SPECIAL SECTION

Localization of Virtual Objects in the Near Visual Field

stephen R. Ellis, NASA Ames Research Center, Moffett Field, California, and Brian M.
Menges, San Jose State University Foundation, San Jose, California

We examined errors in the localization of nearby virtual objects presented via
see-through helmet-mounted displays as a function of viewing conditions and
scene content in four experiments using a total of 38 participants. Monocular.
biocular, and stereoscopic presentation of the virtual objects, accommodation
(required focus). participants’ age. and the position of physical surfaces were
examined. Nearby physical surfaces were found to introduce localization errors
that differ depending on the other experimental factors. These errors apparently
arise from the occlusion of the physical background by the optically super-
imposed virtual objects, but they are modified by participants” accommodative
competence wiwi specific viewing conditions. The apparent physical size and
transparency of the virtual objects and physical surfaces, respectively, are influ-
enced by their relative position when superimposed. The design implications of
the findings are discussed in a concluding section. Head-mounted displays of
virtual objects are currently being evaluated as aids for mechanical assembly and
equipment maintenance. Other applications include telesurgery, surgical plan-

ning, telerobotics, and visualization aids for robotic programming.

INTRODUCTION

Until recently, most studies concerning the
design of see-through virtual image displays
have considered systems that present virtual
images focused only at large distances from
the users” eyes (>2 m). Research on the design
of cockpit head-up displays (HUDs) is an
example of such work (Weintraub & Ensing,
1992). The recent development of inexpensive
head-mounted see-through displays, however,
has extended their range of possible applica-
ion 1o include many cases in which users
Manually interact with nearby virtual images.
Possible applications include previewing
ml’{Chanical assembly, surgical planning and
'faining, and visualization of virtual objects
Preduced by computer-aided design systems.

_ Computer-generated images, which behave
ike real objects in these applications, are

often described as virtual objects and raise
questions about optical design and informa-
tion formatting that have not been previously
confronted. The studies in this paper examine
several such questions concerning some cues
to distance that influence operator interaction
with objects within arms’ reach.

The perceptual cues to space have been
classically separated in terms of the presence
or absence of movement or binocular informa-
tion. More recent analyses of depth perception
focusing on the behavioral affordances of
vision have more usefully reclassified the clas-
sical depth cues into three categories: those
primarily important with respect to personal
space, such as stereopsis (2 m, approximately
1-2 eye heights), those mainly relevant for
action space, such as self-motion parallax
(3-30 m, approximately 2-20 eye heights), and
those especially relevant for vista space. such
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as aerial perspective (>30 m, approximately
> 20 eye heights: Cutting & Vishton, 1995),

This reclassification of sources of informa-
tion concerning the spatial layout surrounding
a viewer is particularly useful because it focuses
attention on what vision is supposed to be used
for in each of these distinct regions of space.
Not surprisingly, observers' sensitivity to detect-
ing changes in depth varies across the different
cues. and the different cues have varying impor-
tance for different regions (Nagata, 1993). In
particular. binocular convergence, accommoda-
tion (required focus), and associated reflexes
play roles mainly relevant for the personal space
associated with coordinated, manipulative
activity. In this region, accommodation itself
was classically not thought to be a direct or
potent influence on perceived depth (Graham,
1965). However, through the accommodation-
vergence reflex (Ciuffreda, 1992; Krishnan,
Phillips. & Stark, 1973; Semlow & Hung,
1983), accommodation can indirectly but sig-
nificantly influence perceived depth by causing
a binocular-vergence-associated rescaling of
percepiual space.

Other results suggest that some observers
may be able 10 use accommodation itsell as a
depth cue (Fisher & Ciuffreda. 1988). Con-
sequently, investigations of the localization of
nearby virtual objects need to consider the
role of accommodation and its associated
reflexes.

Understanding the interaction of these physi-
ological reflexes on depth perception will have
growing importance as head-mounted displays
of virtual objects are introduced into the indus-
trial and medical workplace, Recent applica-
tions of such displays are designed 10 present
nearby, spatially conformal. compuier-generat-
ed virtual ubiccts 10 their users for medical and
manufaciuring applications (Azuma & Bishop,
1994: lanin. Mizell, & Caudell, 1995: Rolland.
Aricly. & Gibson, 1995). This work initially
focused atention on precise calibration and
alignment of the displays but now needs 1o be
expanded 1o include the study of pereeptual
phenomena that might degrade operator per-
formance even in well-calibrated systems,

The Tollowmg four experiments explore
such phenomena by examining participants”
ability 10 adjust the distance of @ physical

pointer to match that of a nearby virtua|
object. The object is generated by a high.
performance computer graphics system and
presented by a head-mounted see-through dis.
play. This localization task was selected
because it is close to the visual/manual manip.
ulation expected of users of virtual objects and
because its precision and accuracy can be easj.
ly and reliably measured. Preliminary testing,
for example, showed that participants could
set our mechanically displaced physical poini-
er to match the distance of physical targeis
within several millimeters and that this accu.
racy corresponded to their ability to matwch
target distances with their fingers. Addi-
tionally, the use of our pointer allowed exami-
nation of targets just beyond arm’s reach.

The initial experiment examines the effecis
of three different viewing conditions (monoc-
ular, biocular, and stereoscopic viewing) on
participants’ accuracy of placement of the
physical pointer under a virtual object. These
three conditions represent a range of cost and
of image fidelity (i.e., the completeness with
which an objects’ physical characteristics are
presented). The monocular condition presents
a virtual image of an object as monocular
helmet-mounted sights do and represents &
minimal hardware/software rendering cost for
such virtual-image displays. However, the
monocular virtual images it presents are sub-
ject 1o visual suppression attributable to
binocular rivalry.

The biocular condition. which presents
two identical virtual images to the partici-
pants” left and right eyes, can avoid the rivalr
problem. The images it presents are projected
from a cyclopean position between the view
er's eves but are shifted 1o allow unsiressed
fusion at a sclected distance isee Figure 10
This condition halves the rendering cost of
sterco displavs but doubles the head-mounted
display hardware requirements of monocular
displays. It presents a pattern of disparity
approximating that of a transparent. flat dis-
play surface and represents an intermediate
cost system with potentially more stable
image brightness.

The third condition. conventional stere
display with parallel viewing veciors, presents
the highest spatial fidelity but douhles both
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Figure 1. Viewing geometry for each viewing condition for a target at T and fixation at F.

the rendering and hardware display costs of
the monocular condition.

Because the monocular and biocular view-
ing conditions degrade the fidelity with which
distance is presented, we expect that the
stereoscopic display will support the most
accurate localization. The biocular display
may, however, provide a competitive alterna-
tive for virtual objects with relatively little
internal depth by avoiding the potential prob-
lem of binocular rivalry. The first experiment
provides a descriptive study of relative local-
ization accuracy of virtual objects presented
via the alternative viewing conditions. Given
that observer age and accommodative demand
irequired focus) could be expected to interact
and influence localization accuracy. these dis-
play characteristics are also examined in the
first study 1o develop designer guidelines for
the adjustment of focus and selection of per-
sonnel to use virtual object displays. Sub-
equent studies consider the effect of the
mtroduction of nearby physical surfaces on
the localization of the virtual object. identify a
phenomenon that introduces errors into such
Ocalization. and explore two alternative expla-
1ations for the phenomenon.

EXPERIMENT 1
Methods

Apparatus. All experiments reported in this
'@per used @ custom head-mounted see-
hrough display called an electronic haplo-
“Ope by the authors. which is capable of
resenting 20 10 30° diameter circular
onocular ficld 1o cach eve with variable mono-
ular overlap. In the following experiments.,

the system was used at 100% overlap and 20°
field of view. The display system used two ver-
tically mounted Citizen 1.5-inch (3.8 cm)
1000-line miniature cathode ray tubes (CRTs)
in National Television Standards Committee
(NTSC) mode that were driven by a Silicon
Graphics (SGI) computer (4D/210GTXB)
through custom video conditioning circuits.
For the simple three-dimensional imagery used
in the following experiments, the computer
could maintain a 15-Hz graphics update rate.
The CRT images were infinity collimated by
standard glass telescope eyepieces (Erfl 32 mm
and Ploessl 42 mm) mounted directly under
the CRTs.

After the signal transformation from RGB to
NTSC. individual pixels that corresponded in
the current configuration to a 3 arcmin hori-
zontal resolution measured from participants’
eyes were easily discriminated. The collimated
light could be modified by lenses and rotating
prisms from a standard optometric trial lens set
that allowed precise positioning with at least 5
arcmin resolution of the separate left and right
images and allowed variation of the accom-
modative demand for each eve. The images
were relaved 10 the participants’ eves by cus-
tom. partially silvered (15%) polycarbonate
mirrors mounted at 45° directly in front of each
eve. The left and right viewing channels could
be mechanically adjusted between 55 and 71 mm
separations for different participants’ inter-
pupillary distances. The video signal condition-
ing also allowed lateral adjustment of the video
frame. Consequently. the display system could
precisely position the center of each graphics
viewport directly in front of the eyes of all par-
ticipants for bore-sight alignment.
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The entire display system. which was built
around a snug fitting, rigid headband. is
intended to be worn by a freely moving partic-
ipant and weighs between 0.77 and 1.1 kg,
depending on configuration. In the lightest
conliguration, the moments ol inertia have
been measured 1o be 00782 kg-m® verticul
axis, 00644 kg-m' longitudinal axis, and
0.0391 kg-m lateral axis when mounted on an
erect head. In all of the experiments described
in the following. the band was fitted to ¢ach
participant’s head and then supported by a spe-
cial pivoted mount at the end of a 1.8-m table.
This mount restricted horizontal movement but
allowed some pitch movement. Participants
sat at this end during the course of each exper-
iment. The mount and chair were adjusted so
that the virtual objects could be presented at
eve level. Lateral head movement was restrict-
ed during all of the following experiments, but
a residual pitch of £10° was allowed for par-
ticipant comfort. In practice, the participants
were monitored by the experimenters so that
they would keep their heads approximately
level at an individually selected orientation
during the course of the experiments,

Stimuli. A monocular, biocular, or stereo-
scopic virtual image of an upside-down, axially
rotating (approximately 3 revolutions/min)
pyramid was presented at a distance of 58 cm
away from the participants’ eyes by a head-
mounted see-through display. It was seen
against a wall covered by gray cloth that was
2.2 m from the participants. Preliminary exper-
iments that examined varying the rotation rate
of the pyramid for each trial showed that
such variation had no effect on the localization
of the virtual image. The reference distance of
58 cm was chosen for the experiment because
it corresponded to a possible working distance
for several industrial applications of interest to
the authors. All displays were operated under
moderate indoor artificial illumination (approx-
imately 30 lux). The virtual image was present-
ed with either 2 diopters of accommodative
relief or at optical infinity. The stereo display
was, however, calibrated (see the following)
over a range of 30 to 110 ¢m,

The monocular display was simply the
stereo channel that corresponded to the par-

ticipants” dominant eye. The biveular display
was produced by positioning the graphics eye
point midway between the participant’s eyes,
The left and right images were identical copies
of this view but were shifted laterally so that
when the participants’ eves converged 10 the
centers ol each view port. they would have 0
disparity relative to the reference convergence
point at 38 ¢m.

The plane of O disparity was thus set =0 that
the participants could casily fuse the images
when converged at 38 cm. This technique was
used in general for all biocular stimuli at differ-
ent depths that were experimentally interjected
as described in the following. Though no key-
stone correction was applied for the several are
minutes of distortion caused by the image
shift. the disparity pattern produced in this
biocular image closely approximates that of a
flat image of the target as if it were drawn ona
transparent projection surface at the simulated
convergence distance.

The wire-frame pyramid had a nominal
10-cm base and a 5-cm height. The width of
the wire-frame lines was about 9 arcmin. The
depicted size of the presented virtual object
was randomly scaled from 70% to 130% of
its nominal size for each trial to interfere with
participants” possible use of angular size as a
depth cue. The lines of the wire frame and all
other computer-generated lines had a lumi-
nance of about 65 cd/m’ and were seen
against the gray cloth background of 2.9 cd/m?,
which had visible vertical seams. Although
the presented luminance did not approach
that used in aircraft HUDs, which must be
visible against a 30 000 ¢cd/m* background, it
was just adequate for indoor work against
most colored surfaces and is at least three
times brighter than the luminance available
in off-the-shelf, see-through head-mounted
displays such as the [Glasses™ formerly made
by VIO.

Out of every 30 judgments, 4 were based
on unanalyzed random variations in the
depicted depth of the pyramid. This variation
was introduced to help ensure that the partick
pants did not notice that the depicted depth
was repeated. However, the major factors
masking the repetition of the depicted depth
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were the perceptual effects thar caused
changes in the apparent depth with different
viewing conditions. Because the viewing con-
ditions could be unobtrusively intermixed and
no leedback was given to the participants,
there was no way lor them to tell that the
depicted distance was not changing. In fact,
ne naive participant in any ol the fullowing
experiments reported noticing the repetition
ol the depicted target depth.

Tusk. The participants™ task was to use a
method of adjustment 1o position the binocu-
larly visible physical cursor, a yellow-green
LED (about 20 c¢cd/m’) pointer that was
shaped like a pyramid (base = 0.5 cm, height =
1 cm). inte vertical alignment with the apex
of the inverted pyramidal virtual object. The
physical cursor was moved on a rail by a
chain and gear system and was positioned
about 2° of visual angle below the virtual
object. The distance to the pointer was auto-
matically recorded through use of a shaft
encoder interfaced to the display computer.
The adjustment was self-paced, but partici-
pants were encouraged to take between 15
and 30 s for each adjustment and were
allowed to take breaks at Y2 to 1 h intervals as
needed. As part of the standard procedure for
use of human participants, all participants
were informed that they could terminate the
experiment at any time if they experienced
any undue discomfort and were asked at the
end il they experienced any viewing difficul-
ties seeing the virtual objects.

Stereo calibration. The haploscope display
svstem was adjusted by monocular superimpo-
sition of reference virtual images on an 18-cm
diameter circumscribed circle presented at a
distance of 2.2 m. In addition to position
adjustment, this allowed adjustment of the
ficld-of-view angle of the graphics system to
match the total magnification of the system.
This was done separately for each eye and for
¢ach participant before the experiment was
started. Thus, we could account for any
changes attributable to variation of accom-
Modative demand and corrective lenses that
Might be worn by the participants. The partic-
IPants’ interpupillary distances (IPD) were
Measured with a binocular viewing device
With digital readout (Varilux Model: Digital

CRPY. All displays and algorithms were
adjusted 10 reflect the measured 1PD values,

Preliminary test results for virtual targets
placed between 35 and 108 ¢m showed that
within the tull range of adjustment used for
the experiment, participants using a stereo dis-
play could align the cursor within =0.3 ¢m of
the depicted virtual object targer depth (Ellis
& Menges, 1997b). The distance responses
were completely linear, unbiased. and un-
skewed and were conducted in the same full-
room illumination as the experiment. Similar
tests of the biocular viewing condition showed
equally linear responses. Tests in the monocu-
lar condition showed inconsistent behavior. as
expected. In further examination of the local-
ization technique. pilot participants were
asked to use the pointer to match the depth of
physical targets. These tests showed linear,
unbiased, unskewed estimates with statistical
ranges of =0,15 cm about depicted physical
distances for targets used in the experiment.

Participants. The participants were five
young (15-29 years) and five older (3847
years) individuals. Participants in the older
group could be presumed by population data
to be at least early presbyopes (Moses, 1987).
All but one young and one older participant
(i.e.. the authors) were naive with respect to
the purpose of the experiment. The others
were either paid participants recruited
through the Ames Bionetics contractor or
were laboratory personnel. All participants
were screened on the Bausch & Lomb Or-
thorater stereo tests for sterecoacuity better
than 1 arcmin. Participants who normally
wore prescription spectacles were allowed to
wear them during the screening test and the
experiment. During pilot testing for the exper-
iment, inadvertent errors of 0.1 to 0.2 ¢m in
modeling of participants’ interpupillary dis-
tances in the graphics simulation produced
easily noticeable artifacts. Precise stereo or
biocular presentation of virtual objects evi-
dently requires measurement and modeling of
interpupillary distance with an accuracy on
the order of 0.1 cm.

Design. Viewing conditions (monocular,
biocular, and stereoscopic) were crossed with
accommodation (0 or 2 diopters) and nested
within age groups. The experiment used a
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blocked design in which blocks of five replica-
tions of a given condition were presented for
each of the three viewing conditions, produc-
ing uninterrupted sequences of 13 judgments.
The sequence of viewing conditions was ran-
domly assigned to each participunt and there-
after systematically permuted after each set of
three viewing conditions was presented. In
general, it was possible to switch the viewing
conditions solely through sofltware. Thus, the
participants were generally unaware of which
viewing condition was presented, and the per-
ceptual variation in apparent depth caused by
variation in viewing condition was readily
interpreted by them as variation in depicted
depth. The viewing conditions were blocked
for a given accommodative demand, which
was switched by interrupting the experiment
after every 13 trials to change the viewing
lenses. The order of presentation of accom-
modative demand was permuted within sub-
jects and balanced across participants.

Results

Analysis of variance (ANOVA) showed that
the viewing conditions had a major effect on
the bias of the participants’ distance judg-
ments, F(2, 16) = 13.380, p < .001. The mean
stereoscopic and biocular localizations were

almost completely correct. but o judgment
bias appeared as an overestmate when the
stereo depth cues associated with the virtual
object were removed by monuocular viewing,
This effect interacted with accommodative
demand and age as indicated in Figure 2,
F(2,16) = 7.76. p < .004. All other clfects are
related to this three-way interaction and will
not be discussed individually. No participants
reported any difficulties seemng the virtual
objects during the experiment.

Discussion

The results of the ANOVA plotted in Figure 2
show that when depth cues to the virtual
object are degraded to monocular conditions,
judgments of its distance drop back toward
the distance of the background wall at 2.2 m
from the participants. A phenomenon that
could explain the increased judged target dis-
tance in the monocular condition is the specif-
ic distance effect that causes visual targets of
unknown physical size presented with weak or
ambiguous depth cues to tend to appear in
visually impoverished environments about 2
to 3 m away (Gogel & Tietz, 1973). This dis-
tance effect is also associated with tonic
accommodation and vergence. which relax
1o approximately 1 to 2 m in the absence of
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Depicted Distance
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Distance from Subject (cm)
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Figure 2. Effect of age and accommodative demand on localization.
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distance cues (Owens & Licbowitz, 1976).
Changes of convergence to a more-distant
resting position could cause the localization of
the virtual object to recede from the viewer.
However. given that these effects are generally
seen when targets appear against featureless
backgrounds, they probably are not important
for the present results.

Another phenomenon that is probably more
pelevant is the direct effect of change in ocular
convergence on perceived depth (Owens &
Lichowitz, 1985: Zuber. 1963). It is the kind
of result to be expected if the participants’
actual convergence was driven or attracted by
the wall that provided a visually sharp, tex-
wred cloth with vertical seams at 2.2 m. In the
monocular condition, the only source of infor-
mation indicating that the virtual object is
located any particular distance in [ront of the
background is provided by accommodative
demand. It is therefore not surprising that when
2 diopters of accommodative demand were pro-
vided, only the participants young enough to
respond to this cue were able to localize the
virtual object approximately correctly. In these
participants, the accommodative-convergence
reflex allowed them to maintain convergence
on the virtual object. Older participants unable
1o respond to accommodative cues have only
the disparity information provided by the back-
ground cloth to control their vergence. Thus,
they would still diverge to fuse the back-
ground, and the monocularly presented virtual
objects would still appear toward or on the
background wall.

The fact that the monocular virtual objects
were not judged to be exactly on the wall
reflects the response bias within the experi-
ment originating from constraints on move-
ment of the physical cursor. unavoidable
fuesses the observers may have made about
the approximate size of the object, and the
Possibility that the observer converged to
other closer objects, such as the pointer and
ts supports, which, though darkened to be
less conspicuous, were still visible against the
background. In fact, if the observers were to
hold their eyes completely still, the monocular
Viewing situation would be similar to that of
Viewing a monocular afterimage in a demon-
Stration of Emmert’s law, the classic observa-

tion that an afterimage often appears at the
distance of @ physical surface against which it
is projected (Brown, 1965). The readily avail-
able correct disparity information in the biocular
und stereo conditions, however, provides the
missing cue that allowed all observers o cor-
rectly judge the distance to the virtual object.

Finally, because no difficultics secing the
virtual objects were reported during the exper-
iment, we found no evidence that binocular
rivalry interfered with participants’ ability 10
see the virtual objects in the monocular condi-
tion. This finding is consistent with all obser-
vations we have made ol the monocular
wire-frame virtual objects during preparation
for the experiment. Apparently, the high con-
trast and motion of the objects we have exam-
ined easily overcome any binocular rivalry that
might be present.

EXPERIMENT 2

Experiment | examined the effect of differ-
ent viewing conditions on the localization of
virtual objects superimposed on a physical
surface 2.2 m away. However, given that new
uses of virtual objects are likely to bring them
closer to physical surfaces, Experiment 2
examines the effect of the introduction of a
much closer physical surface. In view of the
interacting roles of actommodation and con-
vergence in the discussion of Experiment 1,
one could reasonably expect the introduction
of a nearby real surface to cause the observers
to localize monocularly viewed virtual objects
at the same distance as the introduced surface.
If the accommodative demand for the virtual
object is already matched to its displayed dis-
tance, one would expect that this improve-
ment in the accuracy of localization would be
larger for older observers than younger ones,
who already would have accommodative cues
to the virtual object distance (Ellis & Menges,
1997a). Accordingly, participants of different
age groups were used when correct accom-
modative demand to the virtual object was
provided.

In order to study the effects of introduction
of a physical surface. participants must first
judge the distance of the virtual image by
itself. This first judgment is identical to those
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and interpupillary adjustment. Middle: Initial localization of virtual object depth. Bottom: Testing conditions
representing the on or in-front placement of the rotating checkerboard and the second localization of the
virtual object depth. The rightmost panels 3 and 4 represent use of nonius lines to detect relative conver-

gence in Experiment 3.

made with the viewing conditions in Exper-
iment 1 with two-dimensional accommodative
demand and provides a chance to replicate
that part of the experiment.

Methods

Stimuli. The virtual image stimuli used in
Experiment 2 were identical to those in
Experiment 1 for the 2-diopter accommoda-
tion condition, but a new physical stimulus
was introduced. This physical surface was a
slowly, irregularly rotating checkerboard
(approximately 2 revolutions/min) made of
photocopied paper glued onto foam core and
was mechanically introduced along the line of
sight to the pyramid as illustrated in Figure 3.
Motion of the checkerboard was introduced
because preliminary testing showed that the
changes in localization it produced were
enhanced by motion.

The checkerboard was a disk 29 c¢m in
diameter with 5 cm black and white checks
having either 1.3 or 17.8 cd/m?* luminance. It

was positioned so that the virtual image of the
pyramid could be seen against the lower rim
of the disk in order to allow the participants
to adjust the physical cursor to the apparent
distance of the virtual image in the presence of
the disk. Care was taken to ensure that the
physical cursor was below the bottom of the
virtual object and the edge of the disk, as in
Experiment 1. As before, participants viewed
the virtual objects with monocular, biocular.
or stereoscopic view conditions.

FParticipants. Of the 15 participants, 7 were
young (15-29 years) and 6 were older (3847
years). All but one young and one older par-
ticipant (the authors) were naive with respect
to the purpose of the experiment. The others
were either recruited through the Ames
Bionetics contractor or were laboratory per-
sonnel. All participants were screened for
stereo vision as in Experiment 1.

Task. The first part of the participants’ task
was to mechanically place the yellow-green
LED pointer under the nadir of the slowly
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rotating. wire-frame virtual pyramid, which
varied randomly in size for each trial as in
Experiment |. The second part of the task
involved an adjustment of the pointer to
match the pyramid’s distance after the slowly,
irregularly rotating, opaque checkerboard was
introduced along the line of sight to the pyra-
mid. The checkerboard was introduced at the
previously judged distance of the apex of the
virtual pyvramid. This fact was unknown to all
ol the naive participants and remained unno-
ticed throughout the experiment. Although
the virtual pyvramid was also presented a sec-
ond time at the same distance as the first
localization. the experimental variations gen-
erally concealed this fact from the naive par-
ticipants, who were led to believe that each
trial. with or without the checkerboard. in-
volved a potentially different depicted depth.
As in Experiment 1, the occasional introduc-
tion of unanalyzed sham targets at different
depths enforced the naive participants’ belief
that the virtual image could be displaced in
various depths for every localization.

Results

Analysis of the participants’ first localization
of the virtual object under the three viewing
conditions with 2 diopters of accommodative

demand closely replicates the findings of
Experiment 1. The basic result is a significant
two-way interaction of view condition and
age, F(2, 42) = 19.160. p < .0009. in which
age variation affects the judged distance only
when the younger participants viewed monoc-
ularly (Figure 4).

Analysis of the offset of the mean judged
distance to the virtual object associated with
the introduction of the physical surface also
showed a main effect of viewing condition.
F(2.20) =91.540. p < 0001, and a signiticant
interaction between viewing condition and
age, F(2, 20) = 21,921, p < .0001 (Figure 4).
These effects modulated the overall significant
offset, F(1, 13) = 90.623, p < .0001. of the
judged distance to the virtual object toward
the viewer, which was caused by introduction
of the physical surtace. This effect appears for
all viewing conditions as a closer localization
of the target after interposition of the physical
surface.

Discussion

The first virtual object localization shown
in Figure 4 replicates the two-dimensional
viewing conditions in Experiment 1, showing
that the older participants were unable to use
the accommodative information to estimate
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Figure 4. Interaction of age and viewing condition.
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the virtual object distance and consequently
localized the virtual object erroncously twoward
the background wall. Interestingly, interposi-
tion of the checkerboard at the judged dis-
tance of the monocularly viewed virtual object
causes a substantial forward movement of the
judged virtual object position (Figure 41. This
change is what would be expected if insertion
af the disparity and other cues 10 nearness of
the checkerboard were 1o cause relative con-
vergence with respect to the position of cyes
before its introduction.

It is important to note that the forward
movement of the localization is from the ini-
tial judged position for each appearance of the
solated virtual object. Given that the older
participants tended to initially judge the virtu-
al object to be too far away, the tendency for
the checkerboard 1o bring the judged distance
closer was corrective (see Figure 43. The
younger participants viewing the virtual object
monocularly did not significantly misjudge the
virtual object distance, however, as evident
from the error bars, For them, introduction of
the checkerboard was detrimental, causing the
virtual object to be judged too near.

In fact, the checkerboard insertion caused
the virtual object to generally appear too near
for the other two viewing conditions, which
otherwise supported correct localization of the
isolated virtual object. This was generally true
for both age groups and suggests that intro-
duction of the physical surface, the checker-
board, could be causing a small relative
convergence under these conditions as well.
Although disparity information for correct
convergence to the virtual object is available
under these two conditions, the virtual object
providing this information is not of high visual
quality. Its presentation corresponds roughly
to 20/100 visual acuity.

Under such conditions, convergence based
on stereoscopic cues might not be precise and
could exhibit a fixation disparity. If this error
were an exofixation disparity (i.e., it would
tend to the distant side), introduction of the
high-visual-fidelity checkerboard could correct
it, causing a relative convergence and an asso-
ciated decrease of the judged distance to the
virtual object. If this small corrective conver-

gence  were  incompletely  compensated
because of the breakdown of distance constan-
cy. errors ol localization could be expected,
Thus the change in localizaton alter introdue-
tion ol the checkerboard could be atributable
to a change in static convergence.

EXPERIMENT 3

Experiment 5 explicitly tested Tor such a
change associated with the chunge in judged
distance, Auention was locused on the stereo-
scopie viewing condition to see il the closer
judged distance of the virtual object associat-
ed with introduction of the physical surface
could be associated with an increase in static
convergence. Because the amount ol expected
change was small (e.g., a change of 3 cm,
from 38 to 35 cm), a sensitive measure of con-
vergence was needed. Angular changes of
monocular position of only about 3 arcmin
would be expected if the change in localiza-
tion were explainable by vergence change
alone. Such a measurement is difficult to
make without encumbering eye-tracking tech-
nology that preserves a clear visual field.
However, it is conveniently just at the display
resolution of the display configuration used.
Therefore, a technique using nonius lines on
the display itself was adopted (Ellis, Bucher, &
Menges. 1995).

A nonius line is a line that is broken inta
two line segments, each of which is visible by
only one eve. Such lines have typically been
used to measure equivalent oculocentric direc-
tions to determine the position of the stereo-
scopic horopter. When the two segments are
moved laterally during a period of constant
convergence so that they appear 1o be collinear,
their positions may be used to record a specific
convergence position.

Methods

Stimuli. Given that pilot studies had sug-
gested that longer distances enhance the effect
of introduction of the checkerboard, the virtual
pyramid was presented at 108 ¢m rather than
58 cm away from the participants’ eyes, Such
an enhancement was deemed helpful in increas
ing the detectability of any relative convergence
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This display. otherwise similar to that used in
Experiment 2, was operated under normal room
illumination with | diopter of accommodative
relicf for the virtual image. Flanking nonius
lines tlower right panels of Figure 3) of the
same luminance and line width as the pyramid
deseribed in the following Task section were
also occasionally presented to detect changes
in static convergence,

Participanis. Five men and one woman par-
teipating in the experiment had measured
stereo resolution better than 1 aremin. Some
participants had vision corrected by contact
lenses or glasses and were able to wear their
corrections during the experiment. Partici-
pants’ ages ranged from 17 to 47 years, and
they included laboratory personnel as well as
paid participants recruited by a contractor at
Ames. Because of the computer control of the
experiment. it was possible to conduct this
experiment double blind.

Task. The participants’ task had three basic
parts: (a) localization of an isolated virtual
pyramid and measurement of associated static
ocular convergence, (b) relocalization of the
virtual pyramid in the presence of a real surface
either at or in front of the pyramid’s apparent
distance, and (c¢) measurement of changes in
static convergence associated with the relocal-
ization. The first part of the participant’s task
was 'to mechanically place the LED pointer
under the nadir of the slowly rotating wire-
frame pyramid. Aflter aligning the pointer, the
participants were presented with two sets of
vertical nonius lines that were just flanking
the pyramid (Figure 3, right panel 3). These
lines were then adjusted to appear vertically
collinear (i.e., to have equal visual directions
on each side of the pyramid). This adjustment
was made by moving the lower left and right
segments with a joystick control (see Figure 3)
and effectively recorded the participants” static
convergence during this part of the experiment.
Subsequent brief presentations of the nonius
line will accordingly show how static conver-
gence may have changed by revealing vertical
misalignments.

The second part of the task involved anoth-
er adjustment of the pointer to the pyramid’s
depth after the slowly, irregularly rotating

checkerboard was introduced along the line of
sight to the pyramid. The pyramid was then
presented a second time at the same depicted
depthin this new conliguration. As before. the
experimental variations generally concealed this
fact from the participants so that they believed
cach tral, with or without the checkerboard.
involved a potentially different depicred depth,
As before, unanalyzed trials with random vari-
ation in distance were introduced 1o maintain
the participants” uncertainty.,

After the second judgment ol the pyramid’s
depth. the nonius lines were flashed briefly
(for approximately 250 ms) next to the pyra-
mid while the participants fixated it (Figure 3.
right panel 4). The participants then made a
forced choice indicating whether the upper
or lower pair of the flashed nonius lines
appeared laterally closer. The eye assignments
of each segment of the nonius lines were ran-
domly selected so that the meaning of the
alternative possibilities in terms of conver-
gence or divergence varied randomly across
the trials. The assignment of the lower part of
the left nonius line and the upper part of the
right line to one eye and the other upper-lower
pair to the other eye produced a differential
effect, doubling the relative misalignment for
any given vergence change and increasing the
sensitivity of the technique for detecting
changes in convergence. The participant
reported which of the paired nonius lines were
closer by a button press.

In fact, three different experimental condi-
tions were used in the second part of the
experiment because of the need for a control
case. In the on condition, the checkerboard
was mechanically introduced at the judged
depth of the virtual pyramid object so that the
pyramid appeared 10 be on the checkerboard.
For the in-front condition, the checkerboard
was introduced 30 ¢m in front of the judged
depth. In the control condition, the second
judgment was a replication of the first judg-
ment in that the participant made a second
judgment of the depth of the virtual object.
This time, however, the participant made the
forced-choice judgment of the nonius lines
alignment without the addition of the checker-
board. Thus, the control was identical to the
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experimental conditions except that the
checkerboard was not introduced into the line
of sight. Therefore, this control provides an
individual baseline for participants’ judgment
biases and changes ol their convergence dur-
ing the course of a trial.

Fach condition was repeated 13 times for
vach partcipant in a randonuzed block design
in which blocks of five replications o each
condition were repeated. The six possible
orders of the three conditions were distributed
randomly across the six participanms in the
experiment.

The change in judged distance of the virtual
object was analyzed in a single-factor repeated-
measures ANOVA. Chi-square analyses were
conducted on each individual participant’s dis-
tribution of judgmems ol convergence/diver-
gence for each of the three experimental
conditions, Taking the control condition as a
baseline, the relative strength of convergence
could be measured by a ratio of the probability
of convergence in each experimental condition

3
]
3?
Z
&

]

&

o

Probability of Convergence
Probability of Divergence

1o the probability of convergence in cach par-
ticipant’s individual control, This ratio allows
control for the possibility thar parucipuants
might have an individual bias 1o converge or
diverge simply because ol repeated presenta-
tion ol the virtual object,

Results

Single-fuctor repeated-measures anuls<is of
the elfect ol superposition ol the checker-
board and virtwal images replicated the previ-
ous observations that the virtual object was
moved closer to the viewer. F(2. 10) = 7.349,
p <01, Individual data are shown in Figure 5,
This effect was somewhat stronger for the on
condition than for the in-front condition and
varied in strength across the six participants.
Interestingly. one participant showed ¢ssential-
Iy no effect.

The cause of this individual participant’s
result is illuminated by considering all partici-
pants’ tendency to relatively converge during
judgment of the depth of the virtual object in
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Frgure 6. Slotted physical surface.

the presence of the checkerboard. This tenden-
cy is summarized for the experiment in Table 1,
which displays the frequency of convergence
or divergence indicated by the nonius judgments
for all participants in the three experimental
conditions, ¥*(2) = 20.37, p < .001. The con-
trol case shows the expected 30:30 break col-
lapsing across all participants. whereas the
other two conditions show clear convergence —
the on condition was somewhat stronger.

For further analysis, each participant’s indi-
vidual tendency to converge was computed
separately as the ratio of their probability of
convergence in an experimental condition to
their probability of convergence in the control
condition. These ratios are plotted in Figure 6
for each participant. Given that the control
was used as the reference, all ratios for the
control condition are 1. A 2 x 2 chi-square
contingency was also computed to compare
the distribution of convergence and diver-
gence for each experimental condition with
that of the control condition. This was done
separately for each participant, for whom sta-
tistically significant differences in distributions
are indicated by asterisks (Figure 3).

Discussion

The individual participant’s localization
errors in Figure 3 are sorted by the size of the
change in the judged position of the virtual
object for the on condition. These results can
then be compared with the ratio of the con-
vergence probabilities. As is clear from the
ligure, the 1two measurements are almost per-
fectly correlated across participants. The only
participant not to show a displacement of the
virtual vbject caused by the checkerboard is
also the only one to show essentially no rela-
tive convergence. The participant showing the
largest displacement attributable o introduc-
tion of the checkerboard is also the one with
the strongest tendency to converge. The
results for the in-front condition show a weak-
er apparent displacement of the virtual image,
but they also show a correlation of conver-
gence tendencies and changes in localization,
The correlation of relative convergence with
magnitude of displacement for the on and
in-front conditions across participants and
conditions is, in fact, r(10) = 894, 1 = 6.31,
p <.002.

These results generally support the supposi-
tion that the change in judged depth could be
related to a change in convergence. but the
mechanism underlying this change remains
to be clarified. Correction of a fixation dis-
parity, for example. by introduction of a high-
resolution physical stimulus, for example, is
not the only possible mechanism.

One other possibility is that change in con-
vergence is attributable to so-called perspective
(Enright, 1991) or proximal vergence (Ciuf-
freda, 1992). These phenomena are changes
in convergence attributable to changes in the
apparent nearness of objects. They provide
evidence that spatial interpretations of the
distance of a visual image can simulate the

TABLE 1: Frequency of Convergence to Divergence during Depth Judgments of Virtual Objects

Ratio of
Total Convergence to
Convergence Divergence Judgments Divergence
On 84 21 105 1.58
in-front 70 35 105 1.32
Control 53 52 105 1.00
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vergence system, Accordingly. the results from
the present experiment, though showing that
there is a clear oculomotor response associat-
ed with the error in judged depth. does not
resolve its cause. A change in the apparent
nearness of the virtwal object attributable 1o
its appearing to occlude the nearby checker-
board could be the cause of the measured con-
vergence rather than its consequence. This
question can be resolved only experimentally.

EXPERIMENT 4

One approach to analyzing whether the
oculomotor effect (i.e., the convergence)
observed in Experiment 3 is caused by the
superposition of the virtual object on the
background is to devise a stimulus condition
that both strengthens the oculomotor cues to
convergence and weakens the visual evidence
for occlusion, thus reducing the likelihood of
convergence caused by proximal vergence.

We attempted to create such a stimulus by
cutting an annular slot 8-cm wide out of our
rotating checkerboard so that the virtual pyra-
mid would be just able to fall through the
resulting hole (see Figure 6). The outer rim of
the checkerboard was supported by thin radial
wire that matched the color of the background
wall and therefore was invisible to the ob-
servers. This stimulus triples the number of
moving edges that provide the strong disparity
discontinuity, which could be the stimulus to
convergence that could cause the change in
static convergence observed in Experiment 3.
If the better stimulus to convergence provided
by the checkerboard caused the change in
static convergence, this stimulus should
strengthen the effect. However, the slotted hole
virtually eliminates the visual evidence for
occlusion. If proximal vergence triggered by
occlusion caused the change in judged dis-
tance, one would expect not to find a change
in the judged distance of the virtual object
when it is presented in the slot.

Methods

Participants. We used nine participants
(ages 23-47) who were either laboratory per-
sonnel or paid participants provided by
Bionetics,

This experiment was conducted using a
methodology equivalent to that of Experiment
2 for stereoscopic virtual objects. Two differ-
ent depicted distances of the virtual objects,
83 ¢cm and 108 ¢m. were randomly ordered
into blocks ol 20 runs, In cach block cither g
solid checkerboard or a sloted checkerboard
was introduced along the line of sight of
the virtwal object. Alrer introduction of the
checkerboard. the change in the judged dis-
tance to the virtual object was measured,
Block types were alternated for all partici-
pants. All but one participant. from whom
half of the data was lost. experienced four
blocks. making a total of 80 judgments per
participant. The order of presentation of the
two checkerboard types was counterbalanced
across participants.

Results

Analysis of variance showed that whereas
the solid disk caused a previously observed off-
set of the judged virtual object distance toward
the observer (M = 2.80 cm: SE = +0.73 cm),
the slotted disk caused a mean change of only
0.72 ¢cm (SE £0.49 cm). This dilference was
statistically significant, F(1, 8) = 19.605, p <
.002. The offset for the slotted disk condition,
though close to 0, was statistically significantly
less than 0, 1(8)=-2.39, p <.04.

The size of the offset was larger for the
greater depicted distance. The offset for the
83-cm virtual object was 1.49 cm (SE =0.43),
and the offset was 2.03 ¢cm (SE +0.57) for the
108-cm object. This difference was just signif-
icant, F(1, 8) = 3.349. p < .05. There was n0
statistical interaction, F(1, 8) = 3.068, p > .05,
s0 the effects of placing the virtual object in
the slot were statistically indistinguishable for
the two presentation distances, Accordingly,
the data from the two presentation distances
may be collapsed as in Figure 7. This figure
shows the full distribution of all of the partici-
pants’ responses illustrating the effect of the
presence of the slot on the judged distance t@
the virtual object.

Discussion

As is clear from Figure 7, introduction of
the slot in the checkerboard that removed the
occlusion between the virtual object and
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Figure 7. Effect of hole on judged distance to virtual objects.

checkerboard greatly reduced the offset in
judged virtual object position produced by the
checkerboard introduction. This reduction
makes the oculomotor explanation of the
change less likely because the binocular depth
cues of the checkerboard would be expected, if
anything, to strengthen any vergence response.
Given that the overlap of the virtual object
contours and those of the checkerboard seem
to be the key features causing the shift in the
virtual object’s judged position, the occlusion
cue placing the virtual object in front of the
checkerboard seems to be the best explanation
for the nearer localization of the virtual
objects. Thus. the change in static convergence
appears to be a consequence of proximal ver-
gence and resembles effects in recent reports
of convergence being driven by kinetic depth
¢lfects, which produce a perception of near-
ness (Ringach. Hawken, & Shapley, 1997).
Another possible interpretation of the
results, however, could be based on the pro-
posal that the alternative explanations of the
offset of the judged distance of the virtual
object are not mutually exclusive (W. Shebil-
ke, personal communication, December 1997).
In this view the introduction of the slotted
theckerboard stimulus could introduce a

proximal vergence tendency to fixate farther
away, because any objects seen through the
slot would necessarily be more distant than
the slot. If this tendency for a more distant fix-
ation were to oceur, it would oppose any ten-
dency of the visual information to reduce
oculomotor bias. The net effect of the opposi-
tion could account for the almost negligible
forward displacement of the virtual object
observed when participants were exposed to
the slotted checkerboard.

One way to dissociate the two influences
could be to study the individual oculomotor
biases of each participant, measuring, for
example, their phoria with a Maddox Rod test
or an equivalent test. To the extent that partici-
pants exhibit exophoria, one could expect a
exofixation disparity while viewing the virtual
object. Its removal by presentation of the
checkerboards could be associated with the
change in judged distance. An explanation of
the observed effects of the checkerboards solely
in terms of proximal vergence would not pre-
dict a correlation between the phoria tests and
the participants’ individual phoria variations.
Accordingly, future investigations could exam-
ine individual participant’s oculomotor biases
as a technique to more precisely determine the
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cause of the offset of the change in judged dis-
tance associated with superimposition of virtual
obijects against physical surfaces.

DESIGN CONSIDERATIONS

1. The present results were observed with a static
eye point and can be expected to change when
significant lateral head movement producing
motion parallax is introduced. Nevertheless, it
is important 1o realize that because many of the
new applications of head-mounted see-through
displays will, in fact, involve relatively static
viewing. the conditions used remain practically
relevant,
Given that weight and cost considerations may
encourage the use of monocular displays, these
displays are likely to be iniual candidates for
many applications. Accordingly, such displays
should have a variable focus control 10 appro-
priately direct the convergence of prepresby-
opic users, Designers and supervisors should be
aware that operators over 40 years of age will
generally not benefit from the variable focus
adjustment

5. Biocular and stereo displays should be used
with a bore-sighting procedure in which focus
is adjusted to a reference target 5o as 1o correct
for any errors in depth attributable 10 inappro-
priate vergence.

4. Computer-generated or other targets presented
binocularly should have individually tilored
stereo disparity 1o correct their spatial localiza-
tion so as to compensate for the tendency of
virtual objects 1o appear to float in from of the
surfaces that they are seen against.

I~

General Appearance of Nearby Virtual
Objects Close to Physical Surfaces

In addition 10 alfecting the localization of &
virtual object. a proximate physical surface can
markedly affect its appearance. For example.
when a fixed-size. monocularly viewed virtual
abject is projected aganst physical surfaces al
differem distances, its apparent size appears 10
grow and shrink as the distance of the surface
increases or deereases. The head restraint. the
discrete nature of specilic testing conditions.,
and the size rundomization used in the presem
experiments prevented our participants from
noticing this effect during testing. It can be
very prominent. however, and it was readily
noticed during pilot testing and when partici-
pants were allowed 10 continuously view virtual
objects while their heads were unrestrained.

Another prominent phenomenal effec
occurred during presentation of the opague
physical surface in front of the location of the
stereoscopic virtual object in Experiment 3. In
this case, the surface appears to change iis
physical properties and become transparent jn
the regions where the virtual object overlaps.
The placement of the surface 30 cm in front of
the virtual object was selected to ensure tha
this transparency would be induced for all par-
ticipants. The effect is very striking because its
onset can be very sudden and can depend on
the distance at which the surface is placed in
front of the virtual object. It is most strikingly
demonstrated with a moving surface that is ini.
tially behind a virtual object. As the surface is
moved forward, the object is “pushed” along in
front. However, after a critical distance varying
from participant to participant, the virtual
object will abruptly “fall back™ behind the sur-
face and. in doing so, will impart a sense of
transparency to the surface.

This transformation is quite striking, espe-
cially when the surface is an observer’s hand.
When the demonstration is conducted close 1o
the observer so that changes in their ocular
convergence are easily visible, a divergence
associated with the falling back of the virtual
abject is easily seen. As is shown in Figure 5
from Experimemt 3. the localization of the
virtual object is nevertheless brought closer o
the observer by the surface, even when the
surface becomes transparent. This observation
thus underscores the particular difficulty faced
il a designer of an optically overlaid virtual
object wishes 10 place the object precisely
inside or behind a physical surface or object.
The resultant distortions in the virtual object’s
localization may be correctable by a reduction
in its disparity, but this rechnique will have to
be verified by future rescarch,
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