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(ABSTRACT)

Current interest in three-dimensional (3-D) information displays has focused on the
use of field-sequential CRT techniques to present binocular stereoscopic images. Although
it is widely believed that stereopsis provides a potent depth information cue, numerous
monocular cues exist which may augment, detract from, or even supplant stereopsis.
Unfortunately, few guidelines or well-controlled analyses on the use of depth cues are
available to direct engineering implementations of stereoscopic display systems.

This dissertation describes three experiments using 3-D images presented on a
Tektronix SGS 620 field-sequential stereoscopic CRT (19-inch diagonal, 120-Hz field rate,
passive glasses). In the first experiment, 10 participants with normal vision judged the
relative apparent depth ordering of three simple geometric figures (planar circle, square,
and triangle). Four sources of depth information (cue types) were factorially combined to
construct exemplary images of planar figures in apparent depth: Relative Size (angular
subtense decreased with increasing apparent depth); Disparity (binocular disparity varied
from crossed to uncrossed with increasing apparent depth); Interposition (closer figures
partially occluded ones farther away in apparent depth); and Luminance (luminance
decreased with increasing apparent depth). The three monocular cues (Interposition, Size,
and Luminance) produced significantly faster depth judgments when used alone; however,

when used in combination, Interposition dominated the response time data trends.



Although the Disparity cue received moderately high "perceived effectiveness" ratings,
response time measures indicated that it played a minor role in the relative depth judgment
task.

The second experiment was conducted to investigate further the subjective value of
the various depth cues. Participants rated subjective image quality (quality of depth) rather
than making rapid relative depth judgements. As anticipated, the most satisfactory ratings
of depth were made for display images which included stereoscopic depth (Disparity), with
the very highest ratings given to display images which included all four depth cues. The
results of these first two experiments illustrated a task-demand (objective vs. subjective)
discrepancy in the utility of stereoscopic depth cues.

The third experiment extended the initial work to include more geometrically
complex stimuli in visual search and cursor positioning tasks. In these task environments,
stereoscopic disparity and monocular depth cues had an interactive effect on improving
visual search times and reducing cursor positioning errors on the depth axis, with the best
performance associated with the presence of all depth cues. The complementary nature of
these effects was attenuated when depth cue salience was elevated to suprathreshold levels.

Based on the results of this research, recommendations are presented for the display
of depth information with the stereoscopic CRT. The importance of this research is
underscored by the fact that while technological advances have been made in the field of
stereoscopic display, very few usability data exist either from laboratory testing or from the
implementation of such displays in operational systems. This research provides
information to complete cost/performance benefit analyses for 3-D display designs which
could in turn significantly impact industry acceptance of the field-sequential stereoscopic

CRT.
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INTRODUCTION

There has been renewed interest in the display of information in three spatial
dimensions (3-D) for more accurate interpretation of complex spatial information. In
particular, 3-D displays either do or could have significant benefit to ta;ks such as air traffic
control (Williams and Garcia, 1988), portrayal of multidimensional data sets (Jensen and
Anderson, 1987; Kirby and Rixon, 1981), military situation awareness (Bridges and
Reising, 1987a;1987b), video entertainment (Free, 1988),‘ review of medical imagery
(Herman, 1986; Herron, 1977), teleoperation (Crooks, Freedman, and Coan, 1975;
Gould, 1964; Robinson, 1984; McClelland, 1988), microscopy (Wixson, Garrett, and
Sinak, 1987), photointerpretation (Whiteside, Ellis, and Haskell, 1987; Williams, 1966),
flight simulation (Turner, 1986; Turner and Hellbaum, 1986), computer-aided design
(Manzoni, Bidoli, and Manzoni, 1984; Uno, 1979), and molecular modelling (Roese and
McCleary, 1979). These applications span the use of simple graphic images, complex
graphic simulations, video imagery, and hybrid video imagery with graphic overlays.

Recent 3-D display research has focused on the technological development of
electronic, field-sequential stereoscopic imaging systems. Such displays typically employ
an active liquid-crystal (LC) light valve placed directly over the cathode-ray tube (CRT)
screen and require the user to wear a pair of passive, orthogonally polarizing eyeglasses.
Using the light valve to set orthogonal polarization angles for alternate image fields, stereo-
pair image fields can be presented in a time-sequential manner. A binocular disparity can
thus be introduced in the fused image to produce the 3-D effect. The field-sequential
stereoscopic display is a promising electronic display technology for the presentation of

compelling 3-D images.



As potent as the stereopsis effect is, it is not the only visual cue capable of invoking
the sensation of positional displacements in depth. The ability of amblyopes and one-eyed
individuals to discriminate depth attests to the fact that other depth cues are available
(Alpern, 1982). Monocular cues exist which may augment, detract from, or even supplant
stereopsis. The use of such monocular or 2-D visual cues in conventional display systems
could represent a viable and perhaps economically attractive alternative to stereoscopic
display technology. While it is commonly accepted that monocular cues may add to or
interact with binocular cues in normal depth perception (Baker, 1987), few systematic
engineering efforts have been made to quantify the utility of stereoscopic and monocular
depth cues using the modern field-sequential stereoscopic CRT. Such information will be
important to display designers who must maximize the 3-D presentation while mmmuzmg
computational expense. The careful addition of monocular depth information may be
especially critical to the approximately 10% of the population which is incapable of fully
perceiving depth information from stereoscopic displays.

Another critical concemn for designers of stereoscopic displays is the establishment
of clear empirical guidelines outlining the applications where stereoscopic displays might
best impact task performance and subjective image quality. Unfortunately, few guidelines
or well-controlled analyses of task parameters are available to direct engineering
implementations of modern stereoscopic display systems. Because the cost of a typical
high-end electrooptic stereoscopic display is significantly higher than the cost of a
comparable 2-D display, it is important to clearly define the expected advantages of
integrating stereoscopic display technology into future workstations.

The contents of this dissertation are intended to provide the practical guidelines
necessary for a display engineer to evaluate the need, appropriateness, and expected

outcomes of using modern stereoscopic display media in a variety of application



environments. A background is provided which describes some of the critical perceptual
issues involved in the appreciation of 3-D displays, a brief sampling of the many 3-D
display applications which have been advanced over the last two centuries, a consideration
of user input and 3-D image manipulation techniques (e.g., 3-D cursor control), and a
review of comparison research on the relative efficacy of various 3-D information display
strategies. Following this background, research objectives are outlined and three

experiments are presented which were conducted to address these objectives.



BACKGROUND

Although the retina is a two-dimensional (2-D) array of optical detectors, our visual
perception of the world is of three spatial dimensions. When discussing this remarkable
visual phenomenon, it is convenient to introduce the concept of depth cues. At the heart of
this concept is the belief that in the absence of certain sources of depth information, or
depth cues, there is a perceptual primacy of flatness. Vlahos (1965) elaborated on this
concept by discussing anti-cues. He defined an anti-cue as "any phenomenon that denies
depth information or provides false information concerning relative distance" (p. 10).

The subject of this dissertation is the veridical perception of depth information and
the ways in which depth cues may be constructively used in visual information display.

As such, emphasis is placed on visual depth enhancement rather than on the perceptual
mismatches which arise from the use of anti-cues. Furthermore, the meaning of the term
depth cue in this dissertation will be restricted to the physical parameters of visual stimuli
which are associated with the perception of an object or scene in 3-D. Itis convenient to
divide the various depth cues into those which may be appreciated monocularly and those
which require binocular vision (Table 1). Monocular cues are occasionally called picrorial

depth cues, referring to the use of such cues in 2-D artistic renderings.

Monocular Depth Cues

Accommodation. The accommodative power of the eye is expressed in diopters,
which is a function of the accommodative far point (the distance from the retina to the
farthest point that the eye can resolve when the ciliary body is maximally contracted) and

the near point (the distance from the retina to the nearest point that the eye can resolve when



TABLE 1

Monocular and Binocular Depth Cues

Monocular Depth Cues Binocular Depth Cues
Accommodation Vergence
Interposition Horizontal Disparity
Linear Perspective Luminance Disparity

Relative Size
Texture Gradients
Elevation

Shading

Shadows

Aerial Perspective
Luminance Contrast
Color Purity
Hue

Motion Parallax

Chromostereopsis




the ciliary body is at rest) (Valius, 1966). The distance between the far point and the near
point is equal to the accommodative range. The accommodative power, or accommodative

amplitude, is expressed as:

A = (1/Near Point) - (1 / Far Point), 1

where A is the accommodative amplitude in diopters and both distances are measured in
meters (Millodot, 1982a).

At close viewing distances, as the ciliary body relaxes to increase the curvature of
the lens, shorten the focal length, and consequently bring the object of interest to focus on
the retina, feedback is provided as to the focusing distance. The accommodation cue refers
to this feedback associated with the contractile state of the ciliary body (Figure 1). While it
was originally thought that direct feedback from the ciliary body was assimilated by the
brain, it is now believed that it is the neural signals sent o the ciliary body which provide
this depth information (Braunstein, 1976). Beyond viewing distances of approximately
2 m, this proprioceptive cue is very slight (Hodges and McAllister, 1988) because
contraction of the ciliary body approaches the maximum and the focal length of the eye
approaches optical infinity. The accommodation cue is normally correlated with the
binocular proprioceptive cue of vergence.

Interposition. Opaque foreground objects which lie on the same viewing axis as
background objects will occlude background objects (Figure 2a). The interposition cue is
the driving concern of hidden line algorithms for graphical display software, since
experience dictates that foreground lines which are interposed between the observer and the
background will occlude the background. The use of such algorithms is important to

prevent perceptual anti-cues. Interposition can be a powerful anti-cue when inappropriately



Point of Lens Retina
Fixation

Figure 1. Accommodation of the lens. As the ciliary body relaxes, the lens becomes more

rounded and the focal length of the eye becomes shorter.



(a)

(b)

Figure 2. An illustration of interposition. Figures in (a) appear in a clear apparent depth
order. Because the complete contour of E is not known, figures in (b) are

ambiguous.



present in stereoscopic displays, especially when a stereoscopic image occupies the virtual
space in front of the display screen (crossed disparity). If the stereo image is touching the
display frame such that the display border appears to occlude the image, the parallax
information in the stereoscopic image will be in conflict with the interposition cue (Tolin,
1987).

Another limitation of the interposition cue is the dependenée of depth interpretation
on clarity or constancy of object contours. For example, the cross and square in Figure 2b
have an ambiguous relationship because the observer cannot be sure if the second figure is
a cross or an occluded polygon. The effective interpretation of the interposition cue
requires that unambiguous contours be present in the scene.

Most contemporary investigations of the interposition cue have concerned kinetic
interposition or kinetic occlusion, the interposition of dynamic visual elements (Braunstein,
Andersen, and Riefer, 1982; Braunstein, Andersen, Rouse, and Tittle, 1986; Rhodes,
1980). While static interposition depends upon the presence of overlapping object
contours, kinetic interposition may be perceived using random texture patterns which lack
such contours (Rhodes, 1980). Interposition of dynamic texture elements by a continuous
edge (edge occlusion) provides more compelling relative depth information than
interposition of individual texture elements which do not form a continuous edge (element
occlusion) (Braunstc.in et al., 1982). The greater potency of edge occlusion was also
demonstrated by Braunstein et al. (1986), where edge occlusion which conflicted with
stereoscopic disparity severely degraded the accuracy of depth judgements.

Linear perspective. A constant distance between two points will subtend a
diminishing visual angle as viewing distance increases (Buffett, 1980; Graham, 1965).
Since the size of any given image falling on the retina changes with viewing distance, it is

convenient to specify visual dimensions in terms of the visual angle subtended at the retina.







































































































































































































































