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6.1 Introduction

Most virtual reality (VR) systems employ head-mounted displays
(HMDs). Many such systems are also designed to provide stereo depth
and use head tracking to enable the virtual world to change in
response to the user’s movements. o

The current state of HMDs and other VR technology falls short of
accurately simulating many aspects of. the visual world. Differences
between the real world, for which the human visual system had a few
million years to adapt, and the novel HMD may result in degradation
of image quality and/or cause discomfort and visual changes. Concerns
about possible harmful effects are reminiscent of similar worries that
accompany the introduction of almost any new wide-use technology.
Such concerns were raised with the introduction of television, comput-
ers and visual display terminals (VDTs), microwave ovens, and, most
recently, cellular phones.

This chapter describes a few possible mismatches between the visual
system’s response to the real world and its response to the virtual
world of the HMD. Some of these mismatches result in unwanted per-
ceptual effects including stress to the visual system, discomfort, and,
presumably, long-term changes to the visual system. These unwanted
effects may or may not impact the acceptance of the technology. Many
of the mismatches that result in these negative consequences can be
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reduced or eliminated by proper design and better technologies. Others
appear to be inherent limitations of HMDs and must be carefully con-
sidered in the design of applications and software.

6.1.1 Classification of HMDs

Monocular HMD refers to a system with one optical channel present-
ing an image to one eye. Historically, HMDs evolved first.as helmet-
mounted displays in military applications, and most of these systems
were monocular. More recently, the Private Eye (Reflection Technology,
Waltham, MA) was developed as a monocular HMD for the civilian con-
sumer market (Peli, 1990).

If the system is presenting images to both eyes it is called binocular
Binocular systems are further classified as being stereo or bi-ocular. A
stereo system presents two slightly different images to each eye to cre-
ate the perception of depth. The same system can also present the
same image to both eyes, in which case it is said to be bi-ocular. The
i-glasses system (Virtual I-O, Seattle, WA) (Peli, 1998), like many
others, can operate in both modes, while the Glasstron (Sony, Japan)
and the Visette 2000 (Virtuality Entertainment, UK) are designed to
be bi-ocular only.

Monocular and binocular systems can operate either as see-through
of as opaque systems. A see-through system enables the user to see the
image in the device superimposed on a view of the outside world using
a beam splitter or half-silvered mirror. The helmet-mounted military
systems just mentioned were used to present graphic or alphanumeric
information superimposed onto the real world V1eW These systems are
therefore classified as see-through.

See-through systems are considered for use in various apphcatlons,
such as maintenance or wiring, where graphic display of a diagram can
help the user match the real gsystem through the display. I have pro-
posed using a see-through device to provide an augmental view of the
real world for the visually impaired by providing enhanced feature out-
lines superimposed on the see-through view (Peli, 1997). See-through
devices can be made opaque using a imechanical visor {(i-glasses) or
electronic adjustable LCD shutters (Glasstron). Imaging systems de-
signed for full video images are generally opaque (although some sys-
tems are designed as see-through). When the video is on, its contrast
masks all but very bright real world scenes; when the video display is
muted, the outside view becomes clear. The i-glasses and the Glasstron
systems (Yoshimatsu, 1995) work this way.

HMD systems may be further classified on the basis of the type of
image used: synthetic (computer-generated) or photographic imagery.
Synthetic imagery is typically used in computer games and computer
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models (e.g., architectural models or molecular models). Photographic
images are used in telepresence, robotics, endoscopy, and HMD sys-

tems for the visually impaired (Massof and Rickman, 1992; Peli, 1995).
- HMBD systems may be classified on the basis of numerous dimensions.
The classification chosen here was selected to emphasize distinctions
made in the chapter that may be relevant to design considerations.
Other classifications may be of value when other aspects of the technol-
ogy are considered. [For example, see Wells and Haas (1995) for field of
view classification.]

6.2 Optometric Issues

HMDs create an unfamiliar visual environment in which many of the
natural relations between various stimuli are changed. These changes
may in turn cause changes in the visual system, leading to symptoms
- of discomfort, and possibly even cause some long-term harm. Although
very little direct evidence has been presented for discomfort and none
for harm, there is indirect evidence that would support such coricerns.
This section identifies the various optical and optometric issues that
have been suggested as possible causes for changes in the visual sys-
tem due to HMD use. The nature and magnitude of the various effects
are evaluated, and ways to address various issues are discussed.

6.2.1 Instrument myopia

Instrument myopia refers to improper accommodation (focusing) of the
eyes of a user of an optical instrument (Richards, 1976; Wesner and -
Miller, 1986). It is also called proximal accommodation (Ong and
_ Cuiffreda, 1995), reflecting the assumption that the user accommo-
dates to a short distance due to his or her knowledge that the image

. actually resides inside the small instrument despite the fact that it is

optically imaged at a greater distance (Hennessy, 1975; Leibowitz and
Owens, 1975). The eye also focuses at a near distance in the absence of
a good stimulus for accommodation (e.g., complete darkness or an

empty field such as the sky on a clear day). The resting position of the
accommodation system seems to be at a near distance. Individual dark
focus or positions of rest can be more than 1.5 D (see Table 6.1) and
vary from individual to individual. ‘

The phenomenon of instrument myopia has two possible conse-
quences for HMD use. First, accommodative spasm has been suspected
as a precursor to the development of myopia (nearsightedness). In fact,
there is evidence that instrument myopia, as well as other near-point
work, results in transient myopia. But this myopia is indeed transient
and disappears within minutes of task completion (Rosenfield and
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TABLE 6.1 The Dark Focus of Accommodation Reported for Various Populations
of Young Adults

Population Dark focus
Study (aumber of subjects) (mean * SD)
" Leibowitz and Owens (1978) Students (220) 1.50 = 0.77
Simonelli (1980G) U.S. Air Force recruits (154) 1.19 *+ 1.50
Norman and Ehrlich (1986) - 18-year-olds {12) L10(NA)

Morse et al. (1994) Army aviators (16) 0.48 (NA)

Ciuffreda, 1994). It was suggested that long-term HMD use, e3pecially
by children, may cause or accelerate the development of myopia. For
this and other reasons, most manufacturers warn against the use of
their devices by children. For example, Nintendo recommends that its -
Virtual Boy not be used by children younger than 7 and Sony restricts
the use of its Glasstron to children 15 y of age or older. [Earlier designs
by Sony used a nominal focal distance of 1.2 m. But the adjustable focal
distance set by users was found to be close to their position of rest, and
some had a myopic change following 2 h of use (NikkeiElectronies,
1293).]

Jones (1993) investigated the effect of instrument myopia in virtual
displays and found that overaccommodation occurs only when the exit
pupil is small. With their natural pupils, observers noticed the blur
resulting from the improper accommeodation {closed-loop condition) and -
its correction. Jones concluded that the problem of instrument myopia
in such displays will manifest itself only in devices with a very small
exit pupil or wide depth of focus. Rosenfield et al. (1993) demonstrated
that proximal accommodation can be sustained over an extended time.
However, it appears that unlike the natural accommodative response to
object distance, where sustained accommodation causes adaptation, in
_ the open-loop condition needed for proximal accommodation, there is no

adaptation to the sustained effort to accommodate. This finding also
supports the idea that instruments or displays with wide depth of focus,
which may eause proximal accornmodation, are less likely to cause sus-
tained myopia via adaptation, whereas instruments with narrow depth
of focus will not even cause proximal accOmmodatlon because of the
blur feedback.

The second effect of instrument myopia reélates to resclution and
image acuity. The resolution ability (visual acuity) of the user may be
optimal at the resting focus (Kotulak and Morse, 1994), It was there-
fore suggested that focal distance of the HMD should be set to about 1
‘m to improve resolution. This may not be a critical consideration for
the current generation of HMDs because their resolution is much lower
than the acuity of normal observers. Current high-resolution systems
have 640 pixels over a field of about 22°, corresponding to about 2
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minarc per pixel, while human resolution is at the level of 2 pixels per

minare. Higher-resolution systems, in terms of the number of horizon-

tal pixels, typically spread the pixels over correspondingly larger fields

of view and thus the display resolution is the same. For example, Sony

uses 1068 pixels over a field of view of 44° (Matsui. and Kawamura,
" 1995) or 800 pixels over a 100° field. of view (1000HRvp VIM® product
. sheet, Kaiser Electro-Optics). With future improvements in resolution
. the effect of instrument myopia on user’s acuity and display quality
may require revisiting. '

The visibility of the pixel boundary in current low-resolution dis-
plays may lock the user’s accommodation to the distance of the display
screen. This phenomencn is related to the Mandelbaum effect (Man-
delbaum, 1960), where looking through a mesh screen at a far target
may restrict the range of fusible disparity. This phenomenon may
impact low-resolution displays. A recent study by Gleason and Kenyon -
(1997), however, demonstrated that the blurring of a distance image
seen through a mesh screen is not caused by a shift in accommodation
to the screen but is of sensory origin. Those findings suggest that a vis-
ible pixel boundary may cause the impression that the image is blurred
even when accommodation is accurate. ' o

Fowlkes et al. (1993) pointed out that motion or simulator sickness,
like lens accomodation, is due to the activation of the parasympathetic
division of the nervous system. They suggested that the two phenom-
ena might, therefore, be connected. In their study they found a relative
shift inward of the dark focus for subjects who felt sick following
" motion simulation experiments; those who were not sick showed a
smaller shift. Although the effect was consistent with this hypothesis
in only two of the three experiments, Fowlkes et al. concluded that the
myopic shift in HMD and other simulators may be a result of the acti-
vation of the parasympathetic system associated with motion sickness.

Possible solutions. How can the accommodation spasm that may be
associated with instrument use be reduced? Increasing the depth of
focus may merely reduce the visual effect of the spasm. In fact, some of
the studies just cited suggest that increasing the depth of focus may
induce spasm. An adjustablé-focus system may induce even more
spasm than a fixed-focus system, as demonstrated in a study of Apache
helicopter pilots using a helmet-mounted display (Kotulak, 1995; Kotu-
lak and Morse, 1995). However, pilot focus adjustment performance did
improve with fraining and with the use of a visible distant target.
Therefore, during the design stage, it is important to consider the user
. population, the level of familiarity and training users will have with
the device, and whether an individual user or multiple users are using
each device. Adjustable-focus systems may be more useful for trained
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users or if the device is adjusted for an individual user once, at dis-
pensing, and then fixed. An adjustable system for general use should
have a limited range of adjustment of about 1.0-1.5 D to permit fine
adjustment, but should prevent the user from sefting the digplay for a
large accommodation demand. Using systems with a narrow depth of
focus (wide exit pupils), which proyide visual feedback of the blur due
to improper accommodation, may be the best approach to controlling
instrument myopia in HMDs,

6.2.2 Convergence and accommodation

To understand the issues associated with alignment of focus and con-
vergence of the visual system, it is necessary to become familiar with
the functioning of the binocular system, which coordinates the opera- -
tion of both eyes as a pair in the three-dimensional real world. A num-
ber of concepts used in clinical optometry are needed to understand
these issues; jargon will be kept to a minimum.

In the real world, an observer moves his or her gaze among targets of
interest at different distances. For each target, the lenses of the eyes
must be focused to obtain a clear image and to converge both eyes on
the target, to facilitate the fusion of the two eyes’ images into a single
precept. The distance of the target determines the focusing or accom-
modation demand in diopters. This demand, in diopters, is the recipro-
cal of the distance of the target from the eyes in meters. Thus a target
at 2 m creates a 0,5-D accommodative demand. Convergence demand is
measured in degrees, or in prism diopters (A), and is determined by
both the distance to the target and the distance between the eyes
[interpupillary distance, or IPD (Fig. 6.1)]. A prism diopter (1 A) is the
angle subtended by 1 cm at a distance of 1 m (1 A = 10 milliradians)

o = 2arctan(IPD/2x)
= 1/x {diopters]

X [meters]

Figure 6.1 The accommodation
p=Zarctan(PD2y} (D)) and convergence demands
D= 1fy [diopters] - (o and B) of real-world targets

depend on the target distance (x

or y) and the observer’s IPD.

The demands are caleulated as

illustrated.

y [meters]
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(Fig. 6.2). It is a convenient-unit, since, as is shown in Fig. 6.1, the con-
vergence demand (in prism diopters) of a target at any distance is
given by the product of the IPD in centimeters and the accommodative
demand. = ’

Convergence demand [A] : : :
= Accommodatmn demand [D] x IPD [em] (6.1) -

For real-world targets a line of demand can be plotted that repre-
sents the accommodation and convergence needs for all cbservers with
a given IPD (three examples are shown in Fig. 6.8). For different IPDs,
the demand lines converge at far distances (only one line is shown for
distances farther than 25 ¢m). Thus if the accommodative demand is
get at less than 1 D (farther than 1 m), we can consider one demand
line for all users. For an observer to see a target clearly and singly with
both eyes open, both demands should be met. Some tolerance, however,
is permitted. In the accommodation system, depth of focus permits
some misregistration of accommodation response and demand. In the
convergence system, a slight (typically a few minutes of arc) misalign-
ment of the eyes from perfect convergence, called fixation disparity,
does not disrupt single vision. If for some reason the response differ-
ence from the demand is larger than these tolerances, then either a
blurred image or double vision will result.

To simultaneously satisfy the convergence and accommodation
demands of real-world targets, the visual system has evolved a coupled
control system for both mechanisms. (Actually, pupillary constriction is
also connected with convergence and accommodation, in what is called
the visual triad, but has only a minimal effect in our application.)
Thus, when the eyes accommeodate they will converge even without
convergence stimuli. (For example, the eyes converge even when one

2SN T
1 prism
diopter [A] _
Figure 6.2 A prism diopter (Al is a unit of prism power that will

cause a ray of light to deviate by 1 cm at a distance of 1 m. Thus,
1 A =10 milliradians.
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Figure63 Graphic representation of accommodation and convergence demands
and the zones of single clear binocular vision (ZS3CBV) for an average person. A
demand line is associated with the person’s IPD (three different lines are illus-
trated), but the various lines converge at greater distances. The ZSCBV and the
comfort zone, representing the middle third of the ZSCBV, are illustrated by -
light and dark shading, respectively. Operating outside of the comfort zone may
cause eyestra.in and/or headaches. The range outside the ZSCBV is the zoiie
where single vision is maintained by changes in accommodation resulting in
blurred vision. With further strain, binocular vision is disrupted, resulting in
double vision (outside the break lines), In this graph, convergence is referred to
the center of rotation of the eye, 2.7 cm behind the spectacles.

eye is covered, This is an open-loop condition for the convergence sys-
tem because no visual stimulus for convergence exists.) When both
eyes are open, a small correction in the convergence loop may be
needed (in addition to accommodative convergence) for perfect align-
ment. The difference between this open-loop convergence angle and the
convergence demand is called heterophoria (or phoria for short). Each
observer has a different heterophoria that is considered the operating
point of the individual’s binocular system. If the eyes are undercon-
verged for the target’s demand (i.e., the eye behind the cover points
outward compared with the direction of the fixation target), the het-
_erophoria is called exophoria; when the eyes overconverge, the het-
erophoria is called esophoria. The average phoria for the population is
1 + 2 A exophoria for a digstant accommodation target, and 3 = 5 A
exophoria for a target at 40 cm (Goss, 1986). ‘

The accommeodation and convergence demands for an observer can
Jbe changed by usmg lenses or prisms, respectively. Placing positive
(convex) lenses in front of the eyes will reduce the accommodation
demand, while negative lenses will increase it, moving the demand line
(in Fig. 6.3) down and up, respectively. In both cases the convergence



Optometric and Perceptual Issues with Head-mounted blsplays 213

demand is unchanged. Similarly, the convergence demand can be
changed by using prisms. Base-out (BO) prisms (prism base toward the
ear) increase the convergence demand and base-in (BI) prisms (bage
toward the nose) reduce it, moving the demand line right ‘and left,
respectively. When tested under these unnatural conditions, the visual
system demonstrates limited flexibility that permits it to operate under
such varying demands. By using such prisms and lenses, one can map
the range over which the demand can be changed while the cbserver is
able to maintain single clear binocular vision (Fig. 6.3). Outside that
zone of single clear binocular vision (ZSCBV), the observer will have
either blurred or double vision. Although inside the zone clear vision is
maintained during testing, no one would wish to wear such lenses for
an extended period of time. If observers must operate for any length of
time close to the edge of the ZSCBV, they are likely to feel eyestrain,

develop headaches, and even lose clear or single vision. The narrow
 middle third of the zone is referred to as the zone of comfortable single
cléar binocular vision by Percival’s criterion (Borish, 1970), indicating
that the outside two-thirds are uncemfortable.

. Misalignment of convergence and accommodation, This discussion applies
to both stereo and nonstereo binocular HMDs. In HMDs, a virtual
image is created at some distance from the user’s eyes, and this distance
sets the accommodative demand for the user. If the IPD of the user is
the same as the distance between the optical centers of the channels,
then the physical convergence of the two optical channels sets the con-
vergence demand. Since the visual system would be most comfortable
with the natural relationship that exists for real-world targets, such
correspondence is a basic design consideration. Achieving it for all
observers can be difficult, however. If the accommodative demand does
not match the convergence demand, the situation is equivalent to plac-
ing a prism in front of the eye(s) in the real-world situation.

Convergence of the optical systems can be achieved by creating a
concentric system for each channel (i.e., the lens is concentric with the
display) and positioning each channel at an angle to the other [Fig.
6.4(b)]. Such a system is used in both Nintendo’s Virtual Boy and
Sony’s Visortron (NikkeiElectronics, 1993). A converging system can
also be generated by decentering the display relative to the center of
the lens [Fig. 6.4(c)]. Such a strategy was implemented by Sony in a
system designed to provide adjustment of the convergence linked to
changes in the accommodative demand (see Sec. 6.4.3).

Before addressing the possible approaches used, and the dlfﬁculhes
encountered in aligning such systems, let’s consider what happens if
the convergence demand is not matched to the accommodative demand
(e.g., if a BO or BI prism is placed in front of one eye).
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Figure 6.4 Adjusting the accom-
modation demand and the con-
vergence demand in an HMD. (o)}
The accommodation demand in
a ¢oncentric system is deter-
mined by the distance d between
the LCD screen and the lens
used to view it. (b) Convergence
demand can be varied by con-
verging two concentric systems
relative to each other. (¢) The
convergence demand can also be
varied by moving the two
screens closer or farther apart
while keeping the lenses in the
same position. Both approaches
have been implemented in com-
mercial units:

When an observer first looks through such a system, if the misalign-
ment is large enough, vision may be blurred or doubie. For smaller mis-
alignment, vision may remain clear but continued use may cause some
eyestrain. If the chserver continues to use the system, then after a few
minutes his or her visual system will start to adapt to the new demand
under a process called prism adaptation (Carter, 1963; Howarth, 1996).
The visual system appears to change its baseline (tonic) convergence
operating point (heterophoria) to match the new demand. Adaptation is
not always complete, and there are differences in adaptation to BI and
BO prism demands (Goss, 1986; Howarth, 1996). If adaptation is incom-
plete, then continued use may result in further stress that may be
aggravated by stereo stimuli (see later in this chapter). If adaptation is
fairly complete, one must congider what happens after use of the HMD
and return to the real world and its demand line (Piantanida, 1993). A
person with a healthy, strong binocular system is likely to readapt in a
few minutes and return to baseline. However, some users with less func-
tional systems may have various symptoms, such as blur or double
vision and eyestrain (Mon-Williams et al,, 1993; Piantanida, 1993).
Double vision, if it persists more than a fraction of a second, can be very
unpleasant and scary. It should be emphasized that there are noreports
of doublé vision persisting after use of HMDs, although reports of blur,
eyestrain, and headaches are abundant (Howarth and Costello, 1996b;
Mon-Williams et al., 1993). Howarth (19986) tested the effect of mis-
match between accommodation and convergence demands by placing
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prisms in front of subjects playing solitaire on a desk-top CRT. He found
prism adaptation and reports of increased symptoms after 15 min of
play. However, the reported level of ccular symptoms was mgmﬁcant
only for prisms of more than 4 A (Bl or BO).

Effect of user IPD on the mismatch between accommodation and convergence
demand. Various manufacturers have taken different approaches to
adjusting the convergence and accommeodative demands in HMDs. One
difficulty in finding a simple solution rests with the fact that the
demand line depends on the observer’s IPD. If the image distance is
large (>1 m), the demand difference is fairly small (Peli, 1995) (Fig.
6.3). The simplest approach, therefore, is to set the focus at a fixed level
and assume a nominal user’s IPD (i.e., 65 mm). An ¢bserver with an
IPD smaller than the interocular distance (I0D) of the HMD will look
through the inner parts of both lenses used to image the displays. This
gituation is functionally equivalent to having prisms in front of the
eyes (Fig. 6.5) because the eyes’ optics are not concentric with the sys-
tem’s optics. The prismatic effect of the lenses has been identified in
the literature as potentially a major problem in HMD use (Melzer,
1994; Piantanida, 1993; Regan and Price, 1996; Wann et al., 1995).
These authors hypothesized that observers whose IPDs differed from
the system’s interocular distance (IOD) would suffer from eyestrain
and headaches. Regan and Price’s (1996) study failed to find such an
effect for the 53 subjects thus tested. However, when only those sub-
jects whose IPD was smaller than the IOD were evaluated, there was
some correlation of the magnitude of difference between the subjects’
IPD and the system’s IOD and symptom report. Despite the unclear
result, Regan and Price concluded that the IPD may play a role in
visual discomfort.

The reason for the concern raised in the literature is the fact that in
spectacle correction the prismatic effect is fairly significant. Deter-
mined approximately by Prentice’s rule (Atchinson et al., 1980; Fannin
and Grozvenor, 1987), the prismatic effect (Fig. 6.6) is:

prismatic effect [A] = Lens power [D] x decenfration [em] (6.2}

system [OD
] 1
: Figure 6.5 The presumed pris-
matic effect when user IPD ig
smaller than the system’s I0D is
iy - in the base-out direction due to
user IPD the effect of the positive power

lens used. The prismatic effect is
— that of a negative-power lens, as
| s = —gfeEe—  llustrated in Fig. 6.7.



216 Chapter Six

Figure 6.6 Prentice’s rule: the
prismatic effect of a lens decen-
tered relative to the eye's pupil
is simply a result of the ray-
bending action of the lens.

Prentice's Rule :
prismatic effect{A] =

e[cm]
Flmeters}

Since the lenses used in most HMD systems are high power (20 {0 30
D), it has been suggested that the prismatic effect due to decentration
would be large (Wann et al., 1995). In fact, it is very small and thus
unlikely to present a problem if the optical image distance is suffi-
ciently large. Only the power-of the lens in excess of what is needed to
bring the optical image of the screen (here called the virtual screen) to
infinity participates in the decentration-induced prismatic effect (Fig.
6.7). For a virtual screen distance of 2 m, and a full 10-mm difference
between the user’s IPD and the system’s I0D, the prismatic effect will
be only 0.5 A (Peli, 1995). Note that a prism imbalance of 0.5 A is the
permitted tolerance for specfacles under the standard for ophthalmic
prescription (ANSI Z80.1-1972). Therefore, if the virtual screen posi-
tion is kept at a distance of 2 m or more, the prismatic effect due to mis-
match of the user’s IPD and system’s IOD is aceeptable. It should also
be noted that the deviation induced by the prismatic effect will not be
caused by a positive lens, as illustrated in Fig. 6.5 and discussed by
Piantanida (1993), but rather it will be the effect of a negative lens, as
illustrated in Fig. 6.7. This can be verified by ray tracing.

Decoupling of convergence and accommodation in stereo systems. While
an optimal design or a satisfactory compromise for matching the
accommodation and convergence demand to the situation in the real
world may be achieved in the HMD for bi-ocular systems, the situation
is more complicated for stereo systems. The introduction of depth using
disparity between the images results in a need to decouple the normal
relationships between convergence and accommodation. In the real
world, shifting fixation from an object at one distance from the ob-
server to another object at a different distance requires a change in
both convergence and accommodation, as described earlier. In a binoc-
ular stereo display (HMD or otherwise) this is not the case. Since the
images are always displayed on a screen of fixed distance (virtual or’
real), accommodation should be maintained at the same level for all
targets. When disparity is introduced to stimulate the perception-of
depth by moving a portion of the image on’each of the two screens lat-
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Figure 6.7 A schematic illustration of the prismatic
éffect in HMDs. (¢) In this system the LCD screen is
slightly inside the focal point of the lens, resulting in a
virtual image at a distance of 2 m. (§) If the lens power
is increased by 0.5 diopter, it will move the virtual
image to infinity. With the image at infinity, decentra-
tion of the pupil relative to the lens does not cause any
prismatic effect. (¢) The image can be returned to the
original position by adding a negative lens of 0.5
diopter. This lens is the only one contributing to the
prismatic effect with pupillary decentration.

erally in opposite directions, convergence should change toward the
simulated distance of the target, either in front of or behind the screen
(Fig. 6.8). This has the same effect as introducing prisms in front of the
eye (Fig. 6.9), which gives a constant convergence change, except that
the situation in the stereo display case is dynamic. Either the depth in
the image may be changing with time or the user may fixate static
objects at different apparent depths. In either case, the dynamic nature
of the situation prevents the static prism adaptation discussed above.
The analysis above has considered the stimulus or demand for accom-
modation and vergence. However, as discussed earlier, the oculomotor
response can be different from the demand. In looking at the response to
stereo images, Hiruma and Fukuda (1993) as well as Okuyama et al.
(1996) demonstrated that in response to a step change in stereo image
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Figure 6.8 Decoupling of accommodation and convergence demands
in stereo displays. Images presented without disparity (the stapler)
require that both accommodation and convergence be for the dis-
tance of the virtual screen and be coupled as in viewing real objects.
The images presented with disparity (the telephone) remain at the
virtual screen with regard to accommodation demand but require a
different convergence.

distance, the accommodative response is triggered together with the
convergence response. However, unlike the real stimulus situation
" where the two responses remain stable, these regearchers found acecom-
modative overshoots and an unstable steady state during use of the
stereo display. Hiruma and Fukuda found that accommodation follows

A
§ Accommodative
¢ demand with and
} without prism
Convergence H
demand with H
prism :
\j

1
|
§
I
1
1
b
1
1
X
. - IPD .
" Figure 6.9 [Hlustration of the decoupling of convey-
gence and accommodation demands using prisms.

The effect is identical to that caused by the stereo dis-
play in Fig. 6.8. ! :
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the convergence induced by the disparity only up to about 0.3 D; they
attributed this to the depth of focus of the eye. They did not directly
measure their subjects’ depth of focus, nor did they {ry to increase the
depth of focus to test this hypothesis. Morita and Hiruma (1996) showed
that the convergence of both eyes is about halfway between the screen
and the stereo image distance when there is a large disparity. Thus, it
appears that during a dynamic change in an image’s displayed distance,
the convergence and accommodation changes are linked, as in natural
viewing. Only if fixation of the target is extended to a few seconds do
some changes (most likely in accommodation) take place to maintain
fusion. The cost of changes is optical blur.

Since the dynamic decoupling of accommodative and convergence
demand does not occur for real-world objects, we have few data on its
possible effects. However, decoupling does occur during viewing of
stereo movies, and although this genre never realiy caught on, I know of
no report on the ill effects of stereo movies except for motion sickness,
which may be associated with exaggerated motion rather than the
stereo display itself. Motion sickness effects are also common with var-
ious nonstereo wide-field displays such as the OmniMax theater at the
Boston Museum of Science or the 360° movies shown at Disney World.

Visual training can be directly related to the effects of the decoupling
of accommodation and convergence in HMDs (Scheiman and Wick,
1994). Visual training is a treatment for various binocular abnormali-
ties where a variety of eye exercises are preseribed. It is usually
applied to persons having symptoms due to reduced binocular function.
A common thread through all visual training excercises is the gradual
but challenging application of decoupling of accommodation and con-
vergence through the use of polarized or anagliph (red/green) targets,
lenses, prisms, or apertures (Fig. 6.10). During the initial stages of
these exercises, it is common for patients to suffer from an inerease in
symptoms such as headaches and eyestrain. With continued training,
patients are able to increase their fusional ranges and generally get
relief from the initial training-induced symptoms as well as from the
daily symptoms that led to the diagnosis. ‘

The effect of these exercises on persons without binoeular abnormal-
ities hag also been examined. Daum (1982, 1983) found a statistically
significant increase in negative (BI) fusional vergence range for normal
subjects following conventional therapy, while Major et al. (1985)
reported an even larger increase with computerized training. Goodson
and Rahe (1981) found no change with training, but they trained at the
far point, where the negative fusional range is limited. Most closely
related to the issue of HMDs is the study by Griffin et al. (1982}, who
found no changes in negative fusional ranges for far point using stereo-
scopic movies. '
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Figure 8.10 Devices used for visual training implementing decoupling of accommodation
and convergence demands. The standing instrument with the two apertures limits the
view of each eye to one of the images, Sliding the aperture closer and farther from the
observer changes the divergence demand (a single aperture is used to impose conver-
gence demand). The four lenses include a pair of base-in prisms and a pair of base-out
prisms that can be exchanged rapidly while looking at any image or at the natural envi-
ronment, thereby demanding a change in convergence without a change in accommoda-
tion. The multiimage panel is separating eye’s view using red and green filters. The
absolute disparity can be modified by sliding one panel across the other. Within each set-
ting the different objects represent differing disparities,

‘One can anticipate that use of stereo HMDs, which strain the
fusional mechanisms through decoupling of convergence and accom-
modation, may initially lead to some symptoms. This should be fol-
lowed by adaptation, which may include an increase in fusional range
and more stable binocular function. Visual training, however, is applied
in a gradual manner under tight supervision and with individually
tuned progress. The probability of achieving similar results through
HMD use of game software not specifically designed for that purpose
is low. We have no information on the effects of large sterec depth
changes used to impress users of various entertainment systems.

Mon-Williams et al. (1993) did report discomfort and some visual
system changes even with a very short period (10 min) of stereo HMD
use (VPL XL EyePhone system). They attributed the difficulties to the
stereo nature of the display (Wann et al., 1995), since a second study
{Rushton et al., 1994) found fewer symptoms with a bi-ocular system



Optometric and Perceptual Issues with Head-mounted Displays 221

(Visette 2000, Virtuality Entertainment Ltd.). However, the effect of
‘stereo decoupling was not established, since a different HMD was used
~and many other parameters differed in the two studies. Howarth

(1996) simulaied the dynamic change of stereo displays by changing
the prisms worn by observers playing solitaire on a CRT every 5 min.
With this slow pace of change he found a significant reduction in the

" level of prism- adaptation compared to 15 min of continuous prism
exposure. Less than half of the subjects reported increased discomfort
and the level of change was small. However, it must be noted that the
rate of change used in that study (5 min) is probably teo slow to simu-
late the typical conditions of a stereo display. Howarth and Costello

(1996b) and Howarth (1998) reported a variety of symptoms and visual
system changes in a study comparing three HMD systems and two
desktop CRT control conditions. They concluded that the differences in
effects appear to be device dependent rather than a generic effect of
HMD systems in general

A study comparing the effects of the i-glagses used in both stereo and
bi-ocular mode and a desktop CRT system found ne difference in visual
system changes among the three devices (Peli, 1998). A difference in sub-

jective discomfort was found between the CRT and HMD conditions but
not between the stereo and bi-ocular conditions. These results also fail to
provide clear support for the notion that the effects of decoupling are
responsible for the discomfort or visual changes reported in the litera-
fure. More research is needed before any firm conclusions can be drawn
regarding differences between stereo and bi-ocular HMD systems.

Changes in the accommodative convergence to accommaodation (AC/A) ratio. The
AC/A ratio represents the amount of convergence change (in prism
diopters) induced by a change of 1 D in accommeodation demand without
a corresponding change in convergence demand. The AC/A ratio is
thought to be a fixed physiclogical parameter for each individual. Its
change represents a decoupling of the normal binocular relationships. A
study by Howarth (1995) reported a change in decoupling between
accommeodation and convergence expressed as change in the AC/A ratio.
Although such decoupling may raise concerns, a review of the literature
indicates that the effect may not be rare and that recovery is rapid.

In the past, AC/A ratios have been thought to be unaffected by visual
training (many reports cited by Flom, 1960). However, Manas (1958)
reported an increase in AC/A (average 0.5 A/D) following training, as
did Flom.

Laterally displacing periscopic spectacles requires an increased and
variable convergence to accommodation demands similar fo the effects
of stereo display systems, where closer simulated targets require more
convergence while accommodation demand remains fixed. The de-
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creased AC/A ratio found by Howarth (1995) in three of the five devices
he tested could not be a result of the same effect. '

AC/A changes were also noted following optical decoupling between
convergence and accommodation (Miles et al., 1987). Miles et al. found
that with laterally displacing periscopic spectacles there was an
increase in the AC/A, BO and BI prisms caused the expected prism
adaptation and there were some secondary cross-effects by which BO
caused an increase in AC/A. Cyclopean spectacles resulted in little
AC/A change. However, exercise alone (shifting fixation without any
lenses) also caused a small effect and a larger effect on the convergence
accommeodation to convergence (CA/C) ratio. In analyzing their results,
Miles et al. concluded that accommodation or convergence fatigue asso-
ciated with visual exercises may have caused the observed changes in
AC/A rather than the disruption of the cross-link between the accom-
modation and eonvergence systems,

Fisher and Ciuffreda (1990) measured the effect of laterally dlsplac—
ing periscopic spectacles under natural viewing conditions. They found
prism adaptation but no change in AC/A ratio. In discussing the differ-
ence between their findings and those of Miles et al. (1987), they
pointed out that Miles et al. had their subjects make frequent and sys-
tematic large shifts in fixation distance, while Fisher and Ciuffreda’s
subjects simiply operated in the natural environment. They concluded
that maintaining a high degree of demand on the system under such
dynamic conditions may be necessary for inducing even minimal short-
term adaptation of the AC/A ratio, This is frequently the case when
playing stereo games in VR systems. Many of the games induce large
disparity to create large depth effects and require frequent and contin-
uous changes.

It should be noted that Miles et al. (1987) found that the subJects
returned to pretesting AC/A even without binocular vision exposure
within 2 h. The recovery with normal binocular vision may be very fast,
although it was not tested. The long-term effects of the visual training
reported by Flom (1960) disappeared when measured 1y later, It is not
known when during the year the changes disappeared. It is important
to note that the small effect of a single 30-min weekly treatment ses-
sion did result in a measurable effect following 12 wk of training.

The decrease in AC/A seen in Howarth’s (1995) study, reported ear-
lier, may be one result of convergence accommodation decoupling in
stereo devices or simply accommodative fatigue (Schor and Kotulak,
1986). Both have been demonstrated in such devices (see the following
text). Proper design of game software may reduce the effect. Moreover,
the change in AC/A induced is likely to be transient even when gener-
ated under extreme demands and repeated over a long period as in
visual training.
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Changes in accommodation. Changes in the accommodation response fol-
lowing HMD use have also been reported. Inoue and Ohzu (1990b)
reported slower accommodative response (by about 30 percent) following
1 h of stereo display use. They also reported a smaller accommodation
responge to convergence (disparity) stimuli when the screen was farther
away (360 versus 100 cm). This might indicate use of accommodative
convergence to meet the changing convergence demand. As Inoue and
Ohzu noted, such response should cause blurring of the images, but no
blurring was reported in that study or in any other. Iwasaki et al. (1994)
reported an increased delay in accommodative respongse following 15
min of exposure to stereo display compared to 45 min for nonstereo view-
ing of a CRT. The consequence of such fatigue is not known, nor is the
time course for recovery of normal function known.

Despite much discussion of the possible harmful or disturbing effects-
on binocular vision of the use of HMDs, and stereo HMDs in particular,
the research published to date provides little evidence that such effects.
occur {(Wilson, 1994). We still do not know whether the decoupling of
convergence and accommodation that occurs in stereo HMD hag signif-
icant short- or long-term effects on the user. The studies reviewed ear-
lier show few short-term effects. To my knowledge, no studies have
been published deseribing long-term effects in adults or children, al-
though the possible effects were considered in a recent review of the lit-
erature (Rushton and Riddell, 1998). The actual effects, if any, will
come to light with the increased use of these devices and with studies
directly addressing changes that might occur with long-term use. How-
ever, the data so far do not seem to support the level of concern ex-
pressed in the literature. Some efforts at providing display systems
that avoid the decoupling of convergence and accommodation demands '
are described in a later section.

6.2.3 Secondary effects of stereo display

Inoue and Ohzu (1990a) reported that subjects were able to fuse the
stereo image over a wider range of disparity when the display was
large (75 in.) than when it was small (21 in.). However, observation dis-
tances were proportional to viewing distance (350 and 100 cm, respec-
tively), resulting in almost equal field size in terms of visual angle. The
effect reported, therefore, was not an effect of field size, but rather an
effect of screen distance and of expressing the fusional range in units
of accommodation demand. Nagata (1996) tested a change of apparent
size both at a fixed distance and with different distances, and demon-
strated that fusional ranges were directly affected by peripheral field
size. He found an increase of about a log unit of disparity threshold
when the field size was increased from 6.3 to 38°.
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Nagata (1996) further demonstrated that the reduction in the range -
of disparities that could be fused was a function of the sharpness of the
peripherally nonfixated patterns. He measured the limit of disparity of
a fixated target before diplopia was reached in the presence of different
peripheral field environments. For two of the three subjects, Nagata
found that large disparities were better tolerated when the peripheral
images were blurred than when they were sharp. Even larger dispari-
ties were tolerated in the presence of uniform backgrounds. This sug-
gests that blurring image details that are not fixated would improve
comfort with HMDs or other stereoscopic displays, as this places less
strain on the fusional system.

Wiopking (1995) studied the discomfort induced by viewing static
stereo images as a function of the level of disparity and blur of the out-
of-fixation pattern. He found an overall decrease in viewing comfort
with an increase of disparity and an inerease in background sharpness.
This is important in the current context because in the real world,
objects at depths that differ from that of the fixated target are blurred,
whereas in a virtual environment they are (unnaturally) in focus. Wop-
king found that with a relatively sharp background (higher than 5.6
¢/°), disparities of 70 arcmin created an annoying sensation: He also
concluded that a large amount of blurring is needed to avoid eyestrain.
Note that this experiment was carried out using unerossed disparity
for the background and a fairly large screen distance (2.75 m). Thus,
the result is not very surprising. Nevertheless, it ig interesting to real-
ize that subjects can actually report this condition as annoying.

These findings provide further suppert for the idea that natural
viewing conditions in a stereo display require more than the correct
convergence and accoramodation demand. Apparently it is also impor-
tant to maintain the natural situation in which the nonfixated image
. features, which are at different distances, are blurred. Omura et al.
(1996) did mention the need for such correction and proposed using
random motion to create blur in a graphic digplay. A recent paper by
Blohm et al. (1997) demonstrated the effectiveness of such processing
in a system that can be implemented in HMDs,

The sharpness at all displayed depths that is commonly found in 3D -
demonstration video programs or computer graphies results in an
unnatural appearance of the scene because it removes the monocular
depth cue of depth of focus. This problem may be more commeon to
early-generation demonstration videos. Future program directors can
assume that they can capture the viewer's eye and attention at a spe-
cific part of the image and use a reduced depth of focus in the cameras
t0 produce a more realistic and possibly more comfortable stereo
image,
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Systems that avoid decoupling of convergence and accommodation. A
number of systems have been proposed and demonstrated that reduce
or eliminate the problem of accommodation and vergence decoupling in
stereo displays. One such design for HMDs provides for a hardware
system that more closely simulates the real-world situation of coupling
convergence and accommodation demands (Kajiki et al., 1996; Omura
et al., 1996; Shiwa and Kishino, 1995; Shiwa et al., 1996). This ap-
proach is based on real-time monitoring of binocular eye movements to
determine which target the user is fixating at any point in time. The
stereoscopic depth of the target is known, and thus a mechanical opti-
cal system can modify the virtual display’s distance to match the
accommodation demand with the eonvergence demand. One limitation
of this approach is that the optical depth of the whole image is chang-
ing in response to the user’s convergence response. The delay associ-
ated with the convergence itself and with the mechanical optical
change is likely to present an unnatural change in focus in response to
_.eye movements rather than the natural covariation of focus and con-
vergence.

Dolgoff (1997) developed a stereo system that avoided the accommo-
dation-convergence decoupling by using twe distinct focal distances.
His is a desktop system and may not be easily convertible to HMD. The
system optically superimposes (via a beam combiner) images of two
complementary views of the same scene at two different focal dis-
tances. Objects that are closer to the observer are presented on the
closer screen and objects that are farther from the observer are dis-
played on the farther screen. Occlusion of the latter by the former is
addressed by an LCD light valve between the two. This system uses
real-world disparity and focal changes and thus requires no glasses. It
also provides for (partial) parallax cues. The main limitation is that
only two distances can be presented reliably with the focal and dispar-
ity cues. Dolgoff claims, but cites no evidence, that only two different
planes are needed to create a satisfactory “real depth” experience. In a
real-world environment objects of interest may be at many distances.
Furthermore, in the proposed configuration, only desktop and about
arm’s-length distances could be properly simulated.

6.2.4 Monocular occlusion

The use of a monocular HMD disrupts normal binocular vision by pre-
senting two distinctly different images to each eye. Although some tem-
porary disruptions of binocular function have been reported in adults,
the main concerns are with the.possible effects of partial monocular
occlusion on children. It should be emphasized that most of the con-
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cerns raised in the literature are based on indirect conjecture from
what is known about binocular vision, development in general, and the
effects of complete occlusion, as discussed in the following text. Fur-
thermore, I know of no studies or case reports that illustrate detrimen-
~ tal effects of intermittent use of monocular displays on visual function
in children or adults.

Monocular occlusion in children. Normal development of visual func-
tion in each eye depends on the normal development of binocular func-
tion during the early years of life. If binocular vision is interrupted
during those years, in addition to the loss of stereopsis, one of the eyes
will also lose visual acuity and may be severely impaired (a condition
called amblyopia). Normal binocular function can be interrupted in a
‘number of ways, such as by a misalignment of the eyes (strabismus), by
significantly different refractive error causing blurring of images in
one eye (anisometropial, or by a substantial difference in image size
(anigeikonia) resulting from spectacle correction of anisometropia.
Binocular function also can be interrupted by occlusion of one eye,
resulting from either complete occlusion (drooping lids) or an opacity
regulting from congenital cataract in one eye. If the oeclusion is
removed during the early critical years of visual development, the
visual function of the oecluded eye ean be recovered, However, if the
occlusion is removed beyond that critical period (ages 6-9 y), visual
acuity logs is permanent. Note that in the conditions discussed sd far
the disruption of binocular vision is eonstant, while the disruption pos-
sible with HMDs is intermittent.

Rushton and Riddell (1998} reviewed the literature concerning plas-
ticity in the developing visual system of children as it may be affected
by use of HMDs. While acknowledging the lack of direct evidence in the
literature about any serious changes in visual development, they did
find substantial reasons for possible concerng and recommended
research approaches that Would increase our knowledge about these
issues.

The critical period during which amblyopm may be induced by mter-
ruption of binocular function is estimated to end at age 8 (Awaya and
Miyake, 1988) or age 9 (Bishop, 1981). Sensitivity to monocular visual
deprivation is high until age 5 and decreases until the system matures
{Bishop, 1981). Although a monocular HMID does not actually occlude
the eye; and formn vision is maintained in both eyes, it clearly inter-
rupts normal binocular function. Therefore, until further information
is available on the effects of such interruption of binocular vision, it
would be prudent to avoid the use of the device by children 6 y of age or
younger and limit its use by children 6-9 y of age.
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Monocular oceclusion in adults. Continuous monocular occlusion may
affect the visual systems of adults as well. The effects may be more
severe for people with weak binocular systems. Following complete
continuous occlusion of one eye for about 1 wk, patients with eyestrain
symptoms had substantially increased phorias (Marlow, 1921). Smaller
effects were also noticed in cases where the occlusion was occasionally
interrupted. Sethi (1986) reported large changes in horizontal phoria
position following only 4 h of monocular occlusion for normal observers.
When binocular vision was restored, recovery was very fast, following
an exponential time ¢ourse with a time constant of about 1 min.

Vertical phoria changes are considered more important clinically
than lateral phoria changes. Ellerbrock and Loran (1961) reported sig-
nificant changes in vertical phoria after less than 2 h of occlusion and
measurable changes in less than half an hour. They explained the fact
that they found phoeria changes where others did not by the use of a
measurement technique that eliminated all possibility of fusion stim-
uli before or during the measurements. This indirectly suggests that
the recovery of the system is very rapid once binocular vision is re-
established. In another study, after 8 days of continuous occlusion all
subjects developed large pherias (both lateral and vertical), reported
severe diplopia, failed all tests of stereopsis, and had slightly reduced
contrast sensitivity (Brown et al., 1978). These effects all persisted for
several hours, but all capacities returned {0 normal within 24 h,

Changes in phoria also occur when normal binocular vision is inter-
rupted without occlusion, such as when using night vision goggles
(Sheehy and Wilkinson, 1989). The changes reported in this case were
much smaller. In another study, phoria changes were measured follow-
-ing 45 min of active use of a monocular HMD for a word processing
task (Peli, 1990). Only one out of the three subjects had a small, mea-
surable increase in exophoria, while following 4 h of complete occlusion
of one eye, two of the three subjects had a measurable change in pho-
ria. None of the subjects in that study reported diplopia or any symp-
toms of visual discomfort followmg occlusion or use of the monocular
HMD.

Viirre et al. {1987) measured eye movements of monkeys subjected to
patching of one eye for a week. They found changes in the saccadic pat-
terns of the covered eye, including a decrease in saccadic step magni-
tude and a postsaccadic drift in the temporal direction as well as in the
vertical ¢component during horizontally directed saccades. All of these
changes were noted in the covered eye and normal function recovered
within 1 day after removal of the patch without any noticeable effect on
the noncovered eye. Similar monocular changes were noticed in the
vestibular ocular reflex (VOR) under the same conditions.
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Thus, while monocular display use is likely to change phoria, and
possibly saccadic eye movements, the effect appears to be temporary
and the return to baseline phoria level and normal saccadic patterns is
rapid. These changes are likely to be even smaller if a peripheral dis-
play position is used that permits intermittent binocular viewing of the
environment. The symptomatic effects of such long-term use still re-
main to be evaluated.

6.3 Visual Perceptual Issues

In addition to optical effects, HMDs may create perceptual changes
that may lead to changes in the visual system and cause symptoms.
The main concern with these changes, however, is with their impact on
the acceptance of the technology. This section identifies various visual
perceptual changes that may occur with HMD use. Whenever possible,
the impact on design or methods to reduce the effects are discussed.

6.3.1 Head motion, vestibular effects,
and image motion

During normal viewing conditions the VOR generates compensatory
eye movements that counter the effect of head movement to maintain
a stable image on the retina, Acceleration of the head is detected by the
vestibular apparatus in the inner ear. Signals from this biological
accelerometer generate the VOR, The compensatory eye movements
are controlled in an open-loop system. The gain of this system is on the
order of 0,7-0.8 for passive motion (Demer et al., 1987a) and 0.96 for
active head motion (Collewijn et al., 1983). The residual error is cor-
rected by the tracking visual mechanism. The joint operation of the two
mechanisms, called the visual vestibular ocular reflex (VVOR), ade-
quately compensates for all image motion during head motion, thus
providing a stable retinal image of the world.

These same mechanisms that serve to stabilize the retinal image in
natural conditions may result in retinal slip and image degradation
when an HMD is used. The eye movements that compensate for an
_ordinary 90° head turn can exceed 100%s (Demer et al., 1987b). If no
head tracking is provided, eye movements drivén by VOR during head
motion will cause the HMD image to slip across the retina and will
result in reduced acuity and apparent image motion (oscillopsia) caus-
ing significant image degradation (Peli, 1920). HMDs used in VR sys-
tems frequently include head tracking and displays that compensate
for these movements and should present a stable environment. How-
ever, in rany cases, such compensation is not included or is very crude
and partial. In addition, lag in the response of systems resulting from
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a lag in the eye tracker itself or from the time needed to compute the
updated view also results in retinal slip.

" The VOR may be inhibited or siippressed by the vigual ﬁxatlon

mechanisms (Burde, 1981). Thus, when a target is moving with the

head, as with the HMD, the visual mechanism may completely sup-

press the vestibular response.

The VOR is strictly reflexive and not under veluntary control. How-
ever, because it is an open-loop system, the gain must be adjusted
under different modes of operation. The plasticity of the gain calibra-
tion for the VOR system has been demonstrated in many animal and
human experiments. Adaptation of the VOR to moderate changes in
the demand, as induced by spectacle correction, is very rapid and is
completed within 420 min (Collewijn et al., 1983). Adaptation of the
VOR gain to the extreme demands imposed by reversing prisms (Gon-
shor and Melvili-Jones, 1976} or telescopic spectacles (Demer et al.,
1987b; Gauthier and Robinson, 1975) is limited in range, never reach-
" ing complete adaptation. I am not aware of any study evaluating the
level of adaptation and time course for an HMD, except with an imagi-
nary target (Barr, 1926, cited in Collewijn et al., 1983).

Adaptation to unequal VOR demands for the two eyes is almost
impossible. When the discrepancy is large, the adaptive process of hoth
eyes is controlled by the eye that provides the more meaningful infor-
mation (Collewijn et al., 1983). The use of a monocular HMD presents
this type of unequal demand situation where one eye needs normal
VOR gain of about 1.0 to continue perceiving the world as stable,
whereas the other eye (the one using the display) must completely
eliminate the VOR gain. There are some suggestions from studies with
monkeys that the VOR may adapt differently in each eye following
monocular occlusion (Snow et al., 1985; Viirre et al., 1987). However,
only small changes in VOR gain took place, and it is unlikely that a
large difference, like those required by the monocular HMD situation,

could be accommodated.

" The effects of passive and active rotary and linear motion on per-
ceived image motion and the ability to read using a monocular HMD
(the Private Eye) have been reported (Peli, 1990). For passive motion,
the subject sitting in a chair was rotated back and forth through an
angle of about 30° at peak velocities of about 15%s. The vestibular eye
movements resulted in perceived motion of the displayed image. Image
motion was noted throughout the rotation, but it was greatest at the
two extremes of the range, where acceleration is increased due to a
change in direction. Here small print became illegible due to the
motion blur. Following a short adaptation period the perceived image
motion was reduced except for the points of direction reversal, where
acceleration is very high.
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Image motion and text degradation were noticeable only during the
initial acceleration and final deceleration of linear motion testing. Dur-
ing the constant-velocity phase, the display remained completely sta-
ble and legible. Possible effects of linear or translational VOR were
discussed by Miles (1991), but very few data are available. Active rota-
tions were obtained by the subjects standing up and rotating their
heads with their body trunks stable, or rotating in a chair with their
feet on the ground. Active rotation induced increased image motion. As
a result, text legibility decreased throughout the range of movement.

See-through HMDs (such as the Sony Glasstron or the Virtual 1-O
i-glasses) present a unique conflict of demands for the visual/vestibular
system. When operating with a see-through display (without head track-
" ing), retinal image stability requires a normal vestibular gain of about
1.0 for the outside view and a gain of 0 for the displayed image. Obvi-
ously the two requirements cannot be met simultaneously, and in this
situation one image or the other will be blurred during head motion.

Motion/simulator sickness. Conflicts between vestibular and visual in-

puts are thought to be common causes of motion sickness with its

unpleasant symptoms of ataxia (losa of balance) and nausea. For exam-

-ple, visual scene motion without a corresponding vestibular input, as is

commonly found in a flight simulator, can result in simulator gickness
(Uliano et al., 1986). Such motion sickness occurred in almost 50 percent

of pilots tested on the first day of simulator training, but the magnitude

of illness decreased on subsequent days, indicating that adaptation is

possible (Uliano et al., 1986). Tt should be noted, however, that the

vestibular-visual conflict encountered in many HMD applications is dif-

ferent. Vestibular input occurs without the corresponding visual move-

ment (Howarth, 1996, Howarth and Costello, 1997). This is the inverse of
what is found in flight simulators.

It is interesting to note that in early, extensive literaturé review on
HMD devices (Hughes et al., 1973) there was no mention of image
degradation due to motion and only one reference concerning motion
sickness in relation to those devices in military applications. The
paucity of such reports may indicate that the plasticity of the visual
system enables quick adaptation to such changes in most of these
applications. In one study Saito et al. (1984} evaluated vestibular-
visual conflict with a helmet-mounted display in a flight simulator
capable of rotating. The authors did not find any symptoms of motion
gickness in any of the conditions where vestibular and visual motion
conflicted. Similarly, none of the subjects I evaluated with the monocu-
lar Private Eye reported any symptoms.of motion sicknéss; however,
movement was limited and all subjects sat throughout the trials
{except for those using the active rotation equipment) (Peli, 1990).
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. More recently, Kolasinski et al. (1995) reviewed the literature on
simulator sickness with special emphasis on the possible impact on vir-
- tual reality systems. They classified factors affecting simulator sick-
- ness as those associated with the individual user, those associated with
the simulator;, and those associated with the task. Only a few of the
many items reviewed there will be mentioned here. Motion sickness
was reported to be strongly affected by age. Susceptibility was greatest
between the ages of 2 and 12 y and decreased rapidly until age 21.
After age 50, motion sickness was practically nonexistent. Adaptation
to the simulation situation has been found to decrease sickness over
time. However, it has been suggested (without evidence) that adaptsa-
tion may lead to postimmersion symptoms [see Kolaginski et al. (1995)
for references]. _

Experience with discomfort symptoms associated with new eyeglass
prescriptions suggests that adaptation restores comfort in both the
novel and the previous conditions within only a few days of adaptation
(Carter, 1963; Miles, 1991). Presumably the symptoms associated with
a change: in prescription are also a result of the conflict between the
visual and vestibular signals that occur during head movement due to
the prismatic effect of the spectacle lenses (Miles, 1991).

In addition to vestibular-visual conflict, a wider field of view increases
the ineidence of simulator sickness. Perceived flicker appears to be asso-
ciated with simulator sickness and other eye symptoms and is more
likely to happen with wide-field systems due to the increased sensitivity
of the peripheral retina to flicker. Thus, the drive for VR systems with
wider fields of view may exacerbate the simulator sickness probiem.

The complexity of the motion/simulation sickness situation is widely
recognized. Still unknown are the requirements for a tracking system
to reduce or eliminate the phenomenon, or even whether such an ideal
tracking system can prevent motion sickness. Tracking errors cause
conflict between the vestibular and visual signals and are presumed to
cause sickness symptoms. While a good tracking system is likely to
help with the visual-vestibular conflict that oceurs when the head is
physically moving but the visual scene is not, the vestibular-visual con-
flict that oceurs when the body is stationary while the visual scene is
changing (as in flight simulations) remains. The latter cannot be cor-
rected by head tracking and is likely to continue to cause symptoms
even with ideal head tracking. Piantanida et al. (1992) reported that in
a search study using fields of view (varying sizes from 14 to 80°) and
a head tracking system (which provided image update at 30 Hz and
100-ms lag) all subjects experienced some degree of simulator sickness.
The greatest discomfort was felt when the edge of the display field was
surrounded with a black border in high contrast to the white display
screen. The task in that study required aggressive head movements. A
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more recent study showed that even playing a game such as chess,
which requires little head movement with an HMD and no tracking,
_can cause significant motion sickness within 20 min due to this conflict
{Howarth, 1996; Howarth and Costello, 1997)

Hettinger et al. (1990) reported that tracking error causing visual
oscillations in the range of 0.2—-0.25 Hz may be the most nauseogenic.
While the required performance-of a head tracker to limit symptoms is
not known, the National Science Foundation (NSF) invitational work-
" shop on virtual environments (Bishop and Fuchs, 1992) recommended
developing systems with latency of less than 5 ms, resolution of 1 mm
and 0.01°, and accuracy of 1 em and 0.1° for non-registered (see-
through) applications.

Eye movements and image motion. When the eye moves across a pul-
sating intermittent display, parts of the display occasionally appear to
jump or move in the same direction as the eye movement. These appar-
ent movements are the result of interaction between the rapid eye
movements (saccades) and the intermittent nature of the display, and
are particularly apparent on displays with short persistence, The effect
has also been reported with CRT displays (Crookes, 1957; Neary and
Wilkins, 1989), though it is limited to CRTs with short-persistence
phosphors. HMDs frequently use non-CRT, short-persistence display
technologies, and are more likely to be affected by this phenomenon,
If the display consists of only two dots, and saccadic eye movements
" are made from one dot to the other, an intermittent ghost image may be
seen briefly just beyond the target. In normal viewing of continuously
illuminated targets, such occurrences are prevented by saccadic sup-
pression (Matin, 1974). At some point during a saccadic eye movement,
the observer must shift the egocentric sense of direction (head-related
coordinate system) from the initial target to the destination target
(Fig. 6.11). This shift in egocentric direction occurs at the beginning of
the saccade. At the moment of change in egocentric direction, the world
should appear to jump in the other direction. If the visual scene re-
mains visible during the saccade, it should also appear to move
throughout the duration of one saccade (about 30 ms). Saecadic sup-
pression prevents these potential fluctuations in perceived direction of
targets. Saccadic suppression is not effective if the target is flashed for
a short period during the saccade. Such targets will appear ag an elon-
' gated gsmear of light and the length of the smear will be maximal when
it is visible for 20 ms (Matin, 1974). Thus, if fixation is changed be-
tween two intermittently illuminated targets and the destination tar-
get is flashed during the saccade, it will become visible at a point in”
time at which it still projects on the retina away from the fovea and will
be perceived beyond its actual position (Fig. 6.11). This phenome-
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_ non, commonly seen with' LED-based alphanumeric displays (e.g., car
clocks), was described by Peli (1990) for the LED-based Private Eye
display and by Neary and Wilkins (1989) for CRT displays with short-
persistence phosphors. On such CRTs, if a saccade crosses a displayed

- vertical line, the line appears to tilt in the direction of the eye move-
ment, with the top of the line tilting further because the scan is from
top to bottom {Fig. 6.12(c)]. In the Private Eye, the display mode differs
from a standard raster secan. An entire vertical column is illuminated
at once, rather than serially as on a normal raster display. The columns
are swept horizontally; therefore a vertical line in this display appears
to jump in parallel during a horizontal saccade rather than to tilt as is
the case with a CRT display [Fig. 6.12(b)]. Horizontal lines in the Pri-
vate Eye display appear to jump and to tilt only slightly in the direc-
tion of vertical saccadic movement [Fig. 6.12(c)]. The smaller tilt
results from the shorter active display period of 5 ms, which allows

actual directions

Fovea

Fovea

Prior to D Following
Saccade saccade saccade

(2 0] . @

Figure 6.11 The appearance of an image jump during eye movements across an inter-
mittent display. At some time during a saccadic eye movement, the chserver must shift
the egocentric gense of direction (head-related coordinate system) from the initial target
(a) to the destination target. At the moment of change in egocentric direction, the world
should appear to jump in the other direction. Saccadic suppression prevents these
changes in perceived direction. Saceadic suppression, however, is not effective if a target
. is flashed during the saccade. If a subject changes fixation between two targets and the
destination target is flashed during the saccade (), it will become visible at a point in
time at which it projects on the retina away from the fovea. Thus the destination target
will be perceived beyond its actual position. Following the saccade the veridical direc-
tions are restored (c).
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Figure 6.12 The appearance of a lineon a pulsating display during saccadic eye move-
ments. (¢} A vertical line (dark pixels) presented on a standard raster (scanning left to
right and top to bottom). If the saccade is across the line {from left to right it will appear
to tilt as illustrated (gray pixels). The top pixel is on early in the saccade and therefore is
perceived to be shifted further in the direction of the eye movement than the bottom
pixel. (b) In the nonstandard scan of the Private Eye display, each column of pixels is illu-
minated in turn and the horizontal mirror movement presents successive columns to the
right or left (thin lines). A vertical line will appear to jump laterally and not tilt with the

_ horizontal eye movement. (¢} In the case of a horizontally displayed line and vertical eye
movement, the line will appear to jump up and tilt only slightly, due to the shorter dis-
play time in this display.

only a small change of eye position to occur during the intrasaccadic
display. Consequently, the appearance of line movement during eye
movements can be used to determine the display raster organization.

When the phenomenon is very apparent, it may affect eye movemenit
control (Kennedy and Murray, 1991; Wilkins, 1986}, resulting in a sig-
nificantly larger number of corrective saccades (Neary and Wilkins,
1989). This has been suggested as an explanation for the discomfort
sometimes reported during reading from computer displays or even
under fluorescent lights. The apparent movement of the display during
a saccade may cause changes in the normal saccadic pattern via an
adaptation process used to recalibrate the saccade systems when
errors are noted (Albano and King, 1989). This recalibration ability is
important in other situations in response to various optical mis-
matches that may occur in binocular HMDs,

Sequential color displays use temporal sequences of three-color illu-
mination to generate a color image. In these displays, saccadic eye move-
ments frequently cause a tearing of the display into its color components
(Arend et al., 1994). When the eye is moving across such a display, one of
the color components (e.g., the green image) seems to tear off the display
and appear in space beside the display in the direction of the eye move-
ment. This is a result of the same phenomena discussed above. Appar-
ently, the effect is even easier to notice in sequential color displays since
saceadic suppression is reduced for chromatie flickering stimuli even -
more than for luminance flickering stimuli (Uchikawa, 1995).
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The phenomenon of image jump and color tearing during eye move-
ments across the display can be controlled to some extént in binocular
HMDs. If the temporal sequence of the two displays is out of phase,
image jumps are reduced or eliminated (Chen, 1993). Presumably the
out-of-phase display results in an effective increase in persistence for
the visual system. It hag been found that the eritical fusion frequency
(the lowest flickering frequency that is perceived as continuous light)
in binocular displays is 8 percent higher when the flicker presented to
both eyes is in phase than when it ig out of phase (Perrin, 1954). Simi-
lar reduction may be noted when using the Nintendo Virtual Boy
binocular display, which uses the same nonpersistence LED technology
as the Private Eye.

Another related phenomenon that occurs during tracking of smooth
target movement was recently reported (Nijhawan, 1997). When a
smoothly moving target not tracked by eye movements has a briefly
flashed secondary target superimposed on it, the two targets appear
separate in space with the moving target seen ahead in the direction of
its movement. The color of the secondary target is perceived as if it was
presented alone rather than as the combination of its color with the
primary color target. The effect is nullified if the observer fracks the
target with eye movements. When the eye tracks a smoothly moving
target, the eye movement is matched with the target to maintain its
image on the fovea. In this case, there is no discrepancy between target
position on the retina and its perceived position.

Effects of low update rates. Eye movements also affect the perceived
image when the eyes are tracking a smoothly moving target in a sys-
- tem where the display’s update rate is slower than its refresh rate. This
situation is common to virtual environment systems where the compu-
tation speed is insufficient to update the displayed images at the full
refresh rate of 50 or 60 frames per second. Systems in which the update
rate is only 10-15 frames per second are commonplace. For example,
the Bright Eye low-vision reading device refreshes at 50 frames per
second and updates at only 15 frames per second (Peli, 1995), and the
Zone Hunter game used by Rushton et al. (1994) on the Visette 2000 -
HMD updates at only 12 frames per second.

If the refresh rate is reduced to match the update rate, a constant
flicker results. Thus it is common to maintain the higher refresh rate
and repeat the nonupdated frames as needed. For static imagers, or for
images that change abruptly, this solution is adequate. However, if the
imagers include a smoothly moving object and the viewer tracks the
object with eye movements, then a disturbing artifact may be noted.
The tracked objeet in such a situation appears to split into multiple
low-contrast images. The number of these images is equal to the ratio
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of the refresh rate o the update rate (Lindholm, 1992). The distance
between the multiple images increases with target speed.

With a refresh rate that is fagter than the update rate, the appear-
ance of multiple images occurs with eye tracking in the condition just
described; multiple images only occur without eye tracking in the case
described in the previous section (Nijhawan, 1997). Reports of multiple
images when the update rate is a fraction of the refresh rate were
explained as a result of aliasing due to frequency domain replica de-
tected within the observer’s window of visibility (Lindholm, 1992). Chen
(1993) suggested that eye tracking reorients the slower-frequency
replicas, thus removing them from the window of visibility and result-
ing in the perception of multiple targets. However, an explanation
based on the phenomenon described by Nijhawan (1997) does not
imply a blurring of the images, consistent with observer reports and
the fact that multiple images also occur at higher display rates. We
have noted the phenomenon with a display operating at 117 Hz and
update rates one-half and one-third of the refresh rate (Peli and La-
bianca, 1997).

- As an alternative to the aliasing explanation, I offer the following
account: When the update rate is half the refresh rate, let us assume
that the display is updated on the odd frames and repeated on the even
frames. Observers can easily track such targets at the correct speed.
During tracking, predictive control eapabilities are used to match both
eye velocity and foveal position to those of the target. As in Nijhawan
(1997), the target is then perceived at its correct location both during
the odd frame, when it falls on the fovea, and the even frames, when it
falls on the retina ahead of the fovea'in the direction of motion. It thus
appears, during the odd frame, as a separate target trailing the target
seen during the even frame. If any point between the even and odd
frames is tracked, the effect will be the same, This accounts for the per-
ception of multiple targets during tracking.

If attention is directed to the target but no eye movements are initi-
ated to track the target, its perceived position leads the actual position,
accounting for neural processing delay (Nijhawan, 1997). If the position
of the repeated frames is tracked by attention (but not eye movements),
the position of the following nonrepeated frame target in space will
-exactly coincide with the predicted location. Observers report a single
target under these conditions. If the nonrepeated target position is
tracked, the same analysis will lead to the perception of two targets
with a wide spatial separation. It appears that the visual system selects
the position for tracking that leads to the perception of a single target.

This effect may have important implications for the use of sequential
color systems to display moving targets. A sequential color display is
described as a system with a 180-Hz refresh rate and an update rate of
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60 Hz in which a different color is presented in each of the three update
cycles (Baron et al., 1996). If there are moving targets in such a display,
they result in the same artifacts when tracked by eye movements:
multiple, low-contrast images of the three colors. When the image is
computer-generated graphics, it may be possible to correct for the effect
. by caleulating the three color images at their respective display loca-
tions with image motion taken into account. Baron et al. (1996) simu-
lated the effect and found a large attenuation of the artifact when the
position of each color was updated separately during a target tracking
task. When no tracking was employed, such compensation was less
effective. The data show that with no tracking, the uncompensated con-
dition had less breakup than in the tracking condition.

Another method to avoid the image tearing associated with low
update rates is fo reduce the refresh rate to match the update rate.

Although this completely eliminates the doubling artifact, the result-
- ing noticeable image flicker is usually more disturbing, and conse-
guently this method is rarely used.

In a binocular HMD it is possible to use a hybrid method where
each update frame is presented once to the right eye and onceto left
eye. This eliminates the image doubling artifact and causes less
noticeable flicker due to the integration of images between the eyes
(Chen, 1993).

6.3.2 . Binocuiar rivalry effects
in monocular HMDs

Monocular HMDs present a unique problem for the user. Looking at
such a display for the first time, observers usually perceive a superim-
position or even merging of the display image with the ambient image
seen with the other eye. Merging of the images from both eyes, called
fusion, is possible only under strictly controlled conditions when the
two images are fairly similar Even small differences will prevent
fusion of the images. Superimposition of two nonsimilar images, pre-
sented to each eye, usually results in alternating periods of monocular
dominance during which only one of the images is visible (Wheatstone,
1838). This phenomenon is called binocular rivalry. Alternation does
not necessarily include the entire visual field: the observer may per-
ceive parts of one image interwoven with the complementary parts of
the other image, giving the appearance of a patchwork composite (Fig.
6.13). Different parts of this patchwork alternate periodically. The
brightness, contrast, content, and motion of the displayed images and
the ambient scene may all play a role in the ability of observers to use
such rivalry inclusion displays for different tasks. The user’s eye domi-
nance, inequality of visual acuity of the two eyes, and state of binocu-
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Figure 6.13 Binocular rivalry oc-
curs when different images are
presented to each eye, as illus-
trated. In cases of strong eye
dominance, only one eye's view
will be perceived. If the eyes are
similar and the images are simi-
lar in contrast, brightness, move-
ment, and s0 on, a composite
patchwork appearance would ap-
pear with parts of the image con-
tributed by one eyes view and
the complementary parts by the
other eye’s view.

Rivalrous
View

lar function may alse affect rivalry. Although it was commonly believed
to represent competition between the images from the two eyes, recent
findings (Kovacs et al., 1996; Sengpiel, 1997) show that rivalry occurs
between two competing percepts, irrespective of the eye of origin. This
new understanding alse accounts for the ability of an observer to con-
trol rivalry to some extent by (voluntary) attention.

The effects of various stimulus parameters on rivalry in HMDs were
reviewed by Hughes et al. (1973); experiments investigating many of
these parameters in a simulated HMD were carried out by Hersh-
berger (1975}, and additional discussion of the parameters affecting
rivalry may be found in Blake (1995) and Peli (1990). ] have tested the
Private Eye monocular display outdoors on a sunny day. The bright
ambient light and reflections of brightly illuminated objects in the
environment substantially reduced the display’s contrast. When the
display was shielded, rivalry effects were minimal, and the display was
usable with both eyes open without adaptation. Without shielding, it
was difficult to read the low-confrast screen even with the other eye
covered. Rivalry made this dim display impossible to use with the other
eye uncovered. The effect of rivalry in bright environments should be
considered in the design of monocular displays. Although closing one
eye eagily resolves the problem of rivalry, many people have difficulties
closing one eye and most are very uncomfortable keeping one eye
closed for any length of time. It is therefore advisable to design into the
product a shield that can be placed in front of the other eye to prevent
rivalry.

In some HMD applications, such as personal computer screens, alter-
nating access to the display image and the outside world view is neces-
sary, and blocking the other eye’s view is not possible. When typing
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from a printed page onto a computer using the Private Eye, subjects
with normal binocular function (normal stereo acuity) could perform
the task with little difficulty, but all noticed active, incomplete rivalry,
especially when attending to the paper copy (Peli, 1990). One subject
found copying to be very comfortable when the gcreen view was super-
imposed on the paper copy, while another found it very uncomfortable
and complained of asthenopia (eyestrain) in this mode. The third sub-
ject preferred to position the copy to one side to reduce rivalry. These
findings illustrate the variability in response and tolerance to rival-
rous conditions among users, and suggest that maximal flexibility
should be designed into the display head mount to permit individual
adjustment One of the most important individual adjustments needed
is the selection of the dominant eye for use.

Most observers show a preference of one eye over the other for vari-

“ous tasks (Miles, 1930). When a person points a finger at a distant tar-
get, the images of the target and the fingertip can coincide on the fovea
of cnly one eye (sighting dominance). Sighting dominance (Fig. 6.14)
differs from eye dominance in binocular rivairy, which is usually
defined as the eye whose image is perceived a larger proportion of the
time. Under laboratory conditions, when two rivalrous stimuli are
equal in most important parameters (e.g., brightness, motion, spatial
frequency, ete.), the sighting-dominant eye shows a small but signifi-
cant dominance in binocular rivalry. That dominance may be reduced
by short training periods (Porac and Coren, 1975).

Individuals with abnormal binocular vision have strong ocular dom-
inance and therefore may have difficulties using a monocular display.
Persons with an eye deviation acquired in childhood, or with a so-called
lazy eye (amblyopia}, are included in this category. The incidence of eye

Figure 6.14 Sighting eye dominance can be easily determined.
View a far target with both eyes open while looking through an
opening formed between both hands as illustrated. Close each eye
in turn. The eye that continues to see the target is the sighting-
dominant eye.
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deviation in the U.S. population has been estimated at 3—4 percent. The
incidence of amblyopia in the U.S. population is estimated at 2-2.5 per-
cent (Gitschlag and Scott, 1982), and there is a large overlap between
these populations. It has been reported that people with eye deviation
can use a monocular display, but they have more difficulties than peo-
ple with normal binocular vision (Peli, 1990).

Placement of the monocutar HMD. In most tasks there is no need to
superimpose a display image on the ambient or outside scene. For such
applications the display may be placed above (bioptic position) or below
(bifocular position) the straight-ahead positien of the eyes. When plac-
ing the display in one of these peripheral positions, the user has binoc-
ular vision when viewing the outside world and thus may avoid the
problem of binocular rivalry. An observer’s ability to see the world out-
side the display was found to be greatly superior in bifocular display.
Occurrence of binocular rivalry was considerably lower and more eas-
ily controlled with the bifocular configuration than with a central posi-
tion (Brooks, 1987; Hershberger, 1975; Katsuyama et al., 1989). The
‘bifocular position may limit field of view for users wearing b1f0ca1 spec-
tacles (see Sec. 6.4.1). The bioptic position may be preferred if the uger
is mobile (which is generally unsafe and thus not recommended) (Peli, .
1997a). Peripheral positioning of the display may also permit comfort-
able use by people with abnormal binocular vision.

6.3.3 Size perception

Perceived object size is determined by the combination of retinal image
size and the perceived distance (Wetzel et al., 1996). Thus a toy car in
one’s hands and a real car on the road may span the same retinal
image, but their size is perceived correctly because the observer cor-
rectly interprets their relative distanee. With HMDs, the retinal image
size is fixed by the display, but the distance to a displayed object may
be improperly estimated, leading to inaccurate perception of size.
With monocular HMDg, the digplayed image may appear to be pro-
jeeted on the surface seen with the other eye, and the observer will esti-
mate the distance based on information from the wrong eye. Changing
from a distant surface to a near one (such as looking at one’s own hand)
makes the image on the HMD screen appear nearer and smaller. This
relationship is described by Emmert’s law (Gregory, 1978; Yeh, 1993),
and is linear (i.e., perceived size doubles with each doubling of the
apparent distance). Peli (1990) reported that the magnitude of the
effect on perceived size with monocular HMD depends on the contrast
 and texture of the surface gseen with the other eye. For high-contrast
surfaces, the full effect, as predicted by Emmert’s law, is perceived.
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However, if the surface seen the with other eye is‘a bland, low-contrast
surface (such as a white wall), a relatively smaller change in perceived
size takes place with change in distance. Presumably this is due to an
inaccurate estimate of the projection distance.

The same phenomenon is seen during use of see-through displays.

The perceived size of the displayed images changes with the distance of
the surface on which the image appears to be projected. Here too, the
‘contrast, texture, and detail of the outside surface affect the magnitude
of the change.

In binocular stereo displays, the estimated image distance may be
affected by the convergence of the eyes. This leads to a change in per-
ceived size known by the acronym SILO (small in, large out). This is
typically demonstrated by free fugion of two coins. If fusion of the two
coins is achieved by crossing one’s eyes, getting the left coin te fall on
the fovea of the right eye and vice versa, the fused coin appears
smaller. The reason for this misperception is that the convergence
effort causes the observer to perceive the coin to be closer than it really
is, and the small retinal image is interpreted to arise from a smaller-
than-normal coin. If the coins are fused by diverging the eyes, the fused

. coin appears larger than normal because it is misperceived to be far-
ther away. The same effects take place in a stereo digplay.

Morita and Hiruma (1996} and Nagata (1997} have shown that in a

- stereo display the perceived size of a target presented in cross-disparity

(appearing in front of the screen) is larger than that of a similar target

presented with no disparity when it is corrected in size for the effect of
the different display distances. Similarly, targets presented in depth
behind the screen appeared smaller than they should have.

When targets are generated in depth on a stereo display, target size
is usually changed to match the expected change in retinal image size
associated with the change in distance. The ratio of the size S; of the
right and left eye images on the display to the size S, of the closer (or
farther) virtual image can be calculated as

S, IPD .
S, IPD-d 6.3)

where d is the disparity on the scréen in the same units as the IPD and
is positive for crossed disparity. However, due to the convergence and
accommodation conflict that oceurs in this situation (just as it occurs in
the simple coin demonstration), the observer’s accommodation is some-
where between the screen and the calculated depth once a fixed value
of accommodation demand is exceeded (Hiruma and Fukuda, 1993;
Okuyama et al., 1996). Presumably, the observer’s distance estimate,
which is based in part on accommodation, is also between the two.
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Since the computations used to determine image size assume an accu-
rate distance estimation, the computed size overcorrects for the SILO
effect, resulting in an inversion of the direction of the observed effect.
Morita and Hiruma (1996) showed that the convergence of both eyes is
about halfway between the screen and the simulated distance for large
disparity. Yeh (1993) reported such deviations from size constancy to
vary between individuals, some strictly equating retinal image and
some accounting for perceived distance. Ellis et al. (1995) also reported
changes in perceived distance to virtual objects to be affected by con-
vergence. In particular, they demonstrated that the perceived distance
to a virtual object displayed on a see-through display was affected by -
the convergence to the physwal object on which the virtual object was
superimposed.

A different phenomenon apparently occurs during dynamic changes
in -disparity. Mon-Williams (1997, personal communication) reported
that if a target is continuously moving in depth due to changes in
binocular disparities, but the target’s physical size on the stereo dis-
play remains constant, no change in perceived size occurs, as would be
predicted by Emmert’s law. Changes in perceived size take place only
when the stimuli stop moving. '

Size constancy in depth. In addition to a perceived distance from the
observer—which determines its size—a displayed 3 D object also has a
dimension of its own in depth. The validity of the perceived size in the
depth dimension is a more complicated issue. Displayed disparity must
be scaled by perceived distance before a perception of linear depth ean -
be obtained. This measure is important for telercbotics applications,
where a pair of cameras would provide a stereo HMD user with images’
of objects to be manipulated with a remote robot. A complete discussion
of this issue is beyond the scope of this chapter, but a good discussion
can be found in a paper by Smith (1994).
§

6.4 Design Considerations

The vision science considerations just discussed should be included in
making decisions and cheices necessary in the design of an HMD sys-
tem. The following sections will digcuss a number of the parameters
and the options to be considered during design, as well as bring exam-
ples from existing commercial systems.

6.4.1 Resolution and field of view

The field of view of a simple magnifier display system is determined by
the size of the display screen and the focal distance of the lens used to
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magnify it. The nominal field of view in such a system (expressed in
degrees of visual angle} is:

m
-9 i .
o = 2 arctan ( 2F) (6.4)

where m is the dimension of the screen and F is the focal distance of
the lens in the same units. The complete field of view is available only
if the user is close enough to the lens to provide a complete view. If the
lens diameter D is too small, or the distance of the eye from the lens L
is too large such that D/L < m/F, then the entire scene is not visible
and the actual field of view, o, is limited by the lens diameter:

o = 2 arctan ( D (6.5)

2L )

A well-designed HMD should have both a large enough lens diame-
ter and a small enough eye-to-lens distance (eye relief) to permit the
whole screen to be visible.
~ The resolution of the visual system is about 1 minarc (20/20), corre-

sponding to 60 pixels per degree of visual angle. For a typical 20° (hor-
izontal field of view) display, this corresponds to 1200 horizontal pixels,
much more than most current systems provide. In fact, a typical sys-
tem now has only about half of that resolution. Since the system reso-
lution is substantially worse than that of the visual system, the
pixelated structure of the display is visible, and various optical tricks
are implemented to reduce its visibility. The resolution of a display lim-
its the practical field of view because the two are inversely related. Fig-
ure 6.15 shows the relationship for various numbers of pixels. It can be
easily appreciated that with current display modules the field of view
possible at a reasonable resolution is limited. Even the next generation
of high-resolution HMD systems for entertainment will not provide a
field of view larger than 44° (Matsui and Kawamura, 1995).

Bolas et al. (1995) determined that immersive viewing réquires an
80° or greater field of view and resolution of at least 1 million pixels.
Wells et al. (1990) investigated the effect of field size on performance in
a gamelike activity and found benefits only up to 60°. Piantanida et al.
(1992) studied search time for a target with and without distractors
and found an.increase in performance with increasing field size from
28 to 100°, while Padmos and Milders (1992} reported that a 50 x 40°
field is adequate for takeoffs and landings in flight simulators and for
lane changing in driving simulators. Sony tested a prototype HMD
with a wide field of view and low-resolution displays and found that
ugers became very tired. The difficulty their subjects reported may be
a result of a need to monitor the whole field with eye movements
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Figure 6.16 The relationship between the field of view and resolution for dis-
plays of varying number of horizontal pixzels (insets) illustrates the limited capa-
bilities of current technologies to meet both needs simultaneously (Adapted from
Fischer, 1994).

instead of being able {0 use head movements to examine perlpheral
targets.

In normal free viewing, people use coordinated movements of eyes
and head to scan scenes and track moving targets. When scanning a
scene from one static target to another, the eyes move first, reaching
the target in a very short time (~250 ms). The head begins to turn
toward the target shortly thereafter. As the head turns, the eyes make
slow compensatory movements so that the fovea remains on the target
(Leigh and Zee, 1983). After about 1 s, the head is turned toward the
target and the eyes are back close to the primary position of gaze (the
straight-ahead position where it is comfortable). Uemura et al. (1980)
reported that for horizontal movements of 10°, the head’s final ampli-
tude was 93 percent of the target eccentricity. For angles of more than
30°, the head movement is initiated before the eyes reach the target.
Fixation can be as aceurate with the head immobilized (Bizzi, 1981). If
a target is moving smoothly, it is usually tracked by a combination of
eye and head movements. Here too accurate tracking is possible with-
out head movements (Bizzi, 1981). However, when the head is free to
move, the eyes tend to stay in the primary position of gaze and most of
the tracking is done by head movements. It is important to note that
for self-directed saccades, the head begins to move before the eyes.

In an HMD it is impossible to move the head, so all gaze changes must
be accomplished by eye movements, and continuous fixation at or near
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the edge of the screen may be required in some applications. Maintain-
ing such fixation without head movement is likely to be very uncomfort-
able and may cause asthenopic symptoms. The problem should be larger
with a larger field of view. With HMDs, consideration of eye movements
would suggest limiting the field o about 30° (Davis, 1997).

As-discussed in the next section, some HMD systems are designed to-
be used with spectacle correction. Systems designs of computer termi-
nals may incorporate a short focal distance, which may require older
users to read the screen through the bifocal segments of their specta-
cles. This limits the field of view, and may limit the practical field of
view to 20 or 22° horizontally.

The problem is more severe with progressive addition lenses. Accord-
ing to Wittenberg and Borish (1990), the width of the reading area
(defined as a range with less than 0.50 diopter cylinder of error) is
small. If centered on the screen, the width of the reading area at the
top of a 20° screen will be only 6-9°. This suggests that serious consid-
eration should be given to field of view design for systems to be used by
persons over 45 years of age. ' '

6.4.2 Focal position

Focal position is the distance between the user and the display screen.
A fixed focal distance represents the simplest design and manufactur-
ing option. It also offers advantages in the stability and reliability of
the final product. The fixed focal display system cannot be misadjusted
by the untrained user, nor can it be used with the improper adjust-
ment. The fixed focal system necessarily requires that users provide
their own refractive correction (spectacles or contact lenses). Therefore,
the design should permit sufficient eye-to-lens distance (eye relief) to
allow comfortable use of the display with spectacles.

The requirement for eye relief of about 25 mm (sufficient to allow
spectacle use) is not simple to meet. Field of view and the diameter of
the optical elements needed to achieve a given eye relief interact. To
maintain a constant field of view with a fixed eye relief requires that
the diameter of the lens increase proportionately. This may increase
both the cost and weight of the display. Alternately, providing adjust-
able focus to permit use without spectacles may result in even higher
cost and weight.

If a fixed focal system is to be used, the distance of the virtual screen
must be selected. As explained above, an image distance reduces the
difficulties one. may éncounter with matching the convergence demand
to the accomodation demand and also reduces the effect of user IPD on -
the convergence demand. To meet these considerations, a distance of
more than 1 m is preferred. Most systems on the market with fixed
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focus have been designed with such larger focal distances {e.g., Virtual
I/O = 4 m; Optics 1 ~ 6 m).

A shorter distance (1 m or less) takes into account the user’s ten-

dency to accommodate excessively when using an optical instrument. A

- shorter focal distance has usually been incorporated into adjustable
focal system designs (e.g., Nintendo’s Virtual Boy, Sony’s Visortron).
The Sony Visortron was first designed with a 60-cm image distance,
but following preliminary tests the design was modified to incorporate
a 1.2-m image distance. The Edinburgh Virtual Environment Labora-
tory report pointed out that many early HMD systems were designed
with an image distance of 50 c¢cm, but later designs included larger
image distances (Wann et al., 1993). Consideration should also be given
to whether the system is used in a see-through or opaque configura-
tion. In a see-through design, the user would optimally have both the
displayed image and the outside view .at the same focal distance to
enable clear visibility of both simultaneously. Such considerations are
also important to the design of monocular HMDs.

Most systems on the market are designed with only a limited range
of focus adjustment. These systems require that the necessary specta-
cle or contact lens refractive correction be in place. Although the focus
range of some systems (e.g., The Private Eye) can be extended to per-
mit use without spectacles, this is undesirable for a binocular display
because of the potential interaction between focal point and conver-
gence distance. Indeed, the Nintendo Virtual Boy, which uses two Pri-
vate Eye-type displays, permits -a much smaller range of focus and is
designed for use with spectacle correction. Sony’s later Visortron proto-
type permitted adjustment over a wide range of refractive correction,
but it was found that some users misadjusted the focal distance, result-
ing in the wrong convergence setting (NikkeiElectronics, 1993). Conse-
quently, the Glasstron (marketed in Japan only) is designed with a
fixed focal distance. Hiruma and Fukuda (1993) studied the decoupling
of the convergence and accommodation in stereo displays with differ-
ent focal distances. Since they found that decoupling occurred at the
same disparity level (in degrees) irrespective of the distance, they rec-
ommended a large viewing distance to reduce the effects of decoupling.

6.4.3 Convergence

A fixed convergence setting at the same distance as the virtual image
is the option selected by most manufacturers (e.g., Optics 1 and Sony).
As discussed previously, the convergence can be achieved in a number
of optically equivalent ways.

Adjustable convergence has been implemented in a number of sys-
tems, and may be needed to compensate for the different convergence
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angle associated with a change in user’s IPD. Although the effect is
very small for systems with large focal distances, some correction may
be needed for systems with shorter distances. The Nintendo Virtual
Boy appears to have just such an adjustment, where a change in the
system IPD changes the convergence slightly as well. Such adjustment
is eagier to implement in a convergence system [Fig. 6.4(b)] such as the
Virtual Boy.

Another reason to prov1de adjustable convergence is that it is needed
for a system with adjustable focal distance. As the focal distance is var-
ied, the convergence demand should be varied as well to maintain the
natural relation between the two. Such a system was proposed for the
Sony Visortron (Onishi et al., 1994), but it is not clear if it was ever
implemented in a commercial product. The system illustrated in Fig.
6.16 provides a very simple and elegant solution for the problem. It is
based on the design option depicted in Fig. 6.4(c), but it uses a mechan-
ical connection to covary the convergence appropriately with the
changes in the focal distance. Peli (1995) offered a minor correction to
the original design (Onishi et al., 1994) by setting the point toward
which the two tracks converge on the line connecting the two centers of
rotation of the eyes and not the line connecting the system’s lenses as

Figure 6.16 Schematic of the
mechanical coupling of focus and
convergence in Sony’s Visortron
permitting automatic adjustment
of convergence with change in
accommodation demand. (Adapted
from Onishi et al., 1994.) Note the
change of the reference line from
the original—connecting the dis-
play lenses—to the line connect-
ing eye’s centers of rotation.
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Figure 8.17 Typical field curvature for HMD optics. Each
circle with a given eccentricity in degrees illustrates the
deviation from nominal focal power at the center. The
values given are the average of the sagittal and trans-
verse power values. Note that the corner of the sereen in
this case is about 1 D away from the focal distance of the
center. .

Figure 6.17 illustrates the level of field curvature in a typical design. In
such a system, more accommodation is required at the periphery of the
field than in the center. While designing the system with minimal field
curvature is preferable, knowing what can be tolerated in various sys-
tems simplifies the design. The effect of field curvature is different for
different HMD designs. In a monocular HMD, the only concern is the
user’s ability to comfortably view the full field without blur. Katz and
Zikos (1994) found that for frequently used optical stand magnifiers,
field curvatures of up to 2 D are common. They further noted that this
range of curvature presents little difficulty for young, accommodating
users, If older, presbyopic users are anticipated, field curvature should
be limited to about 1 D. The amount of fieid curvature acceptable in
any display is related to the intended use. For instance, displays used
for watching movies may be acceptable with a higher level of field cur-
vature than displays intended for use with a laptop computer. Com-
puter use requires sharp imagery to the edges and corners, while in
movies, most of the action takes place at the center of the screen and
sharp details are rarely presented near the edge.

Field curvature disparity. If the user’s IPD does not match the I0D of the
system, both eyes will be looking at the screen through off-center por-
tions of the lenses, resulting in asymmetrical field curvatures. This
asymmetry leads to anisoaccommodative demand, where one eye needs
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in the original design. This design should be considered appropriate
only if the user’s IPD is similar to the system’s IPD and if the user is
corrected properly for distance vision with spectacles or contact lenses.
If the user adjusts the focus to correct some refractive error, the con-
vergence distance should not be changed. (The correction in this case is
applied to the user’s eye and not to the image distances). For this rea-
son, the design should be used only with systems that work with spec-
tacle correction and have limited focal adjustment range.

In view of these limitations, it appears that the fixed convergence
solution is probably the most attractive, even for systems with ad-
justable focus and/or IPD.

644 10D

The question of IPD or 10D adjustment has been addressed in full ear-
lier in this chapter. Many systems provide 10D adjustment to enable
use by people with different IPDs. The importance of adjustment is not
the prismatic effect that can result from a mismatch of user and sys-
temn IPD. Rather, IOD adjustment is necessary because of the limita-
tions imposed by the exit pupil. With a small exit pupil, a user with an
IPD very different from that of the system will not be able to view both
screens at the same time (de Wit and Beek, 1997). Such adjustment is
needed with the Nintendo Virtual Boy, and software is provided to help
‘the user adjust the system’s IOD to the position permitfing a full view
of both screens. Systems with wide exit pupils, such as the Virtual I-O
i-glasses, can be viewed without adjustment by almost all users.

There are some secondary considerations for the determination of
fixed I0D separations. For example, the prismatic effects in HMD are
equivalent to the effect of a negative lens. For users with wider IPDs,
the prismatic. effect increases convergence demand (BO effect). For
users with narrower IPDs, a divergence demand is induced (BI effect).
Since it is easier to respond to 2 convergence demand than to a diver-
gence demand, this suggests a preference for smaller system IOD.
Changes in vertical vergence demand also occur when the user’s IPD
does not match the system’s 10D, The changes are fairly small even at
the eorners (0.03 A for the field curvature shown in Fig. 6.17; see expla-
nation below) and thus are easily compensated Other issues are dis-
cussed in the next section.

6.4.5 Field curvature

In most systems, flat-field optics are not used to image the display. As
a result, a flat display is imaged on a curved surface. This requires a
change in accommodation as the user’s gaze moves across the screeén.
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to accommodate more than the other, When the user’s IPD is wider than
system’s 10D, the direction of the differential in accommodative
demand mirrorg the demands that oceur under natural viewing condi-
tions when looking at a target close to the face and closer to one eye.
About 0.5 D of difference can exist in a system, as shown in Fig. 6.17. As
shown in Fig. 6.18, a similar Jevel of unequal accommodative demand
may be present in free viewing, implying that the visual system can
function with this difference. If the uger’s TPD is smaller than system’s
10D, however, the accommodation demand is higher on the side oppo-
site the direction of gaze. This is opposite to the natural situation and
consequently may be harder to adapt to. To minimize the effect of field
curvature disparity, it is better fo design toward the smaller IPD.

6.4.6 Muitiple accommodation stimuli
in see-through devices

A special accommodative demand is faced by users of see-through
devices. Real objects appear at varying distances, while the images on
the display are at a fixed optical distance. Conflict between the two will
cause one or the other to be blurred.

"Norman and Ehrlich (1986) examined distance target detection and
recognition performance with a see-through system while varying the
optical distance of the near virtual image. They found that the foeal
distance of the virtual images affected performance on the distant tar-
get task. A closer virtual image (0.5 m) significantly reduced detection
and recognition of distant targets relative to a farther (2-m) virtual
image distance, Norman and Ehrlich also found that individual sub-
jects’ resting positions of accommodation were correlated with the
reduction in performance under this conflict situation.

Schor (1995) proposed a number of approaches that could be imple-
mented to help in these situations. The first and most practical approach
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is to make judicious use of the depth of focus (DOF), which is larger with
low-resolution systems. For example, in a driving simulator with real car
controls and a virtual road, placing the virtual plane 1 DOF from the far-
thest real object may enable both the simulated road and the car control
1o be seen clearly simultaneously.

Schor’s other suggestions involve more complex designs. For exam-
ple, pinhole optics increase DOF, but reduce the amount of light reach-
ing the retina, and maxwellian view (where the light source is imaged
at the observer’s pupil) is therefore needed to maintain image bright-
ness. Such design is typically too complex, heavy, and expensive for
most applications. In a recent study de Wit and Beek (1997) reported
that the use of a small exit pupil in an HMD is possible only if eye
tracking is used to shift the exit pupil following eye movements. With-
out such tracking, only a very small field of view will be accessible.

Monovision is the optometric name for the use of one eye for near
viewing and the other for distance viewing. Unequal focal distance could
be intentionally induced for both images in the display, thus increasing
the range of clear vision for see-through objects. The monovision method
is known to work as a contact lens correction for some presbyopes. How-
ever, it is not known if it works with prepreshyopes who may be able to
respond with unequal accommodation to the unequal demand. :

The chromatic “bifocal” approach makes use of the eyes’ longitudinal
chromatic aberration (up to 2 D). Assuming that near ohjects are usu-
ally found in the lower field, red images could be used for the lower
field and blue images for the upper field. This may not be useful in
many of the service and maintenance applications envisioned with see-
through HMD. In these situations, the near real objects may be found
in the upper field just as often as in the lower field. A simpler approach
would place a bifocal lens segment in the lower portion of the see-
through window, bringing near real objects to the same focal distance
as the images seen on the display.

6.5 Tolerances for Quality Control

Once 2 design approach has been established and an HMD system is to
be constructed, the question of quality control and standards quickly
follows. No standard exists as yet, and it is probably premature to try to
establish one before more is known about the consequences of various
parameter settings. In the meantime, manufacturers need some guid-
ance. This seetion tries to derive some preliminary guidelines from
what is known in other, related areas. The relevant information was
derived from various sources about displays, binocular optical devices,
and optometric standards and practices for the construction of spec-
tacles.
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The International Standard (ISO, 1992) specifies the requirements
for desktop workstation displays used for presenting text and other
alphanumeric information. It specifically excludes other display appli-
cations [e.g., computer-aided drafting (CAD)]. Thus, it is not directly
transferable to issues of HMDs. Nevertheless, we can use it to try to
learn what kinds of requirements were considered to assure perfor-
mance and comfort when viewing such displays. Some of these consid-
erations may be directly applicable to the HMD situation, while others
can only serve as general pointers for issues that need consideration.

The standard specifies that “A good work system should meet the
needs of the individual. In a specifie situation this can be accomplished
by custom design or by providing appropriate adjustability.” This gen-
eral rule should be considered in the design of HMD and may involve
many details as discussed earlier. Adjustability has its limitations,
since a system that can be easily adjusted can also be easily misad-
justed. As Morse et al. (1994) showed, even highly trained and sophis-
ticated users can easily misadjust their HMDs, although with minimal
training the misadjustment was reduced to acceptable levels. The cur-
rent trend is toward a broadly adjustable system that can meet most
users’ needs with minimal or one-time adjustment.

A viewing distance of no less than 400 mm was recommended in the
standard for desktop displays. This lower bound probably applies for
HMDs as well, although for binocular systems a much larger image
distance is recommended (see earlier discussion). For example, the Vir-
tual I-O i-glasses have an image distance of 4 m.

A number of tolerances specified by the ISO for desktop displays may
be used as initial guidelines for setting the requirements for HMD.
However, differences in image type and intended use should be consid-
ered before any of these are adopted for HMDs. For example, raster
modulation not to exceed a contrast of 0.4 was recommended for CRT
displays. The requirements for modern flat-panel displays need to be
gpecified in terms of pixel boundary size. Clearly a contrast of 0.4 rep-
resents a very visible raster structure. Alternately, some of the ISO tol-
erances do apply to HMDs. For example, the recommendations for
luminance uniformity are: (1) the average luminance difference from
the center to the edge shall not exceed 1.7:1; (2) the variation of nearby
pixels shall not exceed 1.5:1; and (3) the image shall be free of flicker
to.at least 90 percent of the user population. These recommendations
probably apply to HMDs just as they do for desktop displays.

- Since the HMD is an optical device worn on the face in front of both
eyes, it could be treated as a type of spectacles. ANSI Z80.1-1972 is the
American standard for spectacle manufacturing tolerances. This stan-
dard could be applied to determine the requirements for HMDsg, though
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it may be too stringent since spectacles are worn continuously while
HMD use is intermittent and lasts for (relatively) short periods at a
time. Nevertheless, some guidance can be derived from this standard
ag well. :

Self (1986) reviewed the available literature for tolerances for binoc-
ular HMDs. Although he found sources that addressed such tolerances
(mostly in military reports), he noted that in most cases the recom-
mendations were given without any reference to the way they were
derived. In the few cases where such information was provided, it was
based on testing of very few subjects. Furthermore, much of the data
was derived from standards developed for optical field binoculars that
are not necessarily transferable to HMDs. In the following discussion I
have referred to Self’s sources where appropriate. Table 6.2 gives the
various tolerances cited by Self, as well as my own preliminary recom-
mendations discussed in more detail later in this chapter.

6.5.1 Vertical alignment .

The Z80 ANSI standard for vertical misalignment of spectacles is
0.25 A = 8.6 arcmin. This standard is appropriate for constant use (e.g.,
distance spectacles). Similar levels of tolerance (5-10 arcmin) were rec-
ommended by Farrell and Booth (1984} and by Jacobs (1943} (8 arcmin).

TABLE 6.2 Tolerance Limits for Binocular Instruments Cited in Technical Literature

Vertical Convergence Divergence Magnification Rotation
Author/source misalignment error error difference (eyclotation)
MIL-STD 1472C - <B%
(1981)
Gold and Hyman 01A 0.25A 01A Keeptoa
(1970) minjmum
Gold (1971) 0.1A 0.25A 0.1A
Genco (1983) 0.254A 0.13 A
Jacobs (1943} ~0.25 A (.86 A ~0.2A
Farrell and Booth ~0.34 A ~4.7A 0 <0.8% <30 arcmin
(1984) (40° field) - (40° field)
NRC Vision Cmt. 04 A 0.8 A 04A
(19486) :
MIL-HDBEK-141 054 <2% (<0.5%)
. (1962)
Johnson (1248) 1A 4A 2A Cannot be
’ tolerated
Peli 0.75 A 1A 1a <1% <6% of field
(This chapter) . diameter

Adapted from Self (1986).
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Larger tolerances of 17 and 34 arcmin, respectively, were recommended
by MIL-HDBEK-141 (1962) and Johnson (1948) for binoculars, which are
used much more sparingly than HMDs. If these tolerances are valid, the
tolerances for HMDs should falt within this range.

The amount of time spent using HMDs is more like that of reading
with bifocals: intermittent, but for longer periods of time than binocu-
lars are used. For bifocals, Midler and Rubin (1991) recommend cor-
recting only errors larger than 1.5-2 A of vertical misalignment, and
those errors need only be partially corrected (by 0.5-0.75 percent of the
error). HMDs should stay within a tighter tolerance because a person
wearing bifocals with such vertieal deviation has time to get used to
the deviation and adapt to it. A value of 0.75 A therefore SEeems appro-
priate,

Sony found that a vertical misalignment of peripheral targets of as
little as 0.25° caused discomfort, and misalignments of more than 0.5°
caused diplopia (8. Onishi, 1996, personal communication). However,
only the peripheral targets were misaligned (competing with a binocu-
larly fused fixation target and the aligned sereen borders). Thus these
results do not directly apply to the case of LCD screen manufacturing
misalignment.

_Since the vertical ahgnment is probably the most important toler-
ance, it might be wise to include software to enable the user to confirm
that the HMD has not been knocked out of alignment. Figure 6.19
shows such vertical alignment targets. For these targets to work, a

Vertical alignment targets

Left Eye View Right Eye View

Binocular view of targets  Binocular view of target
by user with no phoriain  in vertically misaligned
vertically aligned HMD device or by phoric user

Figure 6.19 Software targets to be used for checking
and possibly correcting vertical misalignment of the
screens (phoria measurement targets). Note the small
break in the middle of the vertical line.
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black screen with no frame visible is needed. This ig not praetical with
current liquid erystal display (LLCD) devices due to light leakage, but
can be used with displays that are completely black when off (e.g.,
LED-baged displays).

Shift in vertical alignment as a result of direction of gaze. When the user’s
IPD does not match the system’s 10D, changes in vertical prismatic
effects can occur for different positions of gaze. These changes in verti-
cal binocular image disparity may appear to be a problem, but the
visual system is familiar with such changes in natural viewing and ean
compensate for them quite easily (Ygge and Zee, 1995). When looking
at a target that is closer to one eye, the difference in image size in the
two eyes leads to vertical misalignment of the targets. For a 20° verti-
cal target there can be as much as 2° of vertical misalignment when the
target is held closer to one eye. When changing fixations between such
targets, most of the misalipnment is taken up by eye. movements; onily
10-20 percent of the difference is corrected by sensory fusion. Better
tolerance for downward eye movements than for upward movements
and some capacity to adapt within a few hours has been reported. The
adaptation is disparity-driven, but the actual movement is prepro-
grammed. The effects take place during a saccadic shift that helps
speed the vertical convergence, just as it does for horizontal vergence
(Peli and McCormack, 1983).

6.5.2 Horizontal alignment

People have a much wider range of horizontal vergence eye movements
than vertical vergence and more tolerance for horizontal than vertical
misalighment. Yet the ANSI standard limits horizontal prismatic error
to 0.5 A (17 arcmin) measured at the user’s IPD. This very strict toler-
ance is designed for the constant use of spectacles, but it is easy to
meet. (For HMDs with a fixed or adjustable IPD, the worst case due to
wide or narrow IPD should be added up to the production misalign-
ment.) Using the same considerations just presented regarding read-
ing bifocals, we can probably relax it by a factor of 2, to about 1 A. Jones
(1992) recommended 1 A on the basis of different considerations. Self
(1986) cited a wide range of recommendations for tolerances, mostly
derived from the alignment of field binoculars (see Table 6.2). It should
" be noted that a misalignment in binoculars alse results in a different
field of view.

6.5.3 Magnification difference

Aniseikonia—unequal image size between the eyes—represents a prob-
lem for binocular vision. Naturally occurring aniseikonia is usually the
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result of the difference in magnification of corrective lenses for persons
with different refractive error in each eye (anisometropia). The clinical
literature (e.g., Midler and Rubin, 1991) reports that aniseikonia may
result in eyestrain and headache unless properly compensated. Anis-
eikonia of 1 percent or less is not considered a problem, whereas more
than 5 percent is not compatible with binocular vision and usually
results in diplopia or suppression. Aniseikonia of 1-5 percent typically
cauges discomfort symptoms for people with naturally occurring anis-
eikonia (Ogle, 1964). Based on clinical experience, aniseikonia should be
limited to less than 1 percent. There are no data on the level of anis-
eikonia in HMDs that causes discomfort or difficulty in fusion.

Induced or acute aniseikonia of the same degree is very common
both with lens implants and with contact lens correction after cataract
surgery. Katsumi et al. (1992) report aniseikonia of more than 2 per-
cent in 20 percent of pseudophakic patients. Such acute aniseikonia
seems to be much less bothersome than naturally occurring aniseiko-
nia (Crone and Leuridan, 1975).

Aniseikonia in HMDs can occur due to screen position differences
between the two channels. It is important to remember that it is the
retinal image size (in degrees) that matters, not virtual image size (in
centimeters). For example, a +30-D lens system designed for a 2-m
image distance is shown in Fig. 6.20. An error of 0.3 mm in LCD posi-
tion will send the image to 4 m, magnifying it by a factor of 2. The reti-
nal image will be only 0.4 percent smaller (assuming a 20-mm lens to
eye distance), which is not expected to cause any problem. It may be
possible to use software targets to test for such aniseikonia (MeCor-
mack et al., 1992) in the HMD. This is best done in quality control and
not by the user.

. Meridional aniseikonia occurs: when magmﬁcatmn differences be-
tween the eyes are different in different meridia (e.g., more difference
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lens-to-1.CD distance in the two channels. Although the virtual image
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for horizontal than vertical). Such meridional aniseikonia is not likely
to occur due to lens or sereen position error, but it may be found in secan-
" ning systems such as the Private Eye or CRT-based systems. Meridional
aniseikonia is more difficult for the users to sustain and causes more
discomfort symptoms. Meridional aniseikonia also results in an appar-
ent tilt of the image plane. Such tilt may be bothersome in some appli-
cations and dangerous in others (e.g., remote control operations). -

6.5.4 Focus difference

A slight error in the distance of the screen to the lens, as discussed pre-
viously, causes only a small change in retinal image size but can cause
a large change in accommodative demand (e.g., 1.7 D for a 1-mm change
in a 40-D system). A difference in the accommodative demands between
the two channels presents a problem to the visual system. Under ideal
conditions, it has been demonstrated that pecople can respond to
anisoaccommodative stimuli with unequal response. The average aniso-
accommodative response was found to be 1.0 D (Marran and Schor,
1994). However, it is not clear how long such a response can be main-
tained, and it is certainly uncomfortable. At the moment, there are no
clear guidelines on the level of focus difference that is safe or comfort-
able. The 0.25-D difference derived from the ophthalmic standard for
refractive error correction refers to the acceptable blur limit and does
not necessarily apply to this situation, although it is likely that error as
small as this will be acceptable.

6.5.5 Cyclotorsion

Rotation of one screen relative o the other is another possible outcome
of production error. Fusion of the two rotated images requires cycloto-
sion of the user’s eyes. Any asymmetry in the rotation between the
screens should be represented as vertical misalignment. There are no
standards in the ophthalmic industry for image rotation, since specta-
cles cannot cause such an effect (although slight image rotation can
result from rotation of cylindrical lenses (Borish, 1970). The standard
for the axis of rotation of cylindrical lens is probably specified because -
of blur. The ANSI standard requires less than 2° of axis rotation for
cylindrical power above 1.12 D.

Fusion of rotated images and cyclotortional eye movements are possi-
ble over a surprisingly wide range. For a large field (50°), 40-70 percent
of the rotational disparity is accomodated by cyclotorsional eye move-
ments and the rest by sensory fusion (Sullivan and Kertesz, 1978).
Fusional responses to rotational disparities as large as 10° have been
demonstrated. The response is slow and there is initial diplopia reported



258 Chapter Six

before fusion for disparities of 5° or larger, while instantaneous fusion is
perceived with 2° of disparity. Sullivan and Kertesz did not report how
long fusion could be sustained without any symptoms or difficulties.

The threshold of cyclofusion was reported to be about 7 percent of the
eccentricify of the target, expressed in degrees of visual angle (e.g., 3.5°
for a 40° field) (Crone and Leuridan, 1975). For the 12.5° half-field of a
typical HMD that threshold would be 52 minare, corresponding to a
misregistration of about 10 pixels at the edge. This tolerance may not
be acceptable for constant, long-term use. If we apply the middle third
of the comfort range used for horizontal vergence, we will get 3.5 pixels
as the acceptable range of cyelofusion. Sony found that image rotation
as large as 5° was possible without discomfort for low-frequency
images and slightly smaller angles of rotation were possible for sharp
images (Onishi, 1996, personal communiecation).

Human observers are able fo respond to image rotation over a wide
range. This flexibility must be a result of some previous exposure. As
shown in Fig. 6.21, the observation of a vertical line on a slanted plane
will cause such image rotation and will require cyclotorsional eye
movements for fusion. Note that the effect is more complicated for
images with horizontal detatls. However, experience with vertical fea-
tures may prove sufficient to explain our ability to make the appropri-
ate eye movements.

Figure 821 Image rotation difference between the eyes is
actually very commeon in the real world, Whenever a line on
an inclined (Z, angle of incline) plane is viewed binocularly, its
image is rotated on cne retina relative to the other and
requires rotational (also called cyclotorsional) eye move-
ments. In the case of the incline direction illustrated here, ex-
cyclotorsion eye movements are needed.
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6;6 Stereo Software Guidelines

Guidelines for software developers are no less important than those for
the design and quality control of the hardware. This section discusses
the underlying principles that should be used to develop guidelines for
the disparity limits in software that promote longer, more comfortable
use. The discussion is framed around the design of a typical computer
game, but can be applied to any other application. In addition, al-
though we are discussing HMDs in particular, most of the considera-
tions apply, with little modification, to any other binocular stereoscopic
display. To simplify the discussion and the notation, we assume that all
depth changes occur along the midline at eye level. In other directions,
disparity is reduced by the cosine of the angle.

6.6.1 Definitions

We define a background image of scene as one that is conceptually
static but may actually be moving on the screen. Within the scene we
recognize figures, or game characters, that are dynamic. The baseline
depth is represented with no disparity. Image features presented at
that depth are at the same distance as the virtual screen, which is
defined by the focal distance of the display. Features presented in
crossed disparity (i.e., the left eve’s image is presented to the right of
the right eye’s image) appear in front, or closer than baseline. Fea-
tures presented with uncrossed disparity appear behind the baseline
or farther away. Specifically, if a feature is located at coordinates
(X;,Y) on the left eye’s screen and at coordinate (Xg,Y) on the right
eye’s screen (Fig. 6.22), then the feature is presented in crossed dis-
parity if ‘

XL —XR >0 ’ (66)
and in uncrossed disparity if
X, —-Xp<0 6.7
(1,1) (1,1)
(x5 )

Figure 6.22 The definitions of pixels variables used in the
software guideline. . :
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6.6.2 Absolute bounds on disparity

Ninety-eight percent of the population have stereo acuity thresholds of
2 minarec or less. In common (4 VGA) digplays with 320 pixels spanning
20°, a single pixel is 3.75 minarc. For a full VGA display, a single pixel
is just under 2 minarc. All users with normal stereo vision will be able
to see disparities as small as one pixel. Yeh and Silverstein (1982)
reported a mean error of 2.2 minarc in judging depth using disparity. -
This also suggests that, except for very unusual applications, there is
no need to try to present disparities of subpixel magnitude. Such dis-
parities can be displayed using gray scale and are implemented, for
example, in the VisionWorks system by Vision Research Graphics,
‘Durham, NH.

Since it is generally advisable to avoid depth beyond infinity, or
~ divergence beyond parallel eyes, uncrossed disparity should always be
less than the convergence angle of the baseline frame. Assuming, for
example, a user IPD of 60 mm and a virtual screen distance of 200 cm,
the convergence angle of the baseline screen is 1.7°,

The upper bound on crossed disparity is determined by the user’s
ability to converge his or her eyes——called the near. point of conver-
gence—which is usually at 15 em. Users should not be challenged to
converge at a shorter distance for any length of time. For the same 20°
display at 200 ¢m, this corresponds to a disparity of 22°, which cannot
be presented on a typical display.

6.6.3 Bounds on disparity determined

by Morgan’s data

The range of disparities could be determined from the population
norms on vergence test measurements. In this clinical test, the dispar-
ity between images is varied using a variable prism, while the accom-
modation stimuli remain the same. The results could be used to
determine the range of disparities that could be presented and still
permit single and clear binocular vision, though not necessarily com-
fortable long-term viewing.

To make such a calculation virtual screen distance has to be assumed.
Population norms for clinical tests, such as Morgan’s norms (Borish,
1970) are typically given for distances of 6 and 40 em. The data for any
other distance can be calculated uging the graphical analysis chart (Fig:
6.3). For a distance of 1 m we get 5.1° for blur and 6.8° for break (i.e.,
loss of fusion, or double vision) for uncrossed disparity, and 8 and 11.5°,
respectively, for crossed disparity. These numbers are very large, They
represent conditions of break of binocular vision when applied once and
therefore obviously should not be applied for continuous use. More rea-
sonable values could be obtained by looking at the comfort zone.
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6.6.4 Disparity bounds within
the comfert zone

Percival’s criterion for detérmining the comfort zone within the zone of
single clear binocular vision (ZSCBYV) is defined as the middle third of
the ZSCBV’s total width. Using Morgan’s population norms we get 2° of
uncrossed disparity and 2.3° of crossed disparity. For a screen distance
of 1 m, this represents about half the perceived distance of the baseline
frame for the extreme point of convergence,

It should be noted here that Morgan’s norms and other similar val-
ues in the literature were obtained with gradual increases of dispar-
ity, similar to those represented by a game feature slowly moving in
depth toward or away from the observer. In many cases, however, the
changes in disparity imposed in a game or other software may be sud-
den. Abrupt changes also cccur when the user changes fixation from
one feature to another at a different disparity. Yeh and Silverstein
(1982) measured the limits of fusion for such abrupt changes in a
CRT stereo display. With a short display duration of 200 ms, thresh-
olds of 27 and 24 minarc were found for crossed and uncrossed dis-
parities, respectively. For longer exposures of 2 s, Yeh and Silverstein
found that larger disparities could be fused using convergence eye
movements of 4,93° {crossed} and 1.57° (uncrossed). These findings
suggest that brief instances of disparity can work with smaller dis-
parities than steady-state stimuli. This is the case only if the ability
to achieve and maintain fusion for a short period is the criterion
applied. In most cases we are more interested in what level of dispar-
ity is compatible with comfortable, longer-term viewing, Here the sit-
uation is probably reversed. Steady-state conditions within the
comfort zone are probably acceptable over long periods, as this crite-
rion was developed to address constant use of spectacles. Fast (a few
seconds) intrusions beyond these disparity limits for big depth effects
should not pose a problem for either comfort or safety. Even if the
fusion limit is exceeded, and diplopia occurs briefly, the perception of
depth is still possible and the apparent fleeting diplopia is not very
bothersome.

Hiruma and Fukuda (1993) based their recommendation on the level
of disparity they found to be accompanied by accommeodative response.
They found that for targets in front of the screen, crossed disparity of
up to 9 percent of the screen width was aceeptable (1.8° for a typical 20°
screen). For uncrossed disparity, they recommended restricting the dis-
parity to the distance between the pupils. Hiruma (1991) measured the
accommodative response to disparity in stereoscopic displays, and
found that despite the fact that accommodation demand was fixed at
the screen, observers responded with accommodation to the conver-
gence stimuli. The CA/C ratio of about 1.0 was maintained until the
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accommodation exceeded the depth of focus of the subjects’ eyes, result-
ing in the saturation of the accommodation response and, conse-
quently, blur. From various control experiments, Hiruma concluded
that for a screen viewed at the standard observation distance (6 times
the height of the display) the saturation limit was found when conver-
gence disparity exceeded 9 percent of the display width (about 1.8° for
a 20° display). This is in agreement with the values calculated from
other considerations, as described earlier.

In a recent study (Peli, 1998}, the comfort and visual function effects
of playing a computer game on a desktop CRT were compared to play-
ing the same game with the Virtual I-O i-glasses HMD in both bi-ccular
and stereo modes, The game used (Ascent, by Gravity Inc., San Fran-
cisco, CA) had all the disparities within the comfort zone (see Fig. 1 in
Peli, 1998). A small but statistically significant difference in comfort
between the CRT and the stereo mode was found, but no difference was
found between the stereo and bi-ocular modes of the HMD. Further-
more, no statistically significant differences were found among the
three conditions for any of the visual functions tested. Many of the pre-
vious studies that did find changes in visual function did not report the
magnitude of the disparities used and usually included a repeated
tracking task over a long period of time (Inoue and Ohzu, 1990a;
Iwasaki et al., 1994). .

6.6.5 BRange of disparity without vergence
eye movements

Small levels of disparity do not necessarily trigger any vergence if the
fugional demand is kept within Panum’s area (the retinal area within
which fusion of disparate targets is possible). In the fovea, Panum’s
area is about 15 minarc horizontally. This means that disparity of this
magnitude could be used without eliciting vergence, thus avoiding
stress from the decoupling of vergence and accommodation.

Higher values of disparity usually stimulate vergence eye move-
ments unless the change is too brief to permit eye movements (~0.25 s).
In such cases, depth with up to 2° of disparity may be perceived even
though fusion does not take place and a double image is seen. Panum’s
area becomes larger for peripheral vigion and for larger targets. There-
fore, a large figure can easily have 30 minarc of disparity without
stimulating vergence, especially if it moves in the peripheral area of
the screen {away from the center of fixation).

In designing moving targets, it is important to provide an increase in
size with looming (fargets getting closer). Increases in size require less
accommodative effort to keep details clear. This permits larger dispar-
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_.ity ko be uncompensated by-convergence, which reduces the binocular
stress of decoupling. This rule works well for crossed disparity only. For
uncrossed disparity, we would expect the target to become smaller.

6.6.6 - Eye tracking option

The range of disparity that can be fused (Nagata, 1996) and the range
of disparity that is comfortable (Wipking, 1995) depend on the appear-
ance of the background scene. The ranges of disparity may be increased
if the background, or out-of-fixation details, are low-pass filtered or
blurred. One paper has proposed the blurring of background objects
displayed at different depths (Omura et 2l., 1996) in addition to chang-
ing the focal distance of the fixated target to match its depth by dis-
parity (Shiwa et al., 1996). A preliminary guideline for the level of blur
needed can be derived from the results of Wopking (1995). With a sharp
image, disparities of up to 35 arcmin could be viewed comfortably. Dis-
parities of 70 arcmin created an anneying sensation, and a large
amount of blurring was needed to avoid eyestrain. All of this, of course,
assumes that it is possible to predict which objects will be fixated by
the user. It has been suggested that this is possible by online tracking
of the user’s eye position.

6.6.7 Alignment software

Software targets can be used to check the alignment of a device and to
enable the user to adjust and correct misalignments. Wann et al. (1995)
recommended using alignment targets embedded within a complex
3 D image. Their proposed targets were designed to measure fixation
disparity (with central and peripheral locks). Eliminating the disparity
by shifting the whole screen laterally is equivalent to measuring the
associated phoria and correcting for it with prisms, a technique not rec-
ommended in clinical practice for horizontal disparities (although it is
considered a proper approach to correcting vertical fixation disparity
in symptomatic patients). The associated phoria may be large—a few
prism diopters or a few degrees—and any screen shift to compensate
for it will result in loss of the corresponding magnitude from the avail-
able field of view. :

Similar targets could indicate to the user that the device is mis-
aligned (e.g., focus or IOD is not correct). Alternatively, the misalign-
ment may represent a fault in the device itself that would need repair
or adjustment; or it could mean that the response of the user’s binocu-
lar visual system is outside the norm and should be checked before fur-
ther use of the device is attempted. The alignment target can be
included in an alignment task that would be a prerequisite for playing
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the game. This would permit continuous game play only if alignment is
within some predetermined level.

6.7 Product Liability

A number of publications have made dramatic reports about the loom-
ing possibility of lawsuits related to HMD use, especially in VR appli-
cations (Gross et al., 1995; Strauss, 1995). To a large extent the
accounts in these reports were based on rumors regarding the out-
comes of studies conducted by HMD manufacturers. Media reports also
cited concerns about use causing mysterious LS8D-type flashbacks ag
well as emotional and mental illness (Strauss, 1995). These terrible
effects were considered by these newspaper accounts to bear the poten-
tial for a flood of liability litigation, but the published information in
the scientific literature fails to support most of these claims and no
lawsuits have been reported ag of yet.

The concerns did affect the companies involved. Sega Corporatmn
reportedly canceled its HMD game system after research conducted
by SRI indicated that a significant namber of users complained of sig-
nificant side effects (Gross et al., 1995), including 40 percent who
experienced cybersickness (Strauss, 1995). Sony’s Visortron was first
presented in 1991; the advanced prototype was introduced for limited
application as a personal viewing device on first-class flights of Japan
Air Lines. However, concerns regarding the device’s possible side
effects limited its use to 2 h (NikkeiElectronics, 1993). Even the much
improved recent model, Glasstron, is not marketed in the Unifed
States yet, presumably because of concerns about unresolved issues
regarding safety and comfort.

Wilson (1995) reviewed the poss1b1e side effects suggested or
reported in the literature. He classified them as: (1) effects on visual
system performance (e.g., reduced acuity or stereo vision, changes in
phoria posture or fixation disparity); (2) strabismus; (3) subjective
reports of visual discomfort (i.e., asthenopia); (4) physical discomfort
(head, neck, or back); (5) disoﬂentation, nausgea, motion sickness, or
simulation sickness; (6} lowered cognitive and psychomotor perfor-

mance; and (7) long-term effects including hallucinations, flashbacks,
and addiction. Wilson concluded that some of these effects were indeed
found. Specifically, nausea and disorientation similar to motion sick-
ness occur in some users during performance of some: activities. The
causes were speculated to be either tracking system lag or optical
effects, and Wilson argued that the consequences appear no more seri-
ous than carsickness. Other effects result from known technical short-
comings of HMDs. Asthenopia presumably resulted from the mismatch
between accommodation and convergence demands, which exist in all
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_ stereo systems and may occur in bi-ocular systems not properly fitted
to individual users. No data were available on long-term consequences
or on the length and magnitude of exposure that can cause asthenopia.
Wilson attributed some of the effects to early-generation systems,
which were typically heavy and thus led to physical discomfort in the
back and neck. However, I have found postural discomfort with much
lighter and better-fitting systems such as the i-glasses (Peli, 1998).
Barlier-generation systems had a close focal distance, which has been
blamed for some of the binocular vision symptoms reported.

Wilson (1995) also found that many of the serious effects reported in

-the media had no known supportive evidence. In particular, the reports
on LSD-like experiences, presumably due to a permanently corrupted
vestibular system response, were based on no supporting evidénce.

6.8 Conclusions

With the current state of knowledge, it appears that there are some con-
cerns about possible discomfort or cumulative harmful effects stemming
from extensive use of HMD systems. However, the concerns expressed in
the literature and the media clearly exceed any scientific evidence. Prod-
uct liability is a legal issue more than a scientific issue, As such, it is
likely to be affected by articles in trade magazines just as much as by sci-
entific publications. Until much more information becomes available
regarding the effects of HMD use, it appears to be most appropriate to
test each system separately to determine for each design whether com-
fortable and safe use by the target population is achievable.

Acknowledgment

Many colleagues in the HMD industry and in research and academis,

investigating various aspects of the concerns discussed here, have gener-

ously shared with me their time, ideas, and advanced copies of publiea-
tions and details of results. Angela Labianca helped in generating many

of the figures. I was supported in part by NIH grants EY-05957 and EY-

10285 and NASA grant NAS 2-1039 during preparation of this chapter.

References

Albano, J. E. and King, W. M. (1989) Rapid adaptation of saccadic
amplitude in humang and monkeys. Invest. Ophthalmol. Vis. Sci. 30,
1883-1893. '

Arend, L., Lubin, L., Gille, J., and Larimer, J. (1994) Color breakup in
sequentially scanned LCDs. SID 94 Digest, 201.



266 Chapter Six

Atchinson, D. A., Smith, G., and Johnston, A, W. (1980} Prismatic effects
of spherical ophthalmic lenses. Am. J Optom. Physiol. Opt. 57,
779-790.

Awaya, S. and Miyake, S. (1988) Form vision deprivation amblyopia: fur-

-ther observations. Graefe’s Arch. Clin. Exp. Ophthalmol. 226, 132—-136.

Baron, P. C., Monnier, P, Nagh, A. L., Post, D. L., Christianson, L.,
Eicher, J., and Ewart, R. (1996) Can motion compensation eliminate
color breakup of moving objects in field-sequential color displays?
SID 96 Digest, 843-846.

Bishop, (. and Fuchs, H. (1992) Research directions in virtual environ-
ments: report of an NSF invitational workshop. Computer Graphics
26(3), 153-166.

" Bishop, P. O. (1981) Binocular vision. In Adler’s Physiology of the Eye:
Clinical Applications, R. A. Moses (ed.), St. Louis: C. V. Mosby, pp.
BT5-649.

Bizzi, E. (1981) Eye-head coordmatlon In Handbook of Physiology. The
Nervous System, V. B. Brooks (ed.), chap, 29, Bethesda, MD: Ameri-
can Physiological Society, pp. 1321-1336.

Blake, R. (1995) Visual suppression of one eye’s view with dichoptic
stimulation. J. SID 8/4, 215-217.

Blohm, W., Beldie, 1. P,, Schenke, K., Fazel, K., and Patoor, S. (1997)
Stereoscopic image representation with synthetic depth of field.
J SID 5/3, 307-313.

Bolas, M. T, McDowall L, and Mead, R. (1995, July) Applications dnve
VR mterface selection. Computer 72-75.

Borish, 1. M. (1970) Binocular techniques. In Clinical Refraction (3rd
ed.), Chicago: Professional Press, p. 910.

‘Brooks, R. L., ITI (1987) Helmet mounted display for tank applications.
SPIE 765, 1921,

Brown, D. L., Berkley, M. A, and Jones, K. R. (1978) Psychophysical
changes in adult human visual capacities following occlusion of one
eye. ARVO Abstr. Invest. Ophthalmol. Vis, Sci. 17 (4, suppl.), 113.

Burde, R. M. (1981) The extraocular muscles. In Adler’s Physiology of
the Eye: Clinical Applications, R A, Moses (ed.), St. LO\llS C.V. Mosby,
pp. 84-183.

Carter, D. B. (1963) Effects of prolonged wearing of prism. Am. J.
Optom. Arch. Am. Acad. Optom. 40, 265-273.

Chen, J. S. (1993) A study of the effects of low update rate on visual dis-
plays. SID Digest of Technical Papers XXIV, 510-513,

Collewijn, H., Martins, A. J., and Steinman, R. M. (1983) Compensatory
eye movements during active and passive head movements: fast .
adaptation to changes in wsual magmﬁcatlon J Physiol. (Lond.)
340 259-286.



Optometric and Perceptual Issues with Head-mounted Displays 267

Crone, R. A. and Leuridan, M. A. (1975) Unilateral aphakia and toler-
ance of aniseikonia. In Netherland Ophthalmologienl Society, 16th
Meeting, Vlissingen 1972, Basel, Switzerland: Ophthalmologica, pp.
258-263. '

Crookes, T. G. (1957) Telewsmn images. Nature 179 1024-1025.

Daum, K. M. (1982) The cause and effect of visual training on the ver-
gence system. Am. J. Optom. Physiol. Opt. 59, 223-227.

Daum, K. M. (1983) A comparison of the results of tonic and phasic ver-

" gence training. Am.. J. Optom. Physiol. Opt. 60, 7169-775.

.Davis, E. T. (1997) Visual requirements in HMDs: what can we see
and what do we need to see? In Head Mounted Displays: Designing
for the User, J. E. Melzer and K. Mofﬁtt (eds.), chap. 8, New York:
McGraw-Hill.

Demer, J. L., Goldberg, J., Jenkins, H A., and Porter, F. I, (1987a)
Vestibulo- ocular reflex during magmﬁed vision: adaptation to
reduce visual- vestibular conflict. Aviat. -Space Enuviron. Med 58,
175-179.

Demer, J. L. Goldberg,J Porter, F. 1., and Jenkins, H. A. (1987b) Senso-
rimotor adaptatlon 10 telescopic spectacles In Low Vision: Principles
and Applications, G. C Woo (ed.), New York: Springer-Verlag, pp.
216-231.

de Wit, G. C. and Beek, R. A. E. W. (1997) Effects of a small exit pupll in
a virtual reality display system. Opt. Eng. 86, 2158-2162.

~ Dolgoff, G. (1997) A new no-glasses 3 D imag'ing technology. SID 97

Digest, 269-272. :

Eilerbrock, V. J. and Loran, D. F. C. (1961) Limited occlusion and hyper-
phoria. Am. J. Optom. Arch. Am. Acad. Optom. 38, 359-369.

Ellis, 8. R.; Bucher, U. J,; and Menges, B. M. (1995) The relationship of
binocular convergence and errors in judged distance to wvirtual
objects. In Proceedings of the I nternataonal Federation of Automatic
Control, Boston, Mass.

Fannin, T. E. and Grosvenor, T. (1987) Prentice’s rule. In Clinical

. Optics, Stonhem, MA: Butterworths, pp. 99-101,

Farrell, R. J. and Booth, J. M. (1984) Design handbook for imagery
interpretation equipment. Seattle, WA: Boeing Aerospace Company.
Fischer, R. E. (1994) Optics for head mounted dlsplays Information

Display, 10, 12-16.

Fisher, S. K. and Ciuffreda, K. J. (1990) Adaptation to optically-
increased interocular separation under naturalistic viewing condi-
tions. Perception 19, 171-180.

Flom, M. C. (1960) On the relationship between accommodation and
accommodative convergence. Am. J Optom Arch. Am. Acad Optom.
37, 474482,



268  Chapter Six

Fowlkes, J. E., Kennedy, R. 8., Hettinger, L. J., and Harm, D. L. (1993)
Changes in the dark foeus of accommodation associated with simu-
lator sickness. Aviat. Space Environ. Med. 64 (7), 612-618.

Gauthier, G. M. and Robingon, D. A, (1975) Adaptation of the human
vestibular ocular reflex to magnifying lenses. Brain Res, 92, 331-335.

Genco, L. V. (1983) Optical interactions of aircraft windscreen and
HUDs producing diplopia. In Optical and Human Performance Eval-
uation of HUI) System Design, W. L., Martin (ed.), Wright-Patterson,
AFB, OH: Air Force Aerospace Medical Research Laboratory.

QGitschiag, G. and Scott, W. E. (1982) Strabismus, amblyopia, and
dyslexia. Primary Care 9, 661-877.

Gleason, G. A. and Kenyon, R. (1997) The Mandelbaum effect may not
be due to involuntary mis-accommodation, Invest. Ophthalmol. Vis,

. Sci. (Suppl.) 37, 5720.

Gold, T. (1971) Visual disparity tolerances for head-up displays. In
Electro-Optical System Design Conference 1971 West, Anaheim, CA.
Industral and Secientific Conference Management Inc., pp.
399-406.

Gold, T. and Hyman, A, (1970) Visual Requirements for Head-up Dis-
plays, Final Report, Phase I, 1970. JANAIR Report 680712, Chicago,
IL: Sperry-Rand Corp.

Gonshor, A. and Melvill-Jones, G. (1976) Extreme vestibulo-ocular
adaptation induced by prolonged optical reversal of Vlsmn . Physiol.
(Lond.) 256, 381-414,

Goodson, R. A. and Rahe, A. J. (1981) Visual training effects on normal
vision. Am. J. Optom. Physiol. Opt. 58, 7187-791.

Goss, A. D. (1988) Ocular Accommodation, Convergence, and Fixation
Disparity: A Manuél of Clinical Analysis. Boston: Butterworth-
Heinemann,

QGregory, R. L. (1978) Eye and Brain: The Psychology of Seemg New
York: McGraw-Hill.

Griffin, J. R., Hattan, M. A., and Hertneky, R. L. (1982) Vision therapy
with stereoscopic motion plctures—a comparative evaluatmn Am. d.
Optom. Physiol. Opt. 59, 890-893.

Gross, N., Yang, D. J., and Flynn, J. (July 10, 19956) Slckness in cyber-
space. Busmess Week

Hennessy, R. T. (1975) Instrument myopia. ./ Opt Soc. Am. 65,
1114-1120.

Hershberger, M. L. (1975) Binocular Rivalry in Helmet-Mounted Dis-
play. National Technical Information Service and T.S. Dept. of Com-
merce: U1.S. Government Printing Office, AMRL-TR-75-48,

Hettinger, L. J., Berbaum, K. S., Kennedy, R. S., Dunlap, W. P.,; and
Nolan, M. D. (1890) Vection and 51mulator s1ckness Mil, Psyckol 2,
-171-181.



Optometric and Perceptual Issues with Head-mounted Displays 269

Hiruma, N. (1991) Viewing Conditions of Binocular Stereoscopic TV
Images in the Light of Accommodation Response of the Eye, Tokyo:
NHEK Science and Technieal Research Labs, p. 395. -

Hiruma, N. and Fukuda, T. (1993) Accommodation response to binocu-
lar stereoscopic TV images and their viewing conditions, SMPTE
Jpn 102, 1137-1144.

Howarth, P. A. (1995) Visual issues with head mounted dlsplays In
Optom. Vision Sci. (Suppl.) 72, 169,

Howarth, P. A. (1996) Empirical studies of accommodation, conver-
gence, and HMD use. In Proceedings of the Hoso-Bunka Foundation
Symposium: The Human Factors in 3 D Imaging, Tokyo, Japan:
Hoso-Bunka Foundation.

Howarth, P. A. (1998) The occurrence of symptoms during immersion in
visual reality. Hum. Factors, submitted.

Howarth, P. A. and Costello, P, J. (1996a) Sensory conflict, nausea, and
personal viewing systems. Optom. Vision Sci. (Suppl.) 73, 38.

Howarth, P. A. and Costello, P. J. (1996b) Visual effects of immersion in

“virtual environments: Interim results from the UK. Health and
Safety Fxecutive Study. In Society for Information Disploy, Jay Mor-
reale (ed.), San Diego, CA: SID, pp. 885-888.

Howarth, P. A. and Costello, P. J. (1927} The occurrence of virtual sim-
ulation gickness symptoms when an HMD was used as a personal
viewing system. Displays 18, 107-116. :

Hughes, R. L., Chason, LR., and Schwank, J. C. H. (1973) Psychological
Considerations in the Design of Helmet-Mounted Displays and
Sights: Overview and Annolated Bibliography. National Technical
Information Service and U.S. Dept. of Commerce: U.S. Government
Printing Office, AMRL-TR-73-16.

Inoue, T. and Ohzu, H. (1990a) Accommodation and convergence when
looking at binoeular 31} images. In Human Factors in Organizational
Design and Management—III, K. Noro and O. Brown, Jr. (eds.),
Amsterdam; Elsevier Science Publishers, pp. 249-252.

Inoue, T. and Ohzu, H. (1990b) Measurement of the human factors of
3 D images on a large screen. SPIE 1255, 104-107.

ISO (1992) International Standard—Ergonomic Requirements for
Office Work with Visual Display Terminals (VDTs)-Part 3: Visual

- Display Requirements. 9241-3. 180,

Iwasaki, T., Akiya, S., Noro, K., and Torilzuka, T. (1994} Effect on the
visual functions of stereoscopic images used in virtual reality. In
International Symposium, Work with Display Units, Milan, Italy.

Jacobs, D, H. (1943) Fundamentals of Optical Engineering. New York:
McGraw-Hill.

Johnson, B. K, (1948) Optics and Optical Instruinents, New York: Dover
Publications.



270  Chapter Six

Jones, R. (1992) Binocular fusion factors in Vlsual displays. SID 92
Digest, 287-289.

Jones, R. (1993) Proximal accommodation in virtual displays. SID 93
Digest, 195198,

Kajiki, Y., Yoshikawa, H., and Honda, T. (1996) Ocular accommodation
by super multi-view stereogram and 45-view stereoscopic display. In
Proceedings of the Third International Display Workshops, Kobe,
Japan: SID.

Katsumi, O., Miyajima, H., Ogawa, T., and Hirose, T. (1992) Aniseikonia
and stereoacuity in pseudophakic patients. Unilateral and bilateral
cases. Ophthalmology 99, 1270-1277.

Katsuyama, R. M., Monk, D. L., and Rolek, E. P. (1989) Effecis of Visual
Display Separation upon Primary and Secondary Task Perfor-
mances. Air Force Aerospace Medical Research Laboratory, AAMRL-
TR-89-018.

Katz, M. and Zikos, G. (1994) Apparent image quality of magnifers
depends on amplitude of accommodation. Optom. Vision Seci. T1,
226-234.

Kennedy, A. and Murray, W. 8. (1991) The effects of ﬂlcker on eye move-
ment control. . J. Exp. Psychol. 43A(1), 79-99.

Kolasinski, E. M., Goldberg, S. L., and Hiller, J. H. (1995) Simulator

~ Sickness in Virtual Environments. Alexandria, VA: US. Army Re-
search Institute for the Behavior and Social Sciences, Army Project
Number 202627385A791.

Kotulak, J. (1995) The relation between v13ua1 symptoms and oculo-
motor responses with helmet-mounted displays. Optom Vision Sci.
(Suppl.) 72, 168,

Kotulak, J. C. and Morse, S. E. (1994) Relationship among accommoda—
tion, focus and resolution with optical instruments. £ Opt. Soc. Am.
A 11,71-79. '

Kotulak, J. C. and Morse, S. E. (1995) Oculomotor responses with avia-
for helmet-mounted digplays and thelr relation to in-flight symp-
toms. Hum. Factors 37, 699-710.

Kovacs, L, Papathomas, T. V., Yang, M., and Feher A. (1996) When the
brain changes its mind: 1nterocu1ar grouping during binocular
rivalry, Proc. Natl. Acad. Sci, USA 98, 16508-15511.

Leibowitz, H. W. and Owens, D. A, (1975) Anomalous myopias

_and the intermediate dark foeus of accommodation. Secience 189,
347-359.

Leibowitz, H. W. and Owens, D. A. (1978) New evidence for the inter-
medidte position of relaxed accommodation. Doc. Ophthalinol. 46:
133-147.

Leigh, R. J. and Zee, D. 8. (1983) Eye-head coordination. In The Neurol-
ogy of Eye Movements, Philadelphia: F. A. Davis, pp. 109-124.



Optometric and Perceptual Issues with Head-mounted Displays 271

Lindholm, J. M. (1992) Perceptual effects of spatiotemporal sampling.
In Electro-Optical Displays, M. A. Karim (ed.), New York: Marcel
Dekker, 787-808.

Major, D., Pirotte, P, and Griffin;J. (1985) Microcomputer vergence
training; a comparative study (Abstract). In Annual Meetmg of
American Academy of Optometry, Atlanta, GA.

Manas, L. (1958) The effect of visual training upon the ACA ratio. Am.

", Optom. Arch. Am. Acad. Optomn. 35, 428-437.

Mandelbaum, J. (1960) An accommodation phenomenon. Arch. Oph-
thalmol. 63, 923926,

Marlow, F. W. (1921) Prolonged monocular occlusion as a test for the
muscle balance. Am. J. Ophthalmol. 4, 238-250.

Marran, L. and Schor, C. M. (1994) Retlnal and extraretinal cues to
nonconjugate accommodation, Invest. Ophthalmol. Vis. Sci. (ARVO
Suppl), 1736,

Massof, R. W. and Rickman, D. L. (1992) Obstacles encountered in the
development of the low vision enhancement system. Optom Visual
Sei. 69, 32-41.

Matin, E. (1974) Saccadic suppression: a review and an analysis. Pgy-
chol. Bull. 81, 899-917.

Matsui, T. and Kawamura, A. (1995) A new high resolutlon head mounted
display using 510,000 pixel LCD panels. In International Workshop on
HDTV and the Evolution of Television, Taipei, Taiwan: 7B33-7B39.

MeCormack, G., Peli, E., and Stone, P. (1992) Differences in tests of an-
iseikonia. fnvest. Ophthalmol. Vis. Sci. 38, 2063-2067.

Melzer, J. (1994) Tech:HMDs and Oculo-Motor Changes. Newsgroups:
scl.virtual-worlds.

Midler, B. and Rubin, M. L. (1991) The Fine Art of Prescribing Glasses
Without Making a Spectacle of Yourself Gainesville, FL: Triad Pub-
lishing.

Miles, F. A. (1991) The disruptive effects of optical aids on retinal image
stability during head movements. In Presbyopia Research from Mo-
lecular Biology to Visual Adaptation, G. Obrecht and L. W. Stark
(eds.), vol. 13, New York: Plenum Press, pp. 113-125.

Miles, F. A., Judge, S. J., and Optican, L. M. (1987) Optically induced
changes in the couplings between vergence and accommodation. -
Neurosct. 7, 2576-2589.

Miles, W. R. (1930) Ocular dominance in human adults. J Gen. Psychol.
3,412-430.

MIL-HDBK-141. {1962) lettary Standardzzataon Handbook, Optical
Design. Defense Supply Agency.

Mon-Williams, M., Wann, J. ., and Rushton, S. (1993) Binocular vision
in a virtual world: visual deficits following the wearing of a head-
mounted display. Ophthal. Physiol. Opt. 13(4), 387-391.



272  Chapter Six

Morita, T. and Hiruma, N. (1996) Effect of vergence eye movements for
size perception of binocular stereoscopic images. In Proceedings of
the Third International Display Workshops, Kobe, Japan: SID,

Morse, S. E., Kotulak, J. C., and Wiley, R. W. (1994} Oculomotor and
visual performance with night vision displays. SID 94 Digest,
299--302,

Nagata, S. (1996) The binocular fusion of human vision on stereoscopic
displays—field of view and environment effects. Ergonomics 39,
1273-1284,

Nagata, S. (1997) Subjective Relative Depth and Size of Stereoscopic
Images. NHK Science and Technical Research Labs.

Neary, C. and Wilkins, A, J. (1989) Effects of phosphor persistence
of perception and the control of eye movements. Perception 18,
257264,

Nijhawan, R. (1997} Visual decomposition of colour through motion
extrapolation. Nature 386, 66—69.

NikkeiElectronics. (1993) Sony’s Heod Mounted Dzsplay Prototype
One Step Closer to Home-Use Market (translated from Japanese), p.
571.

Norman, J. and Ehrlich, S. (1986) Visual accommodation and virtual
image displays: Target detection and recognition. Hum. Factors 28,
135-151, : .

QOgle, K. N. (1964) Researches in Binocular Vision. New York: Hafner
Publighing.

Okuyama, F., Tokoro, T, Yamada, T., and Tkeda, T. (1996) Human visual
accommodation and vergence eye movement while viewing parallax
barrier type stereoscopic display. In The Third International Display
Workshops, Kobe, Japan: SID Japan Chapter, 3Dp-5.

Omura, K, Shiwa, S., and Kishino, F. (1996) 3 D display with accom-
modative compensation (3DDAC) employing real-time gaze direc-
tion. SID 96 Digest, 889-892.

Ong, E., and Cuiffreda, K. J. (1995) Nearwork-induced transient my-
opia: a critical review. Doc. Ophthalmol. 91, 57-85.

Onishi, S., Yoshimatsu, H., Kawamura, A., and Ashizaki, K. (1994) An
approach to natural vision using a novel head-mounted display. SID
94 Digest, 28-31.

Padmos, P. and Milders, M. V. (1992) Quality criteria for simulator
images: A literature review. Hum. Factors 34, 727-748.

Peli, E. (1990) Visual issues in the use of a head mounted monocular
dlsplay Opt. Eng. 29, 883892,

Peli, E. (1995, July) Real vision and virtual reality. Opt. Photon. News,
28-34.

Peli, E. (1997a) Simple 1 D enhancement for head-mounted low vision
aid. J Videol., In press.



Optometric and Perceptual Issues with Head-mounted Displays 273

Peli, E. (1997b) Wide-Band Image Enhancement. US Provisional
Patent Application.

Peli, E. (1998) The visual effects of head-mounted display (HMD) are
not distinguishable from those of desk-top computer display. Vision
Res. 38, 2053-2066.

Peli E. and Lahianea, A. (1997) Detection of moving localized features:
the tiger’s-stripes. Invest.. Ophtkalmol st Sei. (ARVO Suppl) 38,
8734,

‘Peli, E. and McCormack G. L (1983) Dynamlcs of cover test eye move-
ments. Am. J. Optom. Physiol. Opt. 60, 712-724.

Perrin, F. H. (1954) A study of binocular flicker. JJ. Opt. Soc. Am. 44,
60-69.

Piantanida, T. (1993, November/December) Another look at HMD safety.
CyberEdge, 9-12,

Piantanida, T., Bowman, D. K., Larimer, J., Gille, J., and Reed, C. (1992)
Studies of the field of wew/resolutmn trade-off in virtual-reality sys-
tems, Hum. Vis. Visual Proc. Digital Display I1I, Proc. SPIE 1666,
448-456.

Porac, .C. and Coren, 8. (1975) Suppressive processes in binocular
vision: ocular dominance and amblyopia. Am. J. Optom. Physiol. Opt.
52, 651-657.

Regan, E. C. and Price, K. R. (1998) Some Side-Effects of Immersion Vir-
tual Reality: An Investigation into the Relationship Between Inter-
pupillary Distance and Ocular Related Problems. Army Personnel
Research Establishment, APRE Report 93R023.

Richards, O. W. (1976) Instrument myopia—microscopy. Am: JJ. Optom.
Physiol. Opt. 53, 6556—663.

Rosenfield, M. and Ciuffreda, K. J. (1994) Cognitive demand and tran-
sient nearwork-induced myopia. Optom. Vision Sci. 71, 381-385.

Rosenfield, M., Kapoor, N., Nowbotsing, S., DiAmico, J. L., and Ciuf-
freda, K. J. (1993} Temporal characteristics of proximally-induced

- accommodation. ARVO (Suppl.}, 1305.

Rushton, S., Mon-Williams, M., and Wann, J. P. (1994) Binocular vision
in a bi-ocular world: new-generation head-mounted displays avoid
causing visual deficit. Displays 15, 255-260.

Rushton, S. K. and Riddell, P. M. (1998) Developing visual systems and
exposure to virtual reality and stereo displays. Appl. Ergonomics (in
press).

Saito, I., Mizumoto, K., and Ono, M. (1984) Advanced visual stimula-
tion devme using mnlature TV receiver. J. Aerospace Environ. Med.
21,11-17.

Scheiman, M. and Wick, B. (1994) Clinical Management of Binocular
Vision: Heterophoric, Accommodative, and Eye Movement Disorders.
Philadelphia, PA: J. B. Lippincott.



274  Chapter Six

Schor, C. (1995) A simultaneous foeus mechanism for head mounted
displays. Optom. Vision Sci. (Suppl.) 72, p. 169.

Schor, C. M. and Kotulak, J. C. (1986) Dynamic interactions between
accommodation and convergence are velocity sensitive. Vision Res.
26, 927-942.

Self, H. C. (1986) Optical Tolerances for Alignment and Image Differ-
ences for Binocular Helmet-Mounted Displays. Armstrong Aerospace .
Medical Research Laboratory, Technical Report.

Sengpiel, F. (1997) Binccular rivalry: ambiguities resolved. Curr. Biol.
7, R447-R450.

Sethi, B. (1986} Heterophoria: a vergence adaptive position. Ophthal.
Physiol. Opt. 6, 151-156.

Sheehy, J. E. and Wilkinson, M. (1989) Depth perception after pro-
longed usage of night vision goggles. Aviat. Space Environ. Med. 60,
573-579.

Shiwa, S. and Kishino, F. (1995) A stereoscopic wide-field-of-view dis-
play for virtual-space teleconferencing system. SID Digest of Techni-
cal Papers 919-922,

Shiwa, 8., Omura, K., and Miyasato, T. (1996) Development of three-
dimensional display with accommodative compensation. In Proceed-
ings of The Third International Display Workshops, Kobe, Japan:
SID.

Simonelli, N. M. (1980) The dark focus. of visual accommodation: its
existence, its measurement, its effect. Technical Report AFOSR-TR-
82-0294, Washington, DC: Air Force Office of Scientific Research.

Smith, C. W. (1994, April) 3 D or not 3 D? New Scientist 26, 40-43.

Snow, R., Hore, J., and Villis, T. (1985) Adaptation of saccadic and
vestibulo-ocular systems after extraocular muscle tenectomy. Invest.
Ophthalmol. Vis. Sci. 26, 924-931.

Strauss, 5. (1995, July) Cybersickness: the side eﬂ'ects of virtual reahty
Technology Review, 14-16.

Sullivan, M. J. and Kertesz, A, E. (1978) Binocular coordmatlon of tor-
sional eve movements in cyclofusional response. Vision Res 18,
943-949.

Uchikawa, K. (1985) Saccadic suppression of achromatlc and chromatic
responses measured by increment-threshold spectral sensitivity.
J. Opt. Soc. Am. A 12: 661-666,

Uemura, T., Aral, Y., and Shimazaki, C. (1980) Eve-head coordination
during lateral gaze in normal sub_]ects Acta Otolaryngol. (Stockh)
90, 191.

Ulianoe, K. C., Lambert, E Y., Kennedy, R. 8., and Sheppard, D. J. (1986)
The effects of Asynchronous Visual Delays on Simulator Flight Per-
formance and the Development of Simulator Sickness Symptomatol-

‘ogy, Orlando, FL: Naval r;‘raiming Systems Center.



Optometric and Perceptual Issues with Head-mounted Displays 275

Viirre, E., Cadera, W., and Vilig, T. (1987) The paftern of changes pro-
duced in the saccadic system and vestibuloocular reflex by visually
patching one eye. J Neurophysiol. 57, 92-103. '

Wann, J. P, Rushton, S., and Mon-Williams, M. (1995) Natural prob-
lems for stercoscopic depth perception in virtual environments.
Vision Res. 85, 2731-2736. .

Wann, J., Rushton, S., Mon-Williams, M., Hawkes, R., and Smyth, M.
(1993) What's wrong with your head mounted display. CyberEdge JJ.
Monogr. (Suppl. to Issue #17, Sept/Oct.), 1-2.

Wells, M. J. and Haas, M. (1995) The human factors of helmet-mounted
displays and sights. In Electro-Optical Displays, M. A. Karim (ed.},
‘New York: Marcel Dekker, pp. 743-785.

Wells, M. J., and Venturino, M. (1890) Performance and head move-
ments using helmet-mounted display with different field of view.
Opt. Eng. 29, 870-877.

Wesner, M. F. and Miller, R. J. (1986) Instrument myopia concep-
tions, misconceptions, and influencing factors. Doc. Ophthalmol.
62, 281-309.

Wetzel, P. A., Pierce, B. J,, and Geri, G. A. (1996) Viewing distance and
the perceived size of simulator imagery. JJ. SID 4(4), 247-253.

Wheatstone, C. (1838) Contributions to the physiology of vision: 1. On
some remarkable and hitherto unobserved phenomena of binocular
vision. Philos. Trans. R. Soc. Lond. 128, 371-394.

Wilkins, A. (1986} Intermittent illumination from visual digsplay units
and fluorescent lighting affects movements of the eyes across text.
Huym. Factors 28, 75--81.

Wilson, J. R. (1994) Effects of participating in virtual environments:
a review of current knowledge. In Proceedings of the IVih Annual
Conference on Safety and Well-Being at Work: A Human Factors
Approach, A. Cheyne, S. Cox, and K. Irving, (eds.), ISBN 090507811X,
Loughborough University: Centre for Hazard and Risk Management,
pp. 13-27.

Wilson, J. R. (1995) Factors of virtual environments and effects on par-
ticipants. In Academy '95, New Orleans, Dec. 7-11, Optom. Vision
Sei. (Suppl.), 168.

Wittenberg, S. and Borish, I. (1990) Prescribing Progressive Additional
Lenses, J. Sheedy (ed.), Philadelphia, PA: J. B. Lippincott.

Wopking, M. (1995) Viewing comfort with stereoscopic pictures: an
experimental study on the subjective effects of disparity magnitude
and depth of focus. . SID 95 3, 101-103.

Yeh, Y.-Y. (1993) Visual and perceptual issues in stereoscopic color dis-
plays. In Stereo Computer Graphics and Other True 3D Technologies,
D. F. McAllister (ed.), chap. 4, Princeton, NJ: Princeton University
Press.



276 Chapter Six

Yeh, Y. Y. and Silverstein, L. D. (1990) Limits of fusion and depth judg-
ment in stereoscopic color display. Hum. Factors 32, 45-60.

Ygge, J. and Zee, D. 8. (1995) Control of vertical eye alignment in three-
dimensional space. Vision Res. 35, 3169-3181.

Yoshimatsu, H. (1995} Statistical study of eye movement when usmg a
head-mounted display. SID 95 Digest, 368-371.



V|sual Instrumentatlon

Optical Design and Engmeermg Prmmples

Pantazis Mouroulis

McGraw-Hill

NewYork San Franclsco Washington, D.C. Auckland Bogota
Caracas Lishon London Madrid Mexico City Milan
Montreal New Delhi San Juan Singapore

Sydney Tokyo Toronto



Library of Congress Cataloging-in-Publication Data

Mourculis, Pantazis.

Visual instrumentation: optical design and engineering principles /

‘Pantazis Mouroulis.
p- cm

Includes index.

ISBN 0-07-043561-8

1. Physiological optics. 2. Optical instruments. 3. Computer
vision. I, Title.
QP475.M68 1999
612.8'4—dc21 98-49404

CIp

McGraw-Hill 2

A Division of The McGraw Hill Companies

Copyright © 1929 by The McGraw-Hill Companies, Inc. All rights
reserved. Printed in the United States of America. Except as permitted
under the United States Copyright Act of 1976, no part of this publica-
tion may be reproduced or distributed in any form or by any means, or
stored in a data base or retrieval system, without the prior written per-
mission of the publisher. :

1234567890 DOC/MDOC 90432109

ISBN (-07-043561-8

The sponsoring editor for this book was Stephen S. Chapman, the
editing supervisor was Stephanie Landis, and the production supervisor
was Sherri Souffrance. It was set in Century Schoolbook by North
Market Street Graphics.

Printed and bound by R. R, Donnelley & Sons Company.

This book is printed on recycled, acid-free paper containing a
minimum of 50% recycled, de-inked fiber.

MeGraw-Hill books are available at special quantity discounts fo use
as premiums and sales promoficns, or for use in corporate training pro-
grams. For more information, please write to the Director of Special
Sales, MeGraw-Hill, 11 West 19th Street, New York, NY 10011. Or con-
tact your local bookstore.

Information contained in this work has been obtained by The
McGraw-Hill Companies, In¢. (“McGraw-Hill”) from sources be-
lieved to be reliable. However, neither McGraw-Hill nor its authors
guarantee the accuracy or completeness of any information pub-
lished herein, and neither McGraw-Hill nor its authors shall be
respongible for any errors, omissions, or damages arising out of uze
of this information. This work is published with the understanding
that McGraw-Hill and its authors are supplying information but
are not attenipting to render engineering or other professional ser-
vices. If such services are required, the assistance of an appropri-
ate professional should be sought.



Eli
Highlight


	1
	2
	3
	4
	5



