remaining

nearly stationary. The target was presented at three distances (75, 95,

and 113 cm) with four time delays (31, 64, 131, and 197 ms).
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position is denoted by xp (where xp 5 vt). Geometrically,
this projection is shown in Figure 4a by angles a and u,
where a is the actual target angle and u is the ideal target
angle. Because of the time delay, the actual target angle
a at time t equals the ideal target angle Q at time t-t. For
example, the target at head position 4 is positioned on
the display with the assumption that the observer is actu-
ally located at head position 3.

The displacements shown in Figure 4 can be com-
puted using similar triangles associated with angle a

and Q:

tan a(t) 5
xh(t) 2 xp(t)

z
, and (2)

tan Q(t 2 t) 5
xh(t 2 t)

z
. (3)

Because a(t) equals Q(t-t), the projected target position
xp(t) is simply the difference between xh(t) and xh(t-t), as
implied in Equation (2) and (3). The displayed target
position xd(t) can be computed if the distance h between
the ocular nodal point and the image surface is known,
as shown by

xd (t) 5 h tan a(t). (4)

The displacements associated with the projected target
position, the displayed target position, and the head po-
sition each vary as the observer translates, as shown in
Figure 5. In this figure, the displacements were com-
puted using selected parameters from the primary study
(that is, t 5 197 ms, z 5 95 cm, T 5 3 sec., and head
speed 5 16.7 cm/sec. based on a head-translation am-
plitude of 25 cm). As shown in Figure 5, this triangular
motion results in a projected target (xp) that oscillates

Figure 4. Illustration of the observer’s head position (xh), target

display position (xd), and target projected position (xp) under constant

translational head motion. The angle a is the actual displayed target

angle, and the angle Q is the ideal displayed target angle. The solid lines

represent actual target projections and the dashed lines represent ideal

target projections. a) Geometry during rightward head motion with

constant speed (where the observer is already in motion at head

position 1). b) Geometry during leftward head motion with constant

speed. In both cases, the target appears to be located on the same side

as the direction of the head translation. The matching hatchmarks within

each figure illustrate the parallel lines (for example, lines with two

parallel hatchmarks are parallel to one another).

Figure 5. Displacements of the observer’s head (xh), target display

position (xd), and target projected position (xp) with constant head

speed.
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back and forth between two positions. If the time delay
were zero, the values for xp also would be zero.

For a more realistic analysis, the observer motion can
be described with a sinusoidal profile:

xh(t) 5 A cos (2pt/T ) (5)

where A is a linear head velocity of 26.2 cm/sec (chosen
so that a 25 cm head amplitude is produced with a 3 sec.
period). Similarly, observer rotation can be modeled as

c(t) 5 B cos (2pt/T ), (6)

where B is the rotational head velocity of 7.9 deg/sec.
(chosen so that the head rotational velocity compensates
for 50% of the head translation). If the rotational veloc-
ity compensated for 0% of the observer’s translation, the
observer’s head would be directed straight ahead at all
times. If it compensated for 100% of the observer’s
translation, the observer’s head would be directed at the
initial target position at all times. In that case, the target
would always be positioned on the center of the display.
Consequently, the target would appear fixed in space,
regardless of the time delay. A schematic of the motion
with 50% head rotation is shown in Figure 6. With 50%
head rotation, angle c equals angle Q. If the head rota-
tion was 0%, c would be 0 deg. If the head rotation was
100%, Q would be 0 deg.

The parameter xp can be calculated from

tan (c(t) 1 a(t)) 5
xh(t) 2 xp(t)

z
. (7)

The angle u can be calculated from

tan (c(t) 1 Q(t)) 5
xh(t)

z
. (8)

The displacements associated with head position and
projected position are shown in Figure 7. Once again,
the displacements were computed using selected param-
eters from the primary study (i.e., t 5 197 ms, z 5 95
cm, T 5 3 sec.).

The lateral displacement of the projected target posi-
tion is indicated by the difference between the peaks of
the sinusoidal curve for xp. In this example (correspond-
ing to 50% head rotation and a 197 ms time delay), the

target lateral displacement was approximately 5 cm. The
lateral displacements over a range of head rotations and
time delays is plotted in Figure 8. As illustrated in this

Figure 6. Illustration of the observer’s head position (xh ), target

display position (xd ), and target projected position (xp ) under sinusoidal

translational and rotational head motion. The angle c is the head angle,

a is the actual displayed target angle, and Q is the ideal displayed

target angle.

Figure 7. Displacements of the observer’s head (xh ), target display

position (xd ), and target projected position (xp ) with sinusoidal head

speed and rotation.
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figure, the lateral displacement of the virtual object in-
creases linearly with time delay. In addition, the lateral
displacement decreases as the observer’s head rotates
more to compensate for head translation. Figure 8 illus-
trates that, for a given time delay, the lateral displacement is a
maximum when the observer only translates and does not
rotate at all (head rotation 5 0%). Because the lateral dis-
placement is defined by the difference between the peaks of
the curve for xp, the type of head motion is not critical. As a
result, other types of head motion (besides sinusoidal) could
produce the same lateral displacement.

The positional disturbances shown in Figure 8 are a
possible cause of the performance degradation that oc-
curs with increased time delay. This implies that the er-
rors in judgment should increase linearly with time delay
for a given head velocity. As evidence for this hypothesis,
the data are plotted in terms of the judgment error, as
shown in Figure 9. The regression fit to these data pro-
vides an accurate means of modeling these results, indi-
cating that, like the projected displacement, the localiza-
tion errors are linearly related to time delay.

5 Discussion

The present results show that time delay interferes
with the ability to localize a virtual object. In the current
study, the systematic degradation in performance with a

virtual object was due to increased time delay because
that was the only parameter that was varied in the mo-
tion-parallax experiments. However, additional factors
could have produced a bias in the judgments. For ex-
ample, two other contributing factors could be the non-
veridical accommodative demand (fixed at 1.5 D, corre-
sponding to about 67 cm) and the specific distance
tendency (Gogel & Tietz, 1973). The specific distance
tendency (SDT) is defined as the tendency for observers
to perceive an object at a relatively near distance (about
2 m) if it is presented in the absence of any distance cues
(Gogel, 1969). In the primary study, the close proximity
of the wall (as well as the accommodative demand) may
have contributed to a distance bias that was closer than
the 2 m described by Gogel. Because these two factors
(accommodative demand and the SDT) were constant
throughout the study, they could not have produced the
performance deterioration associated with time delay.
Rather, they most likely produced a bias in the localiza-
tions that resulted in an overestimate of target distance
at the near condition and an underestimate at the far
condition. As time delay increased, observers tended to
move the pointer position closer to them, presumably

Figure 8. Plot of the lateral projected target displacement for different

head rotations as function of time delay.

Figure 9. Model fit to the distance-judgment errors for motion

parallax in the primary study. A simple linear regression provides a

reasonable fit to the projected target displacement (of Figure 8) and the

distance judgment errors (shown here).
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closer to their distance bias. An additional bias could be
caused by the presence of a real object (the pointer) in
the vicinity of the virtual object (the inverted pyramid).
Virtual objects are seen farther away than real objects
when both are presented at the same depth plane
(Rolland et al., 1995). However, in that study, the vir-
tual object was collimated (presented at optical infinity),
which could play a significant role in the measured errors
of depth veridicality.

The standard deviation of the distance judgments in-
creased strongly (by 56%) with depicted distance and
decreased slightly (by 12%) with time delay. The stan-
dard deviation increase with depicted distance is not sur-
prising because distance judgments are measured in ab-
solute units (cm). The standard deviation decrease with
time delay was most likely due to an increased reliance
on a fairly robust distance bias caused by the constant
accommodative demand and the specific distance ten-
dency. The interaction between time delay and depicted
distance was most likely caused by the small relative mo-
tion of the distant target versus the near target. In an
extreme case (optical infinity), motion parallax would
not provide any information about the target distance.

These results indicate the substantial improvement of
localizations that occurs in an HMD with a translating
observer as opposed to a nearly stationary observer.
Similar results were found by Ellis et al. (1997). In that
study, the judgment variance was reduced, and the fre-
quency distribution was more symmetric with translating
observers versus stationary observers. Even with the
large time delay (for example, 197 ms) present in the
current study, performance was markedly improved for
translating versus stationary observers. Similarly, Lane
and Akin (1997) found that even moderately accurate
head tracking (for example, 50%) dramatically improves
depth judgments in an HMD.

As discussed in the introduction, a key purpose of this
study is to examine the detrimental effects that occur
with a monocular display. If a binocular stereoscopic dis-
play is provided, the user presumably will not have to
rely on motion parallax for distance and depth informa-
tion. However, in a natural setting, the user will most
likely shift head position, thereby producing motion par-
allax anyway. An appropriate issue to examine next is the
change in performance (during observer motion) that

occurs with a binocular display as opposed to a monocu-
lar display. In a related study, Rogers and Graham
(1982) found that disparity thresholds for stereopsis
(binocular viewing) were approximately twice as low as
those for motion parallax (monocular viewing). In that
study, the time delay was zero. Presumably, motion par-
allax under binocular viewing will provide more-accurate
judgments than motion parallax under monocular viewing.

This study was conducted in an augmented environ-
ment, that is, an environment in which the user can see
the real world as well as virtual objects (Azuma, 1997).
Other studies have examined the effects of time delay in
fully immersive virtual environments. For example, Wat-
son et al. (1998) examined how user performance is af-
fected by the mean system response (MSR), defined as
‘‘the elapsed time until a system responds to user con-
trol.’’ They found that an increase in MSR in a fully im-
mersive environment increased the time necessary to
grasp a virtual object and decreased the accuracy with
which it could be transported to a virtual pedestal.

The present results show that, in a monocular see-
through HMD, localizations using motion parallax are
an improvement over the case in which the user remains
nearly stationary. However, these judgments are non-
veridical even if the time delay is relatively short (for ex-
ample, 31 ms). Although motion parallax does not
eradicate the effect of factors such as the SDT, it does aid
in distance judgments (Ferris, 1972). The results pre-
sented here show that observers can partially overcome
these biasing factors for time delays up to 197 ms.
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