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ABSTRACT

The addition of stereo cues to perspective displays is generally expected to improve the perception of depth. However, the
display’s pixel array samples both perspective and stereo depth cues, introducing inaccuracies and inconsistencies into the
representation of an object’s depth. The position, size and disparity of an object will be inaccurately presented and size and
disparity will be inconsistently presented across depth. These inconsistencies can cause the left and right edges of an object
to appear at different stereo depths. This paper describes how these inconsistencies result in conflicts between stereo and
perspective depth information.

A relative depth judgment task was used to explore these conflicts. Subjects viewed two objects and reported which
appeared closer. Three conflicts resulting from inconsistencies caused by sampling were examined:

»  Perspective size and location vs. stereo disparity
»  Perspective size vs. perspective location and stereo disparity
*  Left and right edge disparity vs. perspective size and location

In the first two cases, subjects achieved near-perfect accuracy when perspective and disparity cues were complementary.
When size and disparity were inconsistent and thus in conflict, stereo dominated perspective. Inconsistency between the
disparities of the horizontal edges of an object confused the subjects, even when complementary perspective and stereo
information was provided. Since stereo was the dominant cue and was ambiguous across the object, this led to significantly
reduced accuracy. Edge inconsistencies also led to more complaints about visual fatigue and discomfort.
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1. INTRODUCTION

For some tasks, providing stereo depth information in addition to other depth cues can significantly improve performance.
There has been much discussion of the utility of stereo depth information in the literature' >. Clearly, the value of stereo is a
function of the task to be performed with the stereo display. This paper presents another way of evaluating the usefulness of
stereo when spatial resolution is limited and the task involves relative depth judgements.

If stereo information is presented using a flat display (rather than any number of other stereo display technologies), then
the display’s pixel array samples the stereo information. Sampling results in artifacts that hinder the correct perception of
binocular disparity information in 3D computer-generated imagery (CGI). Typically, antialiasing methods are used to
ameliorate these artifacts, but antialiasing can represent an unwanted computational cost, especially in systems where an
interactive frame rate must be maintained.

Stereo depth cues are seldom presented without linear perspective depth cues. Although different types of projection
may be used (e.g., orthographic), perspective projection is the most common in 3D CGI. Sampled scenes presented with
perspective projection will have artifacts in the projected size and location of objects, resulting in inaccuracies and
inconsistencies in the presentation of depth’. Using stereo and perspective projection in a system with limited spatial
resolution results in additional inaccuracies and inconsistencies. Inconsistencies in stereo and perspective depth may not
occur simultaneously, resulting in conflicts in the depth information.

In this paper, we identify and discuss artifacts in spatially sampled stereo and perspective depth cues. First, we describe
assumptions about the display system and the viewing geometry. Then, we present the artifacts that occur in perspective
depth information and stereo depth information. We describe the effects of sampling on the combination of these two depth
cues. A set of four experiments is presented to examine the interactions between the artifacts in perspective depth cues and
the artifacts in stereo depth cues when they represent complementary and conflicting depth information. The implications for
stereo display design and task performance are also discussed.
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2. BACKGROUND

This paper discusses artifacts that would occur in a time- or space- multiplexing stereo system based on a flat screen, such as
shutter glasses systems®, many stereco HMDs, and some autostereo displays’. We also simplify, for purposes of illustration,
by assuming pixels are square, the display surface is flat, and pixels behave uniformly across the display surface.

Some previous work has addressed sampling in stereo imagery. Hodges and Davis describe the creation of “stereo
voxels” due to the sampling of binocular disparity information on a flat-screen stereo display®. Stereo voxels determine what
area in space is represented by a particular disparity at a particular location on the screen. They show how the sampling of
the on-screen disparity results in sampling of the 3D viewing volume.
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Figure 1: Plan view of spatially sampling a stereoscopic viewing volume. Adapted from Davis and Hodges'.

Figure 2: Spatially sampling (two pixels by two pixels) a 3D stereoscopic viewing volume.

Ledley & Frye’ refer to the depth represented by a particular sampled disparity as a “depth plane”. These sources, however,
look specifically at stereo information; in this paper, we focus on sampling in both stereo and perspective depth cues.

Stereo information is usually presented in conjunction with linear perspective information®. Displaying stereo without
perspective cues (or any geometric projection) causes distortions due to the viewing geometry. For example, an object
presented with only stereo information appears smaller when in front of the screen, and larger when behind because of the

geometry of the stereo viewing volume’. In this paper, we assume that both stereo and perspective cues are used to present
depth in CGI.

2.1. Sampling Artifacts in Perspective Depth Cues

When perspective depth information is sampled, two types of errors occur: inaccuracies and inconsistencies. The 2D
projected location of a 3D point will be rounded to the nearest pixel, introducing some inaccuracy in the depth the point
represents. However, inaccuracy in position is often less of a problem than inconsistency in size’. The size of an object will
be determined by the rounded projection of its horizontal and vertical endpoints. The endpoints may fall such that the object



grows or shrinks by a pixel from the correctly rounded size, as in Figure 3. This means that two objects at the same depth
may appear to be different sizes. Worse yet, an object that is at a greater distance may appear larger than a closer object.
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Figure 3: Inconsistencies in projected size due to sampling the endpoints of an object. The top row shows how the
size of an object could incorrectly round up, making the object appear larger than intended.

Furthermore, inconsistencies in size do not necessarily occur simultaneously in both dimensions, which results in
inconsistencies in the proportions of an object.

The likelihood that inconsistencies occur varies as a function of the size of the object, the distance from the line of sight,
and the distance between the object and the viewpoint. A very small object lying on the line of sight experiences few
inconsistencies over a range of depth, whereas a large object far from the line of sight experiences many size and proportion
inconsistencies.

The perception of these inconsistencies is governed primarily by the size of a pixel. The ability to detect a difference in
the projected location of two objects is a function of the separation of the two objects and the pixel size. Similarly, the
detectability of a difference in the size or proportions of two objects is governed by the separation of the two objects and the
ratio of thg: size of the object to the size of a pixel. For an in-depth description of these artifacts and how they are perceived,
see Pfautz’.

2.2. Sampling Artifacts in Stereo Depth Cues

Stereo depth information also experiences inconsistencies and inaccuracies due to sampling. Again, we focus on the
occurrence of inconsistencies that are more likely to disrupt the accurate perception of depth. When sampling the disparity of
a single point, the space between the left and right locations of the point will be sampled much like the size of an object, as
described above. This means that the disparity of an object will vary inconsistently in depth. Two objects may be at the
same stereo depth but be presented at different stereo depths, as in Figure 4.
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Figure 4: Inconsistencies in stereo depth due to sampling the disparity. The top row shows how the disparity of an
object could incorrectly round up, making the object appear further in stereo depth than intended.

The occurrence of this artifact is a function of the distance from the line of sight. Depending where the object is located, the
endpoints will round differently.

The detectability of inconsistent stereo depth will depend on whether the system presents steps in stereco depth that are
smaller than human stereoacuity (i.e., around 2' of arc'®). However, many flat-screen based stereo displays do not achieve

this goal and steps in stereo depth are perceivable. Thus, the inconsistencies in an object’s disparity are likely to be
detectable.



2.3. Sampling Artifacts in Stereo and Perspective Displays

When stereo and perspective depth cues are combined, the aforementioned inconsistencies and inaccuracies are present, as
well as an additional inconsistency caused when the horizontal size of the object is different in the left and right views. We
call this the horizontal edge inconsistency, where one edge has a different disparity than the other, as illustrated in Figure 5.
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Figure 5: Inconsistencies in disparity and size lead to different disparities at the left and right edges of an object, as
shown in the top stereo pair. The top row shows how disparity of one edge could round differently than the other
edge, resulting in an object that is slanted in stereo depth.

We conducted an informal experiment to determine how this inconsistency is perceived as the size of the inconsistency
increases. Subjects reported that a square’s size appeared to grow or shrink when disparity differed by less than 0.38°; for
larger disparities, stereo fusion was impossible. That is, subjects saw a change in the horizontal size of the fused square, not
a change in its depth. This occurred for both negative and positive differences in disparity and textured and flat-shaded
objects. This implies that an object experiencing this inconsistency will not be perceived as slanted in stereo depth, but will
be seen as wider or narrower because the perspective cues showing the object as flat dominate the stereo cues.

Importantly, the inconsistencies described above are not likely to occur at the same time. Consequently, conflicting
depth cues may be presented:

» Disparity and perspective location cues may conflict with perspective size cues

»  Disparity cues may conflict with perspective location and perspective size cues

*  Left and right edge disparity cues may conflict with perspective location and perspective size cues
The magnitude of these conflicts will be at most two pixels (i.e., one cue rounds up incorrectly, the other cue rounds down
incorrectly). However, one-pixel rounding errors are more common.

3. EXPERIMENTATION

As described above, spatially sampling a scene with perspective and stereo depth information leads to inconsistent
presentation of an object’s size, disparity and horizontal edge disparities. This section describes a set of experiments
designed to assess the detectability of these artifacts. Furthermore, we want to determine which cue dominates when these
artifacts lead to conflict in the presentation of depth.

We chose to use a relative depth judgement task that was a variation of the Holway & Boring size-distance experiment'',
with the notable difference that the depths of two objects were compared while they were adjacent. We chose this
methodology rather than the Howard-Doleman apparatus'> used by Nagata'’ and others'* because we want to evaluate the
aforementioned artifacts in static imagery without additional spatio-temporal sampling artifacts found in moving imagery.

3.1. Method
The three inconsistencies, size, disparity and horizontal edge, were treated in four separate experiments run in succession.
Size and disparity inconsistencies were tested in one experiment each and horizontal edge inconsistencies in two. We tested

the detectability of changes in depth by presenting two objects and asking the subjects to make a judgment about their
relative depth.

3.1.1. Size and Disparity Inconsistencies

In these trials, the perspective sub-cues and the disparity were manipulated by one pixel. The one-pixel change in disparity
and perspective would result in either complementary or conflicting cues, therefore replicating the size and disparity



inconsistencies that occur in typical 3D scenes. To test cue dominance when disparity inconsistencies occur, the perspective
location and size were changed separately from the disparity (Experiment 1). For size inconsistencies, the perspective size
was changed separately from the disparity and the perspective location (Experiment 2). These conditions are illustrated in
Figure 6.
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Figure 6: The depths presented with perspective and stereo cues in Experiments 1 and 2.

Subjects were asked, “Which object appears closer?” In this manner, we could determine if a subject is able to see the
one-pixel changes in depth and which source of depth information will dominate in conflict situations.

3.1.2.  Horizontal Edge Inconsistencies

Informal experimentation on the tolerance for inconsistencies in disparity between an object’s horizontal edges suggests that
an afflicted object appears wider or narrower, rather than slanted in stereo depth. If perspective cues are primarily used to
resolve depth, then this apparent size change may result in confusion about the distance to the object. In addition, as the
width of the object increases, detecting a change in stereo depth will become more difficult since stereo acuity degrades with
increased eccentricity'®. Given these considerations, we designed two experiments, one to assess the detectability of edge
consistencies and the other to evaluate the potential effects of cue dominance.

In Experiment 3, subjects viewed two objects with identical perspective depth. A one-pixel edge inconsistency was
present on one object on half the trials. Subjects responded to the question, “Are the two objects at the same depth?” In this
manner, the detectability of these inconsistencies could be evaluated, regardless of whether they influence perspective or
stereo depth.

In Experiment 4, one object was presented with a one-pixel edge inconsistency and therefore an ambiguous stereo depth.
The other was matched to either the front or the back edge in stereo depth. Then, perspective information was provided to
either assist or hinder the perception of the relative depth of the second object. Subjects were asked, “Which object appears
closer?” In this manner, we hoped to determine if the interaction between stereco and perspective cues would be altered when
the stereo cue was inconsistent. These conditions are illustrated in Figure 7.
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Figure 7: The depths presented with stereo and perspective cues in the two edge inconsistency experiments.

These four experiments were run in succession. Since strategy is an important consideration in cue conflict experiments,
we expected a more consistent viewing strategy if the separate experiments were conducted in succession.

3.1.3. Subjects

Eight subjects were recruited from among the students and staff at the University of Cambridge Computer Laboratory. All
had either normal vision or vision corrected to normal (self-reported). A simple test was performed to ensure subjects had
normal binocular vision. The subjects all had substantial experience viewing and manipulating 3D CGI.

3.1.4. Apparatus and Stimuli

The visual stimuli were produced on a 17-inch CRT using CrystalEyes shutter glasses. The resolution of the image presented
to each eye was 1280x491 pixels. A 12cm black frame was constructed to reduce framing effects'’. The viewing position
was located approximately 60cm from the display surface. The field-of-view of the display was 32°x25°. The geometric
FOV was chosen to match the real world FOV.

A standard graphics package, OpenGL, was used to generate the images on an SGI Indy workstation. Object sizes and
locations were chosen to ensure the appropriate type of inconsistency would be presented. However, since size and
separation affect perspective cues, we kept the size and relative location of the objects within the thresholds suggested by
previous informal experimentation’.

Because perspective depth cues are ambiguous, presenting two objects with only perspective information would not
provide a convincing sense of depth. Therefore, other cues were presented, provided they did not change the shape or
location of the primary objects themselves and thus did not provide conflicting depth information. Following Kim et al.'®, a
surrounding box and grid were added. Textures were also added to provide flatness information across the surface of the
objects.

Left View Right View

Figure 8: Sample stimulus. Stereo and perspective cues are exaggerated in this figure for increased clarity.



3.1.5. Design

In all four experiments, a two-alternative forced-choice procedure was used for data collection. Similarly, three different
depths were used, selected to fall within the range of the binocular disparity threshold (i.e., +1.5° as in Lipton®). The
independent variables for each experiment were:

»  Experiment 1: Disparity inconsistency, “Which is closer?” (72 trials)
*  Which object moved (left or right)
*  Direction of movement of comparison object (closer or further)
*  Conflicting or complementary cues in the comparison object

*  Experiment 2: Size inconsistency, “Which is closer?” (72 trials)
*  Which object moved (left or right)
*  Direction of movement of comparison object (closer or further)
*  Conflicting or complementary cues in the comparison object

»  Experiment 3: Horizontal edge disparity inconsistency, “Are they the same depth?” (72 trials)
*  Which object moved (left or right)
*  Direction of movement of comparison object (closer or further)
*  Which edge moved (inside or outside)
*  Type of movement (+ one pixel of disparity on selected edge)

»  Experiment 4: Horizontal edge disparity inconsistency, “Which is closer?” (96 trials)
*  Which object moved (left or right)
*  Which edge moved (inside or outside)
*  Direction of movement of edge (closer or further)
*  Type of movement (+ one pixel of disparity on selected edge)
»  Stereo location of comparison object (same as front or back of slanted object)
*  Conflicting or complementary cues in the comparison object

These cases were presented in random order within each experiment. Because we wanted any development of strategy
to be consistent across all subjects, the experiments were always presented in the same order.

For the “Which is closer?” experiments (1, 2, and 4), the dependent variable was the correctness of the response when
the cues were complementary and which cue dominated when the cues conflicted. For the “Are the objects the same depth?”
experiment (3), the dependent variable was the correctness of the response.

3.1.6. Procedure

Upon arrival, subjects were given simple instructions that carefully avoided suggesting any viewing strategies. They
performed a set of sample trials to familiarize themselves with the experimental task. Subjects were seated comfortably and
the viewing conditions were checked to ensure consistency. Although their heads were not restrained, subjects were asked to
remain as still as possible through a set of trials. The room was darkened by extinguishing overhead lights and blacking out
the window.

Each stimulus was presented until the subject responded with a mouse click. Subjects were asked to respond to the
question "Which object appears closer?" with the corresponding mouse button or to “Are they the same depth?” with the left
mouse button for “yes” and the right for “no”. A blank screen was then displayed for one second to clear any afterimages.
After each experiment, subjects were given a break to help avoid visual fatigue. A complete run took about thirty minutes.

3.1.7. Results — Size and Disparity Inconsistencies

The mean correctness in Experiment 1 (size inconsistency) was 98.4% (SD = 12.5). Similarly, the mean correctness in the
Experiment 2 (disparity inconsistency) was 98.4% (SD = 12.5). In these cases, the ability to detect a change in depth when
perspective and stereo information were complementary was near perfect.

Strategy played a major effect on whether stereo or perspective information was used. When the disparity was in
conflict with the perspective size and location, six subjects used stereo to determine depth on 99.4% (SD = 7.5) of the trials,
while one subject used perspective cues on 100% (SD = 0.0) of the trials.

One subject changed strategies in the middle of Experiment 1, switching from using perspective cues to using stereo
cues. When the size conflicted with the stereo and location information, seven subjects used stereo to determine the depth on



98.1% (SD = 13.5) of the trials, while the same subject as in Experiment 1 used perspective cues on 83.3% (SD = 37.8) of the
trials.

Clearly, the strategy chosen at the beginning of the experiment (presumably during the sample trials) influenced the
perception of the objects. However, most subjects used stereo in situations where the cues were conflicting or ambiguous.
This suggests that most viewers will see the stereo depth presented when inconsistencies in size or disparity occur.

Two analyses of variance (ANOVA) were performed on the data from Experiments 1 and 2, using correctness as the
dependent variable. In both experiments, the displayed depth of the objects had no effect on accuracy or cue use in either the
conflicting or the complementary cases.

3.1.8. Results — Horizontal Edge Inconsistencies

On the first of the two edge inconsistency experiments (Experiment 3), subjects were able to determine that the objects were
at the same depths on 79.7% (SD = 40.3) of the trials when the objects were unchanged. An ANOVA was performed and
this result was statistically significant, F(1,574) = 37.93, p < 0.01. When one object was slanted, the detectability of the
inconsistency when the inside edge differed was significantly better than when the outside edge differed, F(1,574) = 10.59, p
< 0.01. This is consistent with our expectation that the inner edge will dominate the comparison since stereo acuity decreases
with increased eccentricity. The depth of the objects had no effect on accuracy.

The second edge inconsistency experiment had no significant results. Subjects were either guessing on most cases or the
effects of the various conditions were too subtle to show up in the statistical analysis. While subjects reported visual fatigue
and discomfort for all four experiments, they especially mentioned difficulties with the two edge inconsistency experiments.

3.2. Discussion

The four experiments assessed the detectability of changes in stereo and perspective depth cues due to inconsistencies in size,
disparity and horizontal edges. These inconsistencies can cause conflicts between stereo and perspective depth cues;
therefore, cue dominance was also evaluated for each type of inconsistency.

When size and disparity cues were complementary, subjects achieved near-perfect accuracy. This confirms that
combining depth cues improves the perception of depth. When size and disparity were inconsistent, stereo dominated
perspective. In both the conflicting and complementary cases, the difference was reliably detected in a typical viewing
situation (i.e., pixel width = 1'24" of visual angle). In static images, we expect stereo to be the stronger cue, since perspective
cues are particularly aided by disambiguation due to movement.

The inconsistency between the disparities of the horizontal edges of an object confused the subjects. Even when
complementary information was present, judgements were still difficult. Again, since stereo was the dominant cue in this
situation and was ambiguous across the object, this led to decreased accuracy. The difference in stereo depth was more easily
detected when the difference occurred on the inside edges of the objects. This implies that differences that occur too far apart
will not be detected. Edge inconsistencies also led to more reports of visual fatigue and discomfort.

4. CONCLUSIONS

The experiments described in this paper have some impact on stereo display design. In systems where antialiasing in
software or hardware is impractical and spatial resolution is limited, sampling artifacts occur that affect the accuracy of depth
perception. Therefore, the presentation of stereo and perspective depth information in static imagery must account for these
artifacts if accuracy is critical for task performance. Furthermore, these artifacts result in conflicts in depth cues which cause
additional visual fatigue and viewer discomfort. The value of presenting stereo depth information in a system where these
artifacts will occur should be weighed against task requirements; if the task requires fine relative depth judgments in static
images and the user cannot tolerate some discomfort, these artifact will severely hinder the effectiveness of the display
system. These problems can be ameliorated with typical antialiasing methods, although alternative, more efficient methods
have been proposed’.
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