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Abstract. Most head-mounted displays (HMDs) only provide fixed lens focus.
Viewers are force to decouple accommodation and vergence when viewing
stereoscopic images. A study has been conducted to investigate the benefit of
matching lens focus with stereoscopic depth cues on the time taken to form a single
stereoscopic image. Ten university students participated four conditions that were
exhaustive combinations of lens focus (40cm and 200cm) and stereoscopic depth
cues (40cm and 200cm). Results indicated that viewers took significantly shorter
time to form a single stereoscopic image when the lens focus matched with the
stereoscopic depth cues (p<0.05). Further analyses of the data suggest that
unnatural demand for the eyes to diverge (i.e. when the lens focus was smaller than
the stereoscopic depth cues) is associated with significantly longer periods of
double images (p<0.05). The potential benefits of applying dynamically adjustable
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lens focus to the future design of HMD are discussed.

Introduction

Head-mounted displays (HMDs) can
present stereoscopic images to a viewer.
With the help of head position tracking
system, the orientations of the stereo images
can be made appropriate to the orientation
of the viewer’s head (So and Griffin, 2000).
The objective is to immerse a viewer in a
computer-generated virtual environment in
a natural way (Kiryu and So, 2007).
Unfortunately, most HMDs have fixed lens
focuses (Cakmakci and Rolland, 2006;
Elchenlaub, 2006). When a HMD with a
constant lens focus is used to present stereo
images with varying virtual depth, viewers
are forced to decouple accommodation and
vergence responses. This posts an unnatural
demand on the viewers’ eyes (Rushton and

Riddle, 1995) and are major short-comings
of the HMD technology (Roscoe, 1987,
1988; Wann et al., 1997a,b).

Shibata et al. (2004) reported a HMD
with dynamically adjustable lens focus.
However, the HMD was costly. A review of
literature indicates that there has been no
laboratory experiment reporting the effects
of mismatch between lens focus and stereo
depth cues on visual task performance with
HMDs. To encourage HMD manufacturers
to invest in producing HMDs with
dynamically adjustable lens focus, its
benefits needed to be verified.

Experiment

Objectives and  hypotheses.  The
experiment aim to examine the effects of
matching lens focus and image depth on the
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time taken for viewers to form a clear single
stereo image (referred to as ‘single image
formation time”). The possible interaction
effects with binocular visual parameters of
the viewers will also be studied.

The study has seven hypotheses: (i)
when lens focus is 40cm, the single image
formation time of viewing images with
stereo cues appropriate to a depth of 40cm
will be significantly shorter than viewing
images of stereo cues appropriate to a depth
of 200cm (H1), (ii) when lens focus is
200cm, the single image formation time of
viewing images with stereo cues appropriate
to a depth of 200cm will be significantly
shorter than viewing images with stereo
cues appropriate to a depth of 40cm (H2),
(ii1) with images of stereo cues appropriate
to a depth of 40cm, the single image
formation time when viewing these images
through a lens focus of 40cm will be
significantly shorter than that of viewing
through a lens focus of 200cm (H3), (iv)
with images of stereo cues appropriate to a
depth of 200cm, the single image formation
time when viewing these images through a
lens focus of 200cm will be significantly
shorter than that of viewing through a lens
focus of 40cm (H4), (v) individual fusional
reserve will be negatively correlated with
single image formation times (HS5), (vi)
individual levels of lateral phoria will be
correlated with single image formation
times (H6), and (vii) the effects of matching
lens focus and stereo cues on single image
formation times will not reduce with
repetitions (H7).

Design, Variables, Stimuli, and
Apparatus. This study used a full factorial
within-subject design. Dependent repeats
were used to obtain better mean estimations
of the data. The main dependent variable is
the time taken for each participant to form a
single stereoscopic image. The experiment
has four independent variables: (i) lens
focus: 40cm and 200cm; (ii) stereo cues
appropriate to image depth of 40cm and
200cm, (iii) repetition block: 3 repeated
blocks on the same day, and (iv) two
repeated sessions (one session consists of
three repeated blocks) separated by at least

three days. The choice of 40cm and 200cm
is to test the near and far vision. Optical
infinity cannot be used because the apparent
size of the image will approach zero. Within
one block, the viewers watched and formed
a single stereoscopic image 20 times
exhausting the combinations of two lens
focus, two image depths, and five dependent
repeats. In other words, each viewer was
exposed to four conditions (C1: both lens
focus and image depth were 40cm; C2: lens
focus was 200cm and image depth was
40cm; C3: lens focus was 40cm and image
depth was 200cm, and C4: both lens focus
and image depth were 200cm). The order of
presentation of the four conditions within
each block was randomized and was kept
the same across all repeated blocks in both
sessions. As stated before, each condition
was repeated five times (dependent
repeated) and the data collected were
averaged to get better mean estimations. The
visual stimuli consists of pairs of
stereoscopic images showing two groups of
three-dimensional characters presented with
stereo cues appropriate to virtual depths of
40cm and 200cm. The visual background
(also in stereo) was the inside of a room with
a depth of 2000cm. Stimuli were generated
using World-Tool-Kit™ software and were
presented on a home-built HMD with
motor-driven adjustable lens focus (see
Figure 1). The optical module of this HMD
was purchased from iMD Display Ltd.
(www.hkimd.com) and had a resolution of
688 pixels (horizontal) by 480 pixels
(vertical). The field of view was 30 degrees
diagonal. The adjustment range of the lens
focus was from 30cm to infinity. The
experiment was conducted in an
air-conditioned dark room.

Procedure and Participants. Ten
university students (six male, four female)
took part in the study. Each person viewed
and formed single stereoscopic images 120
times (i.e., 120 runs) exhausting the
combinations of 4 conditions, 5 dependent
repeats, 3 repeated blocks, and 2 repeated
sessions. In this study, the HMD was not
coupled to a head-tracker because past
studies have shown that time delays due to
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head movement might affected performance
(So and Chung et al., 1999; So and Griffin,
1991; 1992; 1995). Vision screening tests
were conducted before the experiment using
the vision tester OPTEC 2000 (Stereo
Optical Co., Inc.). All ten participants
attained visual acuity (either normal or
corrected) equaled or better than 20/20 in
both the near (14 inch, i.e. 36cm) and
distance (20 feet, i.e. 6.1 meter) tests. They
passed the colour blindness test and attained
stereopsis of 40 seconds of arc or less. The
purposes of these screening criteria were to
ensure that the participants could have
sufficient visual ability to perform the task.
In additional to these visual parameters, the
binocular visual parameters of the ten
participants were also measured by a trained
optometrist at the School of Optometry,
Hong Kong Polytechnic University. Six
parameters were measured: negative
fusional reserve at distance (6m) and near
(40cm), positive fusional reserve at distance
(6m) and near (40cm), lateral phoria at
distance (3m) and near (1/3mi.e. 33cm).

77 e : % ' .-bi . .
Figure 1. A photograph illustrating the
home-built  binocular  displays  with

motor-driven adjustable lens focus (adopted
from Wong et al., (2008).

During each of the 120 runs, participants
were required to fixate and form a single
stereoscopic image when viewing the
appropriate group of three-dimensional
characters as fast as they could. At the
beginning of each run, biocular images of
the three-dimensional characters were
presented first. Then, binocular images were
presented and the participants would
perceive double images instantly. After a
certain short period of time (referred to as
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the single image formation time), a clear
single stereoscopic image should be
perceived. After that, biocular images were
presented again and the apparatus was ready
to show the next run. The experiment was
approved by the Human Subject
Experimentation Committee at the Hong
Kong  University of Science and
Technology.

Results and Discussion

Effects of Matching Lens Focus with
Stereo Depth Cues. The single image
formation time data were transformed for
normality (Box-Cox transformation, A =
-0.5). After the transformation, data are not
normal. So, non-parametric statistical tests
are used where appropriate. Preliminary
data are presented in this paper and readers
can refer to Wong et al. (2008) for more
details on the study.

Wilcoxon signed ranks tests have been
conducted to test hypotheses Hl to H4.
Preliminary results indicate that H1, H3 and
H4 are supported (p<0.001) but H2 has been
rejected (p>0.09). Since the effects of
gender and session have been found to be
significant  (p<0.05, ANOVAs), the
two-way interacting effects among the
effects of matching of lens focus and stereo
cues, the effects of gender, and the effects of
sessions have  been investigated.
Hypotheses H1 and H4 have been verified
to be true for both sessions and genders. H3
is true at both sessions with data from male
participants, but false with data from female
participants. Hypothesis H2 has been shown
to be false at both sessions with female data
but true with male data.

Effects of repetition. Results of
ANOVAs indicate that effects of repeated
block are not significant but the effects of
session are significant (p<0.001). One
reasonable question will be whether viewers
will be able to shorten their single image
formation time with practice and, hence,
eliminate or reduce the benefits of matching
lens focus and stereo depth cues. Further
examination of the data indicate that as the
number of repeated run increase, there exists
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a trend of shortening the single image
formation time and the trend becomes
significant when the repetition go into the
second session (p<0.001, ANOVAs).
However, preliminary data also indicate that
the rates of reduction of the single image
formation times are faster with data
collected from the matched conditions than
the un-match conditions. In other words,
with repetitions, the significant effects of
reducing single image formation time by
matching lens focus and image depth remain
and even get stronger with repetitions. As a
result, hypothesis H7 is supported. This
finding is important because it suggests that
the problems associated with the mismatch
between lens focus and stereo depth cues
cannot be eliminated by practices.

Effects of Individual visual
parameters. The relationship between the
individuals’ visual parameters and their
absolute single image formation time could
be learnt through the testing of H5 and He.
Correlation analyses on the preliminary data
indicate significant correlations between the
single image formation time and negative
fusional reserve at both near and far distance
(»<0.001, Spearman). However there has
been no significant correlation for the
positive fusional reserves. Therefore HS is
supported only for the negative fusional
reserves but false for the positive fusional
reserves.

Lateral phoria at near has also been
found to significantly correlate with the
single image formation time collected in
Condition C1 (p<0.05) and Condition C4
(»<0.05). The positive  significant
correlation supports the hypothesis H6
made for the matched conditions.

Conclusions and Limitations

For the first time, significant improvement
in visual task performance due to matching
lens focus and stereo depth cues has been
demonstrated. Results also suggest that the
improvement remains and becomes stronger
with practices.

Future work to examine whether the
improvement in single image formation

time will lead to reduction of eye fatigue and
motion sickness is desirable because about
30% of Chinese population is susceptible to
motion sickness (So and Finney et al., 1999)
and have been shown to suffer from
cybersickness (Lo and So, 2001; So and Lo,
1999).
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