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The effects of lens focus when viewing stereoscopic micro-display images

by YIP, Chun Kwan

Department of Industrial Engineering and Logistics Management

The Hong Kong University of Science and Technology

Abstract

When we watch a moving object, our lens accommodate on the focused images, our eyes
converge to maintain stereo vision, and our pupil controls the amount of light into our eyes.
This is called the triple response of eyes. Although virtual reality (VR) binocular displays
can present moving stereoscopic images to a viewer, the triple response cannot be
performed in a normal fashion because the lens focuses of these displays are fixed.
Biological reviews have hypothesized that this may cause eye fatigue in users of VR

displays. However, this remains a hypothesis as there is no empirical data to verify it.

In this study, a wearable binocular display with dynamically adjustable lens focus has been
developed. Two experiments have been conducted to verify the effects of appropriately
adjusted lens focus on task performance and eye fatigue. Results of the first (preliminary)
experiment show that the time required to form a single stereoscopic image is significantly
shorter when the lens focus is adjusted to match with the depth cue of the presented
stereoscopic images (p<0.05, paired t-test). In the second (main) experiment, when lens
focus is set at 200cm, results show that eye tiredness rating is significantly reduced when

stereoscopic images are presented with depth cues appropriate to 200cm rather than 40cm
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(p<0.01, ANOVA) even though the apparent size of the images presented at a depth of
40cm are larger. This is an important finding because most commercially available VR
binocular displays have fixed lens focus of 200cm. This finding can help to explain the
commonly reported eye fatigue problems among users of VR displays. Since technological
solutions to implement dynamically adjustable lens focus are emerging, the finding of this

thesis provides supporting evidence to justify their development.

Xiv



1 INTRODUCTION

1.1 Overview of stereoscopic vision

1.1.1 Human eye structure

In this research, we focus on the behavior of the eye. As a starting point, it is
therefore necessary to know something about the structure of the human eye. The
eyeball is roughly spherical. Light enters the eye through cornea and lens. The
amount of light falling on the retina is controlled by the size of the pupil.
Accommodation is facilitated by the ciliary muscle in controlling the shape of the
lens. The lens focuses the incoming light to form a clear image on the retina.

Human have two eyes and their line-of-sight converge on the object that we see,

1.1.2 Peripheral mechanism of accommodation

The lens alter its shape and thus change the eye’s refractive power, which is known
as accommodation. For near vision, the ciliary muscles contract to squash the lens.
For distant vision, the ciliary muscle relaxes and the lens is stretched out. The
ability of the eye to accommodate decreases with age. Some studies have suggested
that the work done by the ciliary muscle may be a factor in eye discomfort when
looking at computer screens (Krueger, 1984[1]; Jaschinski-Kruza, 1988 [2]). It is

also believed to be a major cause of asthenopia.

The ciliary muscle is a smooth muscle with ability to rapidly contract and relax that
makes it more like skeletal muscles such as the biceps, which can fatigue (Kaufman,
1992 [3]). Indeed, several studies (Ehrlich, 1987 [4]; Owens and Wolf-Kelly, 1987

[5]) have indicated that the ciliary muscle may be susceptible to fatigue.



Far accommodation Near accommodation

Zonal Fibers

Ciliary muscle

Relaxed Contracted

Figure 1.1: Internal mechanism of the eye during accommodation (adapted from

Pocock G & Richards, 1999 [6]).

1.1.3 Triple response of the eye

The following section is mainly fact and is adopted from Pocok & Richards, 1999
[6]. When we switch from viewing a far object to viewing a nearer object, and vice
versa, the new image is initially out of focus. The blurred image formed on the
retina are perceived in the visual cortex as being out of focus, and signals are then
sent to the pretectal area and the Edinger-Westphal (accessory oculomotor) nucleus
of the brain-stem. The preganglionic fibres from the E-D nucleus drive the
postganglionic neurones in the ciliary ganglion, causing the cilliary muscle to

contract appropriately to change the shape of the lens..

According to Pocock G & Richards, 1999, triple response occurs when the viewed
object is moving. At the same time, the eyes converge by the contraction of the
medial rectus muscle. This pathway, which also involves the pretectal and

Edinger-Westphal nucleus, helps to bring the image of the object into the fovea of



both eyes, which is known as convergence. Another physiological process of the
eye that is linked to accommodation is the contraction of the pupils, which

accommodation causes to constriction.

1.1.4 Stereopsis and binocular vision

In species with binocular vision, the eyes are separated horizontally and hence
receive slightly different views of objects at different distances. The disparate
information received is combined with information from the vergence system to
provide precise quantitative information about object distance. The perception of
depth that is produced by binocular retinal disparity is called stereopsis. Stereopsis
is important for producing finely tuned depth perception at near distances

(particularly within arms length) when other depth cues are absent. The cortex then

forms a stereoscopic single picture based on images from the eyes.

Figure 1.2 In binocular vision, different images are formed by each eye.

1.2 Virtual reality

Virtual-reality (VR) is a technology for presenting 3D images to viewers. The



concept dates back more than 50 years to 1956, when Morton Heilig designed the
Sensorama (W.R. Sherman, 1995[7]). The Sensorama was one of the first devices to
immerse a viewer in a 3D full-color film with ancillary sensations of motion, sound,
wind, and smell. VR has since become a means of interacting with
computer-simulated environments (S. Das, et. al, 1994[8]). In a typical head-steered
VR simulation, images are presented in stereo through a head mounted display

(HMD) with head position tracking capability.

In viewing stereoscopic images presented on a typical HMD, the depth of the
virtual images is usually fixed at 200 cm because of design constraints. This creates
an unnatural situation in which the eyes are asked to converge without the
corresponding accommodation actions. It has been reported in several studies
(Inoue, Tetsuri, 1997[9], Omori, 2005[10] Eichenlaub, 2005[11]) that the mismatch
between accommodation and vergence can create problems in forming stereoscopic
vision and that when images are displayed outside the corresponding range of depth

of focus, visual fatigue can be induced (S. Yano,2003[12]).

The design of optics in virtual reality devices relies on ray tracing technique. Ray
tracing is based on the principle of geometric optics. Light rays from the surfaces of
the objects in a scene emanate from all directions, and some pass through pixel
positions in the projection plane. As there are an infinite number of ray paths, the
contributions to a particular pixel must be determined by tracing a light path
backward from the pixel to the scene. Let us first consider the basic ray-tracing
algorithm with one ray per pixel, which is equivalent to viewing the scene through a

pinhole camera. For each pixel ray, each surface in the scene must be tested to



determine whether it is intersected by the ray. If a surface is intersected, then the
distance from the pixel to the surface-intersection point can be calculated. The
smallest calculated intersection distance identifies the visible surface path (angle of
reflection equal to the angle of incidence). If the surface is transparent, then a ray is
also sent through the surface in the refraction direction. Reflection and refraction

rays are referred to as secondary rays.

This procedure is then repeated for each secondary ray: objects are tested for
intersection, and the nearest surface along a secondary ray path is used to
recursively produce the next generation of reflection and refraction paths. As the
rays from a pixel ricochet through the scene, each successively intersected surface
is added to a binary ray-tracing tree. In general, the left branches of the tree
represent reflection paths and the right branches represent transmission paths. The
maximum depth of the ray-tracing trees is either set as the user position or
determined by the amount of storage available. Each path in the tree continues until

it reaches the preset maximum, or until the ray hits one of the light sources.

Figure 1.3: Perspective view of a virtual environment.



Stereoscopic vision in VR can be achieved by generating two images from left and
right virtual cameras. The image from each camera is then stored in the memory of
the VR device and processed in stereoscopic 3D format. The generation of the
camera pair is based on the geometric transformation of the base or primary camera
(usually the left camera) and the creation of an identical virtual camera with the
same focal point. Figure 1.4 shows the schematic diagram for the camera generation.
The two cameras are identical and have the same focal point. Figure 1.5 shows a set
of images generated from the two virtual cameras in a virtual environment that
display a simulation of a real situation to the corresponding eye. Note that there is

an angular difference between the two images.

The Gobal System is transform from angle ¢, ,7
with respect to X, Y and Z axis
Y
Focal Point
7
] ~
Left Camera S
e L .. Right Camera
- Y TUTUTT _“_“_f_i
Temp-Point

Figure 1.4: Use of a second camera to form a stereoscopic image set



Figure 1.5: A set of stereoscopic images in virtual reality.

1.3 Display systems for stereoscopic vision

There are several types of wearable displays available on the market which is
capable to show stereoscopic images. These displays can be divided into shutter
glasses systems and mounted display systems. Shutter glasses systems present the
stereoscopic image using a specialized device, where the user is required to wear a
synchronized blocking device to access the time-multiplexed stereoscopic 3D
format. The device can take the form of anaglyph glasses or polarized glasses.
These kinds of wearable displays block irrelevant information from the
corresponding eye.

In the past, Boom Mounted Displays (BMD), special viewers, or bulky Head
Mounted Displays (HMD) were used to view the stereoscopic virtual environment.
BMDs are large machines that require the user to sit, stand, or lie down in front of

them, and have little mobility, as they are impossible pick up without a hoist.

1.3.1 Head mounted displays for virtual reality
A typical HMD uses different displays to show the image to the left and right eyes.
Combinations of lenses are then used to project these images at certain virtual

positions in front of the viewer (Deisinger, J., 1996[13]). Studies have shown that



the choice of lens and its arrangement are important to ensure correct binocularity

when viewing VR images (K. J. Bos, 1998[14], T. Kawai , 2003[15]).

In the early stages of the development of head mounted displays (HMD), a cathode
ray tube (CRT) system was used. However, the electronic signals emitted from the
CRT hurt the eyes, and its heavy weight caused discomfort to users or hurt their
necks. These problems and the disadvantageously high power dissipation of the

devices made them unpopular.

1.3.2 Goggle-type wearable displays for virtual reality

Wearable displays were taken forward into a new era by the development of
microdisplays. The main advantages of the devices are that they are small with a
high resolution and low power consumption. Compact wearable displays available
on the market include the GT270 from Canon, the Cy-Visor DH4400 from DaeYang
E&C, the I-glasses from [-O Display Systems, the Eye-Trek from Olympus and the

Glasstron from Sony.

DH 4400 I-Glasses3D FMD-200 PLM-AS5S5 Prototype
LCD 800*600 225%266 320%240 160%240 688*%480
Stereo-3D No Yes No No Yes
Image Distance |2 Meters 2 Meters 2 Meters 2 Meters 2 Meters
FOV in degree  |31.2 30 43 36.5 30

Table 1.1: Comparison of different wearable displays.

1.3.3 General optical system of goggle displays
In this research, a reflective active matrix LCD (AMLCD) microdisplay is used as

the display. The basic optical system for this kind of display system is known as an



on-axis optical system design. An objective lens is placed between the user and the
microdisplay, and a polarized beam splitter (PBS) is then used to polarize and
reflect the light down to the AMLCD panel and reflect the display image at the

correct polarization.

Figure 1.6: Generic on-axis optical system for a typical reflective microdisplay.

1.4 Mismatch with ocular triple response

Most contemporary microdisplay systems only provide fixed lens focus. To achieve
binocular vision, therefore, the eyes of viewers need to adjust the vergence to form
a single stereoscopic image of an object. The change in vergence is different from
actual accommodation, and viewers are forced to perform vergence changes without
respective accommodation actions. This action violates the relationship between

accommodation and vergence in natural vision (Rushton and Riddell, 1999[16]).

This conflict between accommodation and vergence is thought to be the cause of

some of the side effects of using binocular microdisplay images, such as



cybersickness and visual fatigue (Wann et al., 1995[17], 1997[18]).

In this study, we investigate whether the matching of the lens focus and
stereoscopic depth cues can effectively eliminate this conflict between
accommodation and vergence. The work of Kawai (2003) gives a preliminary
answer. In an experiment in which the stereoscopic depth range varied between 40
cm and 200 cm, the real-time visual measurements taken during an experimental
viewing task indicated that when the image distance (the lens focus in the case of
micro-display system) matched the stereoscopic depth cues, the accommodation
distance and convergence distance of the participants appeared to be very similar.
This finding suggests that the matching of the lens focus with stereoscopic depth
cues can indeed successfully eliminate the conflict of accommodation and vergence.
However, Kawai did not study the time taken to form a single stereoscopic image,
and thus his results need further support, which is the main motivation for this

research.

1.5 Specialized terms in the thesis

In addition to the terms lens focus and stereoscopic depth cues, other specialized
terms in the field of virtual reality, binocular display, and visual systems are used
throughout this thesis. A glossary of terms is therefore presented in the appendix for

ease of understanding.
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2 LITERATURE REVIEW

2.1 Approaches to Stereoscopic Virtual Reality

Humans determine the difference between stereoscopic 3D vision and
2-and-a-half-D vision by parallax. The information given by the parallax values of
image points helps with differentiation. Parallax viewing can be divided into five
approaches. The first is zero parallax (Figure 2.1). This is the most common case in
normal vision, as human eyes can automatically adjust the focal length to match the
focal point of the nearest object. Humans can also control the focal point of their
eyes so that they can concentrate on a certain object that may not be the nearest
object in the environment. This is the ideal case of stereoscopic 3D vision. The
second approach is parallel parallax (Figure 2.1), which occurs when a viewer looks
at objects that are a great distance away. In a stereoscopic 3D display, when the IPD
equals the length of parallax, then the axes of the eyes will be parallel, just as they
are when looking at a distant object in the real world. However, when parallel

parallax is used in small screen displays, it produces discomfort.
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Figure 2.1: Zero Parallax and Parallel Parallax.

Positive converging parallax (Figure 2.2) occurs when viewing a cathode ray tube
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(CRT) monitor. Any uncrossed or positive value of parallax will produce images
that appear to be within the space of the cathode ray tube (CRT) or behind the
screen. With the help of optical equipment, wearable displays can be designed to
form a virtual image behind the screen, which is a popular approach. In positive
diverging parallax (Figure 2.2), images are separated by a distance that is greater
than t. This divergence does not occur when looking at objects in the visual world,
and the unusual muscular effort needed to fuse such images may cause discomfort.
There is no valid reason for using divergence in computer-generated stereoscopic

images.
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Figure 2.2: Positive converging parallax and positive diverging parallax.

In negative crossed parallax (Figure 2.3), objects with negative parallax appear to
be closer than the plane of the screen, or the distance between the observer and the
screen. The unusual difference in the angle formed by the two pictures on the eyes
causes confusion in the brain, and although the brain can correct this kind of error
to form a stereoscopic 3D image, it causes the observer to feel tired and to suffer

from headaches.
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Figure 2.3: Negative crossed parallax.

2.2 Problems in Forming a Single Stereoscopic Image

Eichenlaub (2005) described the problem of the inability to fuse images, or the
difficulty in forming a single stereoscopic image due to the conflict between
accommodation and vergence. He pointed out that the problem is especially strong
with head mounted virtual reality displays (an application of the binocular
microdisplay), because the virtual objects are displayed across a wide range of
depth. Eichenlaub used several cases to illustrate the problem. For example, he
found that in situations in which the lens focus of the head-mounted display is
between six feet (around 1.8 m) and infinity, viewers need to converge their eyes to
form a single stereoscopic image on a virtual object that is far closer to or further
away from the accommodation distance, and that thus “eyestrain may occur or

double images may be perceived” (p. 517).

It should be noted that the occurrence of the conflict between accommodation and

vergence in stereoscopic HMDs was recognized long before Eichenlaub elucidated

the cause (Roscoe, 1987[19], 1988[20]; Wann et al., 1995, 1997).
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2.3 Current research findings

Several theories have been advanced to explain the contribution of asthenopia to
so-called cyber sickness. Some studies have shown that instrument myopia is
created by the tendency of the eye’s focus to be altered by the device being looked
through. This can lead to inaccurate measurements of refraction, which causes eye

fatigue Tetsuri, 1997[21], Omori,, 2005[22].

Another problem with virtual reality simulation is the Mandelbaum effect, which,
according to Owens, 1979[23], describes the situation in which far objects appear
blurred when viewed through a mesh screen, presumably because accommodation
is biased toward the nearer screen. Owens reported this bias to reach a peak when
the screen is near the dark focus point. Gleason and Robert 1997[24] found that the

Mandelbaum effect is likely to be due to involuntary mis-accommodation .

2.4 Research gap: the need for focus matching

There is one research on the relationship between the link between focusing and
tiredness with adjustable IPDs. Shibata and Kawa, 2004[25] presented a paper that
describes the development and evaluation of stereoscopic 3-D displays that
incorporate a dynamic optical correction mechanism in which the display equalizes
the theoretical points of accommodation and convergence. In a related study,
Ukai ,2002[26] used video refraction to measure the dynamic properties of the near

triad in observers of 3-D displays.

However, the question of whether matching the lens focus with stereoscopic depth
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cues could effectively eliminate the conflict between accommodation and vergence
remains. Shibata (2003) gave a preliminary answer in an experiment in which the
stereoscopic depth range was between 40 cm and 200 cm and the real-time visual
measurements taking during an experimental viewing task indicated that when the
image distance (the lens focus in the case of a microdisplay system) matched the
stereoscopic depth cues, the accommodation distance and convergence distance of
the participants appeared to be 