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Displacement in See-Through,
Head-Mounted Displays

Abstract

Among the most critical issues in the design of iImmersive virtual environments are
those that deal with the problem of technologically induced intersensory conflict and
one of the results, sensorimotor adaptation. An experiment was conducted to sup-
port the design of a prototype see-through, head-mounted display (HMD). When
wearing video see-through HMDs in augmented reality systems, subjects see the
world around them through a pair of head-mounted video cameras. The study looked
at the effects of sensory rearrangement caused by a HMD design that displaced the
user's "virtual” eye position forward (165 mm) and above (62 mm) toward the spatial
position of the cameras. The position of the cameras creates images of the world that
are slightly downward and inward from normal. Measures of hand-eye coordination
and speed on a manual pegboard task revealed substantial perceptual costs of the eye
displacement initially, but also evidence of adaptation. Upon first wearing the video
see-through HMD, subjects’ pointing errors increased significantly along the spatial
dimensions displaced (the y dimension, above-below the target, and z dimension, in
front-behind the target). Speed of performance on the pegboard task decreased by
43% compared to baseline performance. Pointing accuracy improved by approxi-
mately 33% as subjects adapted to the sensory rearrangement, but it did not reach
baseline perfermance. When subjects rermoved the see-through HMD, there was
evidence that their hand-eye coordination had been altered. Negative aftereffects
were observed in the form of greater errors in painting accuracy compared to base-
line. Although these aftereffects are temporary, the results may have serious practical
implications for the use of video see-through HMDs by users (e.g, surgecns) who
depend on very accurate hand-eye coordination.

| Introduction

The National Research Council (NRC) report on virtual reality expressed
concern regarding current knowledge about the effects of displays on the visual
system:

An important set of issues concerning perceptual effects in the visual channel
that are only now beginning to be addressed concern . . . augmented reality
displays. . . . Many of the perceptual issues that have important implications
for the design of technology for the visual channel, and about which current
knowledge is inadequate, concern how humans respond to various types of
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sensorimotor alterations associated with the visual dis-
play. (Durlach & Mavor, 1995, p. 48).

Furthermore, the NRC report recommended research
on how synthetic environments “might alter the mental
model . . . of [the user’s] own body” (Durlach & Ma-
vor, 1995, p. 45). This study directly tackles both of
these issues: the changes in visual perception following
use of augmented reality displays, and the changes in
users’ mental models of their bodies. We report on the
sensorimotor effects of one key design feature of existing
video see-through HMDs—visual displacement of the
user’s eyes to a virtual position—the entrance pupil of
the HMDDs cameras.

Engineering design restrictions in this generation of
video see-through HMDs require displacing human vi-
sion. The cameras that record the physical world and the
video displays that present the physical world to the
viewer cannot occupy the same position in space, The
entrance pupil of the cameras must be in a different posi-
tion in space than the entrance pupil of the viewer’s real
eyes because video displays are in front of the user’s eyes.
In the prototype tested in this experiment, the user’s
virtual eyes {the video cameras) are located 62 mm
above and 165 mm forward from the viewer’s natural
eye location {see Figure 1). This video displacement of
the eye location is a form of sensory rearrangement that
forces the user to adapt to the system. Therefore, this
study applies perceptual adaptation research directly to
the engineering and design of HMDs to evaluate the
human cost of the sensory rearrangement.

1.1 Design Challenges of See-through
Head-mounted Displays

Sce-through HMDs are called for in applications
where virtual objects are superimposed on the physical
environment to enhance a user’s experience. Nowhere is
the promise of see-through HMDs and augmented real-
ity more compelling than in medical-imaging applica-
tions. “Medical imaging, since its birth, has provided a
valuable and yet non-surgical possibility to see what was
unseen before: the internal world of the human body™
{Yao, 1994, p. 14). Virtual environment designers try to

use see-through HMDs to take doctors and radiologists
one step further towards a kind of *“X-ray vision,” seeing
the internal anatomy of the human body superimposed
on the body of the patient.

Augmented reality displays may offer a number of ad-
vantages for medical imaging. Doctors will not have to
divert their vision to a side monitor or viewing screen to
see inside a patient’s body. The virtual image of the in-
ternal organs and the real body of the patient will be
merged. Doctors hvave always used natural observation
of the body for diagnosis. With successful augmented
reality systems, the natural ability to observe the sympto-
mology of a body will be extended and augmented by
fusing normal observadon with the visualizing power of
the X-ray, the magnetic resonance machine, and the ul-
trasound machine. At least, this is the promise of the
research and development program.

But a number of design challenges must be overcome
before the promise of see-through HMDs becomes real-
ity. One of the challenges of such devices is providing
depth information that accurately merges the virtual
scene with the real scene as well as keeping the real and
virtual scene registered in space as the viewer or the pa-
tient move. As we will see in this study, another chal-
lenge is building a system that minimizes sensory rear-
rangement and the need for user adaptation.

Two approaches to HMD hardware design are now
common. Real and virtual views of the world can be
merged either via a semi-transparent mirror as with opti-
cal see-through HMDs (Buchroeder, Secley, & Vuko-
bratatovich, 1981; Berman & Melzer, 1989; Droessler
& Rotier, 1990; Rolland, 1994; Rolland, Ariely, & Gib-
son, 1995), or via video cameras mounted on the helmet
as with video see-throngh HMDs (Bajura, Fuchs, & Oh-
buchi, 1992; Edwards, Rolland, & Keller, 1993; State et
al., 1994). A discussion of design issues and the relative
merits of cach approach can be found in Rolland, Hello-
way, and Fuchs, 1994.
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2  Sensory Rearrangement, Intersensory
Confilct, and Adaptation to Virtual
Environments

Humans adapt in many ways to new environments.

For over one hundred years experiments have been con-
ducted on ways in which humans adapt to altered per-
ceptual environments (¢.g., Stratton, 1896, 1897; Ew-
ert, 1930; Snyder & Pronko, 1952; Held & Bossom,
1961, see reviews such as Kaufman, 1974; Rock, 1966;
Welch, 1978). This research is important to virtual envi-
ronment design because virtual environments are altered
sensory environments. But studies in this tradition have
rarely, if ever, been intended to guide the design of new
visual devices or communication technologies. Rather,
these studies have explored theoretical questions in per-
ceptual development or attempted to answer variations
on the nature-nurture question: how much of percep-
tion is innate and how much is learned. Experiments
explored how much subjects adapted to perceptual rear-
rangement and what aspects of perception were modifi-
able by perceptual learning and which were not. If adult
perception could radically adapt to new perceptual envi-
ronments, then, it was reasoned, this would provide evi-
dence in favor of a strong role for experience in the com-
ponent of perception under study.

Because optics were well understood and visual per-
. ception was of interest, many experiments explored this
question by using lenses and other optical devices to al-
ter the spatial properties of the retinal image of the
world (the proximal stimulus). Although the devices
were not of central interest in these studies, various
“head-mounted” systems were used over the years to
“distort” the retinal image: Galilean telescopes (e.g.,
Stratton, 1896, 1897}, view-restricting tubes (e.g.,
Dolezal, 1982}, mirrors (Kohler, 1964), contact lenses
(Taylor, 1962), and the popular prismatic lenses (e.g.,
Held & Bossom, 1961). Because we are interested in
optimizing the design of a see-through HMD, this re-
search is quite applicable because, unwittingly, it shows
the negative effects of vision distorting optical design on
the perceptual system. The research also provides theo-
retical and methodological guidance regarding problems
induaced by sensory rearrangement (e.g., Held & Gott-
lieb, 1958; Held & Bossom, 1961).

Immersive virtual environments (VE) and telepres-
ence systems are likely to induce some form of sensory
rearrangement for the foresceable future. Video see-
through FIMDs are a good example of a virtual realicy
{VR) component that, by nature, entails sensory rear-
rangement. Sensory rearrangement is a change in the
normal relationship between body movements and the
resulting inflow of sensory stimuli to the central nervous
system. It can also result from discoordination of one
sensory inflow pattern with that of another sense, for
example a mismatch between vision and touch. This is
known as intersensory conflict (Reason, 1978; Oman,
1991). In VEs, sensory rearrangement can result from a
discoordination of displays to the various senses. Accord-
ing to Welch (1995), “it is not so much the absence of
certain stimuli that causes serious perceptual and behav-
ioral difficulties with telesystems, but the presence of
intersensory discrepancies, such as mismatches between
sensory modalities and delays of sensory feedback™
(p. 1).

Intersensory conflict puts a stress on the user’s body,
especially when the conflict involves the vestibular sys-
tem (Reason, 1975). The stress can have cognitive, be-
havioral, and physiological manifestations. For example,
performance is slowed down immediately after entering
a HMD-based virtual environment. Movements are
short and tentative, the user may be slightly uncoordi-
nated, hand-reaching behavior is uncertain and inaccu-
rate. Sensory rearrangement can also contribute to simu-
lation sickness (Biocca, 1993). During extended use,
users may experience sweating, eyestrain, stomach
awareness, and vomiting (Kennedy et al., 1992). To
minimize the noxious effects caused by intersensory
conflict, susceptible users may limit their movements.
Such altered behavior is a concern in most training envi-
ronments because inappropriate behaviors learned in
response to the simulator can negatively transfer to the
real environment,

In this study we wanted to explore how a user’s motor
system would adapt to VE-induced sensory conflict be-
tween the visual and kinesthetic-proprioceptive systems.
We focused on the relationship between the eyes and the
hands because intersensory conflict between vision and
sensed hand position (proprioception) is critical to per-
formance in VEs. A central component of medical, mili-
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tary, and other training systems is learning subtle, coor-
dinated hand-eye movements.

2.1 Research Questions

Although the research questions involve perceptual
adaptation, a point needs to be made regarding the dis-
tinction between the research goals of basic studies in
perceptual psychology and studies in human/computer
interaction. Our experience with this study suggests that
a misunderstanding of this distinction may be a possible
source of confusion with some readers. The goal of this
study is not to uncover some new form of perceptual adapta-
tion or extend the theory of perceptual adaptation.

This study is based on a different research logic, the
logic of the design sciences (Simon, 1969). Most design
research on virtual environments attempts to create
technological artifacts that augment human ability
(Biocca, 1996), not ones that manipulate human abili-
ties solely for the purpose of experimentation and obser-
vation. Qur goal is not to simply observe distortions in
human perception caused by technological artifacts, but
to eliminate unwanted outcomes or, ideally, to augment
human abilities. For example, the glasses with prismatic
lenses constructed and used in the long series of studies
on visuo-motor adaptation {e.g., see review by Welch,
1978) did nothing of practical value outside the logic of
the experiment. The fact that these glasses distorted and
interfered with human vision was a desivable property. So
even though perceptual distortions have been observed
in the past, this by itself does not provide any specific,
design-relevant knowledge (see Carroll, 1991 on the
specificity problem) on how to engineer HMDs or how
human adaptation will interact with the unique features
of different HMD designs. In this design-oriented study
we attempt to answer basic design questions related to
human /computer interaction in virtual environments.

The problem of adaptation is particularly important to
the practical problem of see-through HMI design. It is
difficuit, if not impossible, for video-based, see-through
HMD:s to perfectly match the natural viewpoint of the
user without limiting their field of view (FOV) (Edwards
eral., 1993), Therefore, for systems with large FOV
some adaptation will most likely be necessary. Such a
system is studied here (see Figure 1). Given the design

restrictions of video see-through HMDs, there will be
some perceptual costs, What are they? Are they accept-
able costs? Can they be minimized or eliminated?

This study sought to answer the following questions:

How much will the user’s initial motor pevformance dete-

riovate because the present design of video see-through

HMDs displaces the eyes forwavd and upward?
We predicted that the intersensory conflict initiated by
the visual displacement of our see-through HMD
would extract some motor performance cost. We were
interested in obtaining a standard quantitative mea-
sure of the performance cost as a benchmark to be
used to compare to the performance of future designs
of see-through HMDs. We also wanted an estimate of
how the cognitive and motor cost might be lessened
over time by practice and adaptation to the eye
displacement.

Will users adapt to see-through HMDs and, if so, how

quickly?
The extensive literature on adaptation (see reviews in
Kaufman, 1974; Rock, 1966; Welch, 1978) suggests
that users should adapt to the see-through HMD. But
much of the relevant research involves adaptation to
prism poggles that displace vision to the side (e.g.,
Harris, 1965; Held & Bossom, 1961; Rock, 1966)
while our video see-through HMD displaces the eyes
to a location above and forward of the natural loca-
tion of the eyes. It was a practical design question to
see how quickly and fully users would adapt to this
unnatural “virtual’” eye location.

Will adaptation to see-through HMDs lead to negative

afteveffects, and, if so, what is the exact extent of those af-

teveffects?
If users adapt to the altered eye locations of the video
see-through HMD, then the users’ perceptual systems
might be miscalibrated for the real world once they
remove the see-through HMD. This negative afteref-
fect might be manifested by altered visuo-motor coor-
dination. Again, the literature on prism adaptation
suggested that negative aftereffects were likely (Korn-
heiser, 1976; Welch, 1978).

The presence of negative aftereftects has tremendous

practical significance for the use of VEs, especially in

medical applications. Consider, for example, the use of
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see-through HMDs by surgeons. Some form of satety
protocol would certainly be necessary if using a video
see-through HMD were to temporarily alter the hand-
eye coordination of a surgeon. But the issue of negative
aftereffects extends to many other VR applications as
well. What detrimental negative aftereffects might influ-
ence user performance in applications requiring high
levels of hand-eye coordination, such as engine repair,
athletics, or weapons aiming;?

3 Method

The present experiment used a 3 X 2 mixed, ex-
perimental design with three within-subjects and two
between-subjects factors. The main within-subjects fac-
tor was type of HMD, the three levels of which were no
HMD, see-through HMD, and a control model of the
HMD (see description in apparatus section below).

The between subjects factor was the order in which
the subjects used the HMDs: see-through HMD first, or
the control HMD first. The dependent measures were
time to complete a manual task (enter pegs in a peg-
board), and pointing accuracy (x, ¥, z coordinate space)
on a pair of open-loop (no feedback) pointing tasks.

3.1 Subjects

Fourteen subjects participated in the study, twelve
males and two femnales. All subjects were right-handed
and had an interpupillary distance (IPD) of 64 mm (£ 1
mm). The latter requirement was set to match the pa-
rameters of the equipment as described in the next sec-
tion. Seven subjects had no previous experience, one had
very little experience, four had some experience, and two
had a lot of experience with HMDs. All subjects had
20,/20 or corrected-to-normal vision,

3.2 Apparatus and Measures

Video see-through bead-mounted display. The study fo-
cused on the adaptation effects of University of North
Carolina’s prototype video see-through HMD (see Fig-
ure 1}. The main components of the system are a flight

helmet from Virtual Research, opaque HMD using
LEEP optcs (FHowlett, 1983), and two miniature cus-
tom-made, fisheye-lens video cameras (Edwards et al.,
1993). The fisheye lenses were custom designed and
built to match the FOV of the LEEP optics when inte-
grated in the flight hefmet, and to precisely compensate
for the oprical distortion of the optical viewer. The cameras
are laterally separated by 64 mm to match the separation of
the LEEP optics of the LCD displays inside the HMD.

Virtugr! Research

Figure . This picture shows the focation of the miniature video
cameras on the see-through HMD. They displace the user's vision 62
mm above and 165 mm forward fom the viewer's natural eye location.

A key design feature to note in this study is the loca-
tion of the cameras and their effect on vision. Viewers
see the real world through the cameras that are located
62 mm above and 165 mm forward of the viewer’s natu-
ral eye point (see Figure 2}, When wearing the HMD
this altered eye position has the effect of displacing the
images (environment) downward and inward. There-
fore, objects are visually closer and fower down than nor-
mal, but, of course, they are not closer or lower when
one reaches out to touch them. Most users are unaware
of this slight change when putting on the HMD.
Control hend-mounted display. The control HMD (also
shown in Figure 2) was designed to contro! for the po-
tential effects of the weight, center of mass, and FOV of
the test HMD on task performance. But the control
HMD allowed viewers to directly see the natural envi-
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Figure 2. On the right is UNC's see-through HMD used in the
experiment. Note the miniature video cameras iocated on the top of the
heimet. On the left is a control HMD also used in the study. The controf
HMD was designed te match the waight, center of mass, and field of
view of the test HMD, but allowed normal direct viewing of the naturai

environments.

ronment. The control HMD matched the weight (7 1b.),
center of mass, and FOV (73.7 X 60.8 dg.) of the see-
through HMD. The actual field of view for each subject
varied depending on the size and anatomy of the sub-
ject’s head since subjects’ eyes varied in their distance to
the window. Our estimates were that the FOV of the
control HMD would be within 10% on the x dimension
and approximately 11% on the y dimension. Further, we
estimated that the FOV would be smaller and the bias,
therefore, would probably be against any performance
advantage for the control-HMD.

Open-Loop x-y Pointing Accuracy Measure. Studies of
adaptation require dependent measures of coordination
between perceived visual spatial position and perceived
haptic/proprioceptive location, The two must be mea-
sured independently. The x-y pointing accuracy measure
used in this study was an improved version of a reliable
and valid measure of adapratdon with a long history
{(Held & Gortlieb, 1958). Viewing through a pair of
holes, subjects saw one of four, red, randomly lie, LED
lights inside the dark interior of a light-sealed box (Fig-
ure 3). Subjects were instructed to touch the light with
their right index finger. A calibrated touch-screen cap-
tured the exact location touched and provided a measure
of x-y pointing error. A mirror set at 45 degrees gave the
subjects the illusion of seeing a light straight in front of
them while preventing them from seeing their hand.

This feature kept subjects from using the sight of their
finger to “home in”" on the target or from obtaining
feedback as to their accuracy. The lamp for feedback
shown in Figures 3a and 3b was not used in this open-
loop measure, as suggested by the term *““open-loop”
itself, but was used at a later stage of the experiment as
previously described.

Open-Loop z Pointing Accuracy Measure. This apparatus
was used as a measure of pointing accuracy along the z
axis. Subjects were seated in front of a dark shelf from
which a white peg protruded (See Figure 4}. The sub-
ject’s task was to rouch the point on the bortom of the
shelt where the peg would protrude if pushed through
the shelf. The shelf prevented subjects from seeing their
hand and gauging their accuracy (no feedback). Pointing
accuracy was recorded by a video camera aimed at a po-
lar grid pasted on the underside of the shelf.

Pegboard Task. This is a standardized test of manual dex-
terity { Lafayette Pegboard, model 32027) {see Figure
5). The bow! of pegs was placed in front of the subjects
and the board was one foot away trom the bowl. This
task requires quick and precise ballistic movements of
the hand. This is the kind of task that requires calibra-
tion (or recalibration) of hand-eye coordination. In cases
such as this study where the eye locarion has been rear-
ranged, this task should require recalibration of the vi-

suo-motor system.

3.3 Procedure

Following instructions, various physiological and
behavioral trait measurements (interpupilary distance,
depth perception, previous exposure to HMDs) were
taken. These are not reported here. The experimental
procedure is outlined in Table 1.

Step One: Pre-exposuve period. Prior to putting on
the see-through or control HMD, subjects were mea-
sured for their baseline performance on pointing accu-
racy {five trials each) and speed on the pegboard task
(ten trials). For each pegboard trial, subjects began by
starting a stopwatch. After they inserted all the pegsin a
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it

{for foedback)

Figure 3. Diagram of the x-y pointing cccuracy measure that alfowed
users to point straight ahead at an object without seeing their hand. This
light-sealed box had an opening at the bottorn (see 3a). Subjects looked
through view ports to see one of four LEDs reflected off  45-deg.
two-way mirror (see 3b). To the subjects, the LEDs appeared to shine
from the back of the box. Subjects touched the virtuai LEDs without
seeing their hand or receiving feedback.’ Their pointing accuracy was
recorded on @ touch-screen as x-y coordinates.

left-to-right and top-to-bottom order, they turned off
the stopwatch. The experimenter recorded the time,
Subjects could not see the face of the stopwatch, nor
were they given any feedback about their performance.

1The lamp at the bottom of the figures 3a and 3b was not used dur-
ing the experiment; it was used only at the end. A closed-loop pointing
procedure was used to “‘recalibrate’ the subjects’ hand-eve coordina-
tion back to the physical world.

Figure 4. Representation of the measure of pointing accuracy along
the z (depth} axis. Subjects poirted at the location of the white peg
underneath g sheif. Subjects received no tactile or visual feedback of
their pointing accuracy. A mirror at 45 degrees allowed a video camera
to record data,

Step Two: Initinl measure of effects of HMD, Fol-
lowing the pre-exposure period, subjects stood up and
experimenters assisted them in putting on the HMD.
Depending on the order to which subjects had been as-
signed, subjects either put on the see-through HMD or
the control HMD following the baseline tasks. Subjects
walked over to the measurement devices. They were pre-
tested on the pointing accuracy measures (pretest x, ¥, z
measures: five trials each).

Step Three: Exposure period. Subjects returned to
the table and performed ten timed trials of the pegboard
task following the same procedure used during the pre-ex-
posure period. It is important to note that this pegboard task
served two purposes in this step of the experiment:
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Figure 5. This pegboard task is a standard measure of manua!

dexterity and hand-eye coordination. In this experiment it also gave
subjects immediate sensory feedback of the discrepancy between their
visual sense of spatial location and their kinesthetic-propricceptive sense
of locaticn, causing a recalibration of the fatter.

(1) It was the first and only time that subjects had the
opportunity to observe the effect of the HMD on
their hand-eye coordination. The subjects re-
peated the hand-eye coordination task of quicldy
putting small pegs in the holes 250 times (10 tri-
als X 25 pegs per trial). This allowed for visuo-
motor adaptation to the HMD.

(2) The ten timed trials allowed the experimenters to
observe the gradual process of adaptation and
how practice and experience in the new environ-
ment diminished the inidal effects of the HMD
on performance.

Table 1. Experimental Procedure

Steps in experimental

procedure Measures

Step 1. The pre-exposure  (a) x, ¥, & measures of

period (baseline perfor-
mance without an

HMD)

Step 2. The inital mea-

sure (pretest) of the
effects of one or the
other of the HMDs on
perception

Step 3. The exposure

period {during which
subjects are exposed to
the effects of the con-
trol or sce-through
HMD on their behav-
ior, and adaptation has

(b)
(2)

(a)

pointing accuracy
pegboard task mea-
sures

X, ¥,  measures of
pointing accuracy to
determine initial
effect of HMD on
pointing,

pegboard task mea-
sure of hand-eye
coordination

X, ¥, 2 post-test mea-
sures of pointing
accuracy to determine
amount of adaptation

a chance to occur)
Step 4. The postexposure  (a) x, ¥, z measures to de-
termine initial after-
effect of HMD use on
pointing accuracy

period (post-test with
no HMD)

After ten trials of the pegboard task, subjects returned to
the measurement devices and were measured once again
for their pointing accuracy while still wearing the HMD

(post-test x, v, z measures: five trials each).

Step Four: Post-exposure period. Subjects removed
the HMD and performed the x, y, 2 pointing accuracy
measures (five trials each). This measure was vsed to de-
tect differences between their pointing accuracy before
and after using the HMDs.

Following a five-minute rest seated on a chair, subjects
repeated the same sequence of tasks and measures wear-
ing the other HMD. If they wore the see-through HMD
helmet in the first part of the experiment, they now wore
the control HMD and vice versa.

After the experiment, subjects were treated to a se-
quence of closed-loop (feedback) trials of the x-y point-
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ing measure to recalibrate their visuo-motor coordina-
tion to normal. They then completed a short simulation-
siclness questionnaire {not reported here).

4 Results

4.1 Effect of See-through HMD Usage
on Manual Task Performance

The times to complete the manual peghoard task
are reported in Figure 6. A3 X 2 X 10 (type of
HMD X HMD order X repetition) mixed, repeated
measures analysis of variance was conducted on comple-
tion times for the pegboard task. HMD type signifi-
cantly affected subjects’ time to perform the manual task
[F(2,22) = 102.45, p < 0.001]. When using the see-
through HMD (mean = 76 sec.), subjects took an aver-
age 43% longer than their baseline performance with no
HMD (mean = 53 sec.) or the control HMD
(mean = 51 sec.). Subjects’ performance times im-
proved over the ten tefals. There was no eftect for the
order in which the subjects used the HMDs [ K1, 11) =
1.21,p=0.21].

4.2 Effect of See-through HMD Usage
on Hand-Eye Coordination

Figure 7 shows the extent of errors subjects made
when pointing at a target without visual feedback of
their hand location. The pointing errors are presented
for each sparial dimension: (a) » dimension, left-or-right
pointing etrors; (b) ¥ dimension, up-or-down pointing
errors; and (¢) z dimension, front-or-back pointing er-
rors. The first value in each graph (Figures 7a, b, c) is
the baseline value. This value was obtained at the begin-
ning of the experiment when the suljects had not yet
put on any HMD. This is followed by bars for pointing
errors when the subjects wore the control HMD or the
see-through HMD.

In some dimensions there was a significant effect
when subjects used the control HMD either before or
after the see-through HMD. In those cases, the control
HMD data are shown for both orders of HMD use.

A2X2X3X5(type of HMD X HMD order X

Effect of See-through HMD Usage on Time to
Perform a Manuai Peghboard Task

Basslina (NG HMD)

See-Threugh HMD

"""" Control HMO

Tim# {0 complete task (sac)

Trial

Figure 6. Effect of see-through HMD usage on time to perform o
manual pegboard task.

measurement stage X repetition} mixed, repeated mea-
sures analysis of covariance was conducted. The mea-
surernent stages were 2) before conducting the pegboard
task, b) after the task, and ¢) after removing the HMD.
The covariate was baseline-pointing error (no HMD).
The between subjects factor was order of HMD use. The
dependent variable was pointing accuracy along each of
the three spatial dimensions. Separate analyses were con-
ducted for errors along the x, ¥, and z dimensions.

Pointing ervors along the x dimension (left-vight of
target): See Figure 7a. Although errors appear slightly
higher when subjects used the control HMD, the type of
HMD had no effect on the subjects’ ability to point ac-
curately on a target along the x dimension [ F(1, 11} =
0.98, p = 0.35]. Effects for order of HMD usage
[F1,11) = 1.83, p = 0.20} and measurcment stage
[F2,22) = 1.01, p = 0.38} arc not significant.

Pointing evvors along the y dimension (up-down of
target); There was a significant main effect for the type
of HMD on pointing accuracy along the y dimension
[F1,11) =977, p < 0.01] See Figure 7b. When sub-
jects were wearing the see-through HMD that displaced
their vision upwards, they tended to point downward of
the actual target position. The maximum amount of er-
ror was 27 mm, or only 41% of the amount of eye dis-
placement along the yaxis {65 mm). There also was a
main effect of measurement stage (i.e., before post-test)
[F(2,22) = 8.21, p < 0.002] as well as an interaction of
type of HMD by measurement stage [ F(2, 22) = 30.85,
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Figure 7. Effect of HMD type on pointing errors in each spatial
dimension (x, y. z). (Subjects are wearing the HMD when measured)

P < 0.0001]. Subjects’ errors tended to decrease follow-
ing their completion of the manual task while wearing a
HMD, but this adaptation effect appears restricted to
usage of the see-through HMD.

Pointing errors along the z dimension (front-back of
target): See Figure 7¢. There was a significant main ef-
fect of the type of HMD on pointing accuracy along the
zdimension [F(1,7) = 63.29, p < 0.0001]. When sub-
jects wore the see-through HMD that displaced their
vision forward, they tended to point short of the target.

Dimension. (Subjects are not wearing a HMD when measured).

The maximum amount of error was 65 mm, or only 39%
of the amount of eye displacement along the zaxis (165
mm}. There was a main effect of measurement stage
[F(2,14) = 174.76,p < 0.0001]. Subjects’ errors were
less pronounced after they conducted a manual task us-
ing the HMD. Although there was no main effect for
the order of HMD usage {F(1,7) = 1.35,p < 0.28],
there was an interaction of measurement stage and order
[K(2,14) = 4.92,p < 0.03] as well as an interaction of
type of HMD by measurement stage [ F2,22) = 28.25,
# < 0.001]. There appears to be no effect when the con-
trol HMD preceded the use of a see-through HMD.
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When the control HMD was used afterwards, there ap-
pears to be an effect on pointing error. This may be due
to residual aftereffects from the see-through HMD.

4.3 HMD Use and Negative Aftereffects
On Hand-Eye Coordination

The presence of negative aftereftects is commonly
used as one of the more telling indicators of adaptation
{Reason, 1975). Figure 8 isolates pointing accuracy at
four times when subjects are wearing no HMD. After
subjects removed the see-through HMD, there was evi-
dence of negative aftereffects in their hand-eye pointing
accuracy as compared to their baseline performance for
the yand z dimensions. For the y dimension, Figure 8
shows part of the interaction of type of HMD by mea-
surement stage [ F(2, 22) = 30.85, p < 0.0001]. Sub-
jects had the highest level of aftereffects following usage
of the see-through HMD.

For pointing on the z dimension there was an interac-
tion of the type of HMD by measurement stage [ K2,
22) = 28.25, p < 0.001] as well as interaction of mea-
surement stage and order [ K2, 14) = 4.92,p < 0.03].
This interaction is apparent in Figure 8. The different
pointing error values for the control HMD when used
before or after the sce-through HMD along the z di-
mension indicate the presence of the significant interac-
ton of order with measurement stage. The aftereffects
following the order the see-through HMD is used first
appeared to persist and were still present when the con-
trol HMD follows use of the see-through HMD.

£ Discussion

The resules suggest that the design of see-through
video HMD slightly altered the perceptual experience of
the users. The HMD slightly displaced their eye position
to the location of the cameras. Because the cameras were
forward of their normal eye position {165 mm), objects
appeared slightly closer than normal. Because the cam-
eras were slightly above their normal eve position {62

mm), objects appeared slightly lower than normal.
These small changes appeared to have triggered visuo-
motor adaptation in the users.

This study asked three main research questions re-
garding the consequences of this adaptation. The discus-
sion is organized around answers to these questions.

5.1 Research Question |

How much will the user’s initial motor perfor-
mance deteriorate because the present design of
video see-through HMDs displaces the eyes forward
and upward?

5.1.1 Effect of the Use of the Video See-
Through HMD on Manual Task Performance. The
see-through HMD appeared to have a significant effect
on the visuo-motor performance. Performance on a
manual task requiring hand-eye coordination took 43%
longer with the see-through HMD (see Figure 6). This
decline appeared to be cansed by intersensory conflict
between the visual system and the kinesthetic system.
After the subjects put on the see-through HMD, their
hand motions were uncertain and tentative. When sub-
jects quickly reached for the peg holes with the pegs,
subjects significantly overshot the peg holes in the initial
trials. There was a reduction of the effect of the see-
through HMD. Errors stabilized near the end of the ten
trials, as can be seen in Figure 6.

5.1.2 The Effect of Video See-Through HMDs
on Hand-Eye Coordination. The discoordination of
visual space and kinesthetic space appeared to be the
cause of the initial decline in human performance. The
presence of this discoordination is seen in the pointing
errors. Subjects could not accurately point at objects that
they saw because their eyes and hands were discoordi-
nated by the visual displacement of the see-through
HMD. Pointing errors, which were on average low at
baseline, increased by several hundred percent after put-
ting on the see-through HMD.

As expected, the pointing errors were greatest along
the spatial dimensions displaced by the see-through
HMD. The errors were systematic. Because subjects’
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virtual eye positions were moved up, images appeared
lower than normal. Burt their kinesthetic system contin-
ued to point as if vision had not changed. Subjects” arti-
ficial “caller” point of view made them point lower than
the target. See data on the effect of the see-through
HMD for the v axis (2bove-below target) in Figure 7.
Likewise with virtual-eye position also pushed forward,
objects appeared closer. Subjects erred by underreaching
for objects before adaptation. See data on the effect of
the see-through HMD for the z axis (forward-back of
target) in Figure 7. Because their vision was displaced
2.5 times more along the z dimension than along the y
dimension, errors were much greater in the z dimension,

5.2 Research Question 2

Will users adapt to see-through HMDs and, if
s0, how quickly?

Subjects began to adapt almost immediately upon
putting on the HMD. See the error levels in Figure 7
before the manual pegboard task. On average the sub-
jects’ errors were only 40% of the amount of displace-
ment. Because error does not have a perfect one-for-one
correspondence with the amount of displacement, this
statistic shows that subjects were able to make some im-
mediate compensation for the displacement. Part of this
compensation may have derived from simply observing
the HMD prior to putting it on and from the minimal
interaction with the physical environment while walking
six feet over to the measures.

The amount of error dropped further {by approxi-
mately 33%) as subjects further adapted to the sensory
rearrangement while performing a task that required
quick and precise hand motion. See the lower error rates
after the manual task in Figure 7. Error rates would
probably have dropped further if subjects had worn the
see-through HMD for a longer period of time. The de-
signers of the HMD hoped that users would adapt
quickly. There is evidence of quick, if not complete, ad-
aptation by users. The rapid, careful hand movement of
the pegboard task led to quick adaptation in little more
than fifteen minutes. The pegboard task required careful
movements similar to those found in surgery, but al-
lowed for far more precise control and measurement,

The quick adaptation with this task leads to the expecta-
tion of similar adaptation in other hand-eye coordina-
tion tasks such as those found in surgery.

The study did not have subjects wear the HMD for an
extended peried until they had fully adapted and
reached baseline (no HMD) performance levels. Previ-
ous research on adaptation suggests that with continued
practice the subjects might have performed at speeds
close to their pre-exposure, baseline speeds. But after ten
trials and approximately fifteen minutes of practice in-
serting a total of 250 small steel pegs, the lines in Figure
6 are somewhat parallel. This suggests that achieving
baseline performance might take quite a few more trials
of extended practice. But even if subjects adapted to the
visual displacement, they would also have to adapt to the
poorer resolution and the more limited field of view of
the video see-through HMD as compared to unmedi-
ated vision. The overall effect on vision may prevent per-
formance from reaching levels exhibited without the
HMD.

5.3 Research Question 3

Will adaptation to see-through HMDs lead to
negative aftereffects, and what is the exact extent of
those aftereffects?

In the previcus section it was reported that subjects
began to adapt to the visual displacement of the see-
through HMD. This adaptation is what the designers of
this generation of video see-through HMDs expected. It
appears that users can adapt quickly, if not always com-
pletely, to imperfections in see-through HMDs. But
there may be a cost.

Unfortunately, this desirable adaptation to the virtual
environment may be linked to an undesired outcome for
the user in the physical environment. Figure 8 shows the
presence of significant negative aftereffects when the
subjects removed the see-through HMD. After experi-
encing the altered spatial dimensions of the virtual envi-
ronment, the users automaticalty recalibrated their vi-
suo-motor system. The visuo-motor system was still
calibrated for the virtual environment once the see-
through HMD was removed.

Subjects reentered the physical environment and
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found that adaptation to the virtual environment altered
their performance. With the HMD removed, subjects
exhibited a negative aftereffect, overshooting the targets
in the pointing task in a direction opposite the errors
made when they entered the virtual environment. The
effects with the HMD are consistent with the effects one
would predict from perceptual adaptation studies using
other forms of visual displacement (see review by Welch,
1978).

5.4 Some Limitations of the Study

Although the control HMD matched the weight,
center of mass, field of view and discomfort of the see-
through HMD, it failed to control for the poorer resolu-
tion of the latter unit. Some of the effect on task perfor-
mance times may be attributable to poor visual
resolution, although the subjects all said that they could
clearly see the holes on the pegboard. Although the light
conditions in the real world were kept the same in all
conditions, some subjects reported that their hand cast
shadows on the pegboard when placing the pegs, shad-
ows that seemed to affect them only when wearing the
video see-through HMD. While poor resolution or
lighting might have contributed slightly to the poorer
performance on the pegboard task, it is highly unlikely
that they contributed in any significant way to the strong
displacement in pointing that was observed in the sub-
jects.

The mixed design allowed us to observe the effect of
HMD on performance either in a between-subjects
analysis or a within-subjects analysis. We anticipated the
aftereffect might carry over across the within-subject
conditions. By counterbalancing the order in which the
HMDs were used, we were able to demonstrate that this
aftereffect carried over and persisted only when the see-
through HMD was used, and not when the control
HMID was used first, But this may introduce additional
and undesirable complexity into the analysis. While this
design is more efficient in terms of time, reviewers have
suggested that researchers designing similar studies
might preferably eliminate the carryover aftereffect

across within-subject conditions by separating the use of
the HMDs by one full day.

6 Implications for the Design
of See-through HMDs

The purpose of this study was to provide some
guidance to the design of see-through HMDs. Below we
address seme of these design questions. In general, we
can see two different paths to making see-through
HMDs workable and useful: (1) strive for technology
that better matches human vision, and (2) capitalize on
the ability of human beings to adapt to new environ-
ments. While trying to engineer the technology to over-
come unavoidable imperfections, a parallel effore might
focus on understanding how well users can adapt to the
limitations of the systems (e.g., Welch, 1995). The re-
sults of the study support the proposition that both ap-
proaches should be undertaken simultaneously—the
user and the interface should be adapted to each other.

6.1 Design Options for Minimizing the
Effects Found with this Generation
of See-through HMDs

As for many engineering choices, improvements in
see-through HMDs involve tradeoffs. Given the present
design parameters, a decrease in eye displacement leads
to a drop in field of view (FOV). Depending on the task
to be performed, several strategies can be pursued. If the
task does not require a wide FOV, designers can reduce
FOV until displacement of the eye position is so small
that the human observer can adapt quickly and com-
pletely to the virtual environment. Readaptation to the
real world would also be quicker once the HMD is re-
moved. As for aftereffects, further studies are needed to
quantify rates of readaptation to the real world.

Another solution is to completely redesign the system
(video cameras/viewer) so that the visual displacement is
reduced to zero. But this solution will trade its achieve-
ment of zero visual displacement against FOV, simplicity
of design, and perhaps some comfort to the user, If a
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large FOV is mandatory, a redesign of the viewer is nec-
essary. For example, designers might consider a tiling
technique using several small displays to increase the
FOV without losing resolution and compactness (Kaiser,
1992; Rolland et al., 1994). The more compact the sys-
tem, the less visual displacement it will have. In this sce-
naric the video camera input will either cover a smaller
FOV than that provided by the viewer or be segmented
to be dled on different displays.

Absolute zero eye displacement may not be necessary.
Maximum pointing errors were only about 40% of the
virtual eye displacement. This suggests that pointing
errors might become negligible before the virtual eye
displacement reaches zero. The effectiveness of future
designs can be measured to see if they lessen the point-
ing ecrror rates found in this study. The measures used in
this study and other standardized, reproducible mea-
sures could provide benchmarks for assessing the relative
human performance value of various competing designs.

6.2 Implications for Use of This
Generation of See-through HMDs

for Specialized User Populations, such
as Surgeons, that Depend Heavily

on Hand-eye Coordination

If the prototype involves significant visual displace-
ment, then the results suggest that designers need to
proceed cautiously. Surgeons and other medical profes-
sionals are the intended early users of some of these early
see-through HMDs. Hand-eye recalibration for highly
skilled users like surgeons could have potentally disturb-
ing consequences if the surgeon were to perform surgery
within some period after use of this generation of video
see-through HMDs. Given the potentally disastrous
results of errors in hand-eye coordination for user popu-
lations like surgeons, designers should probably not risk
the assumption that the negative aftereffect will “‘dissi-
pate quickly.” Therefore, the presence of negative after-
etfects has some potentially disturbing practical implica-
tions for the diffusion of see-through HMDs in medical
environments. But in general the results from this study
and the literature on perceptual adaptation suggest that

human observers might adapt quickly to small visual dis-
placements, that the effects are often short lived, and
that users will over time exhibit fewer perceptual difficul-
ties when moving between virtual or augmented reality
and physical reality.

6.3 How Long Might the Negative
Afterecffects Persist!?

Our study was not designed to directly test this
question. In this experiment the effect of the see-
through HMD lasted long enough to disrupt the perfor-
mance of those subjects who wore the control HMD
after the see-through HMD. Therefore, the negative
aftereffect was measurable for at least thirty minutes after
using the see-through HMD. The duration of the nega-
tive aftereffect can diminish over time and be eliminated
more quickly with procedures promoting readaptation
to the physical environment. For example, Welch (1995)
suggests that effects might be minimized by a program
of exposure in which users develop dual adaptation
(Welch et al., 1993) to the real and virtual environment.
In dual adaptation, repeated alternation between adapt-
ing to a virtual rearrangement and “readaptation” to the
normal sensory environment may lead to the acquisition
of separate and independent adaptations to each. The
presence of these independent adaptations may be mani-
fested in one or more ways: (1) progressively more rapid
adaptations, (2) progressively greater adaptation for a
given amount of exposure, and {3) progressively less
visual or visuo-motor disruption when making the tran-
sitton between the two sensory environments.

7 Conclusion

This study has demonstrated one way in which the
sensory system begins to change immediately in re-
sponse to the altered sensory environments that are
common in virtual environment design. A full explora-
tion of the effects of sensory rearrangement may be cen-
tral to our understanding of how to better design im-
mersive and augmented virtual environments. Immersive



276 PRESENCE: VOLUME 7, NUMBER 3

VR alters the relationship of the senses to each other.
These rearrangements are likely to be necessary because
VE illusions will not perfectly simulate all the relevant
variables in “natural” environments for several decades.
To use an immersive VR system effectively, users may
have to perceptually adapt to the displays. In the short
term, the users’ senses must learn to use what are really
extensions of the senses—sensory prostheses. Because
VE technology will not be able to produce a seamless
intersensory fidelity in the foreseeable future, research
on the adaptive power of the human user is likely to be
of continued value to VE designers.
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