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Augmented reality (AR) devices seek to create compelling visual experiences that merge virtual imagery with the natural
world. These devices often rely on wearable near-eye display systems that can optically overlay digital images to the left and
right eyes of the user separately. Ideally, the two eyes should be shown images with minimal radiometric differences (e.g.,
the same overall luminance, contrast, and color in both eyes), but achieving this binocular equality can be challenging in
wearable systems with stringent demands on weight and size. Basic vision research has shown that a spectrum of potentially
detrimental perceptual effects can be elicited by imagery with radiometric differences between the eyes, but it is not clear
whether and how these findings apply to the experience of modern AR devices. In this work, we first develop a testing
paradigm for assessing multiple aspects of visual appearance at once, and characterize five key perceptual factors when
participants viewed stimuli with interocular contrast differences. In a second experiment, we simulate optical see-through
AR imagery using conventional desktop LCD monitors and use the same paradigm to evaluate the multi-faceted perceptual
implications when the AR display luminance differs between the two eyes. We also include simulations of monocular AR
systems (i.e., systems in which only one eye sees the displayed image). Our results suggest that interocular contrast differences
can drive several potentially detrimental perceptual effects in binocular AR systems, such as binocular luster, rivalry, and
spurious depth differences. In addition, monocular AR displays tend to have more artifacts than binocular displays with a
large contrast difference in the two eyes. A better understanding of the range and likelihood of these perceptual phenomena
can help inform design choices that support high-quality user experiences in AR.
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1 INTRODUCTION

Designing new display systems often requires understanding whether and how the display’s visual limitations ad-
versely affect the user experience. Display systems for augmented reality (AR) pose a unique set of challenges
because they aim to merge virtual information into the user’s natural vision using a system with demanding
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Fig. 1. Binocular display systems present separate images to each eye. These systems are commonly used for augmented
reality (AR) and, due to hardware and software limitations or imperfections, are subject to unintended spatial, temporal, or
radiometric differences between the images shown to the two eyes. In this illustration, the user’s view of an icon (image credit
[48]) has higher contrast in the left eye than in the right eye. These differences may affect their perception of brightness,
contrast, luster, rivalry, and depth.

design specifications (e.g., a wearable optical see-through near-eye display system) [27]. When these wearable
systems are binocular, they may employ independent displays and optics for the two eyes, introducing the po-
tential for spatial, temporal, and radiometric differences in the virtual content that each eye sees (Figure 1). Here,
we aim to explore the range of perceptual effects that can result when the user of an AR system receives a higher
intensity image in one eye than the other.

From a display engineering perspective, differences between the left and right eye’s views can be desir-
able or detrimental. Importantly, binocular display systems enable the presentation of images with binocular
disparities—the natural spatial offsets between the two eyes’ views that can elicit a compelling sense of depth
via a perceptual process called stereopsis. However, patterns of imperfections in display panels (sometimes
called mura) and spatial distortions introduced by optical architectures may also differ between the two eyes
[26, 28, 38, 50]. These factors can introduce additional interocular differences that are not intended by the de-
signer, and understanding their potential perceptual consequences is key for optimizing the user experience. Our
understanding of these perceptual consequences, however, is still in the early stages.

Basic vision science studies, using simple shapes and gratings as stimuli, suggest that large interocular differ-
ences in brightness, contrast, and pattern between the two eyes are likely to elicit troublesome percepts in which
the stimulus appears to shimmer or alternate in appearance over time (see [3, 54] for review articles). However,
small differences can go unnoticed [14]. Recent applied research has begun exploring whether and how these
phenomena might affect the appearance of AR content. For example, in AR systems with a small eyebox, the
two eyes can be subject to different patterns of luminance vignetting (non-uniformity), which may result in de-
graded image quality [4]. However, a recent perceptual study suggests that a binocular AR display system with
different vignetting patterns between the two eyes results in reduced salience of these artifacts as compared to
a monocular system [8]. This prior work shows that certain types of radiometric differences may not be detri-
mental; in fact, it may be possible to take advantage of binocular combination to achieve certain desired design
goals (i.e., better display uniformity). However, prior work has focused largely on assessing just one aspect of
binocular perceptual experience at a time [2, 9, 10, 20, 29, 53], while it is likely that binocular image differences
cause multi-faceted perceptual effects that are not well captured by a single perceptual measurement.

Here, we adopt the term dichoptic to refer to stimuli that differ radiometrically between the two eyes (e.g., differ
in luminance, contrast, or color). We aim to contribute a better understanding of the perceptual phenomena that
occur when viewing dichoptic imagery in AR, in order to support well-informed display design decisions.

We conducted two perceptual experiments to evaluate the implications of dichoptic imagery for user experi-
ence in AR systems using a desktop monitor setup that simulates AR imagery. In addition to exploring dichoptic
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contrast in binocular AR systems, we include conditions simulating monocular AR viewing (i.e., systems in which
only one eye sees the displayed image), because monocular designs may be sufficient for some AR applications.
Drawing on the basic vision science literature, we identified several perceptual factors pertinent to the appear-
ance of dichoptic imagery: perceived brightness, contrast, luster, rivalry, and depth (Figure 1). Using simulated
AR stimuli, we studied all the aforementioned effects together with a battery of subjective response prompts. We
examined how these effects varied for different levels of interocular difference and different stimulus patterns.
Studying these factors all together, rather than focusing on a single effect, enables us to characterize a broad
gamut of potential perceptual consequences to AR display design.

While many of the presented results are relevant to virtual reality (VR) as well, we focus on optical see-
through AR in this report because the optical and electronic demands on such systems necessitate challenging
tradeoffs that can be informed by a deeper understanding of dichoptic perception. For example, because AR
devices often have light pass through from the environment while VR devices block visible light from the envi-
ronment, AR devices may need higher intensity light sources for content to be visible when operating in bright
environments (video see-through AR devices are an exception). AR imagery presented on optical see-through
devices also has an idiosyncratic appearance because the optically overlaid virtual content is often semitranspar-
ent. Stimuli with this appearance warrant dedicated investigation as our perceptual interpretations of them are
complex [17, 57] and underexplored.

Our primary findings are as follows:

(1) Across a broad range of visual stimuli, participants judged the appearance of dichoptic images to differ
from non-dichoptic images with respect to all five perceptual factors tested. We found that luster was the
perceptual effect reported most often with dichoptic stimuli.

(2) Asthe contrast difference between the two eyes increased, the prevalence of all dichoptic perceptual effects
increased.

(3) Monocular viewing (i.e., viewing display content in only one eye) resulted in a similar set of perceptual
results, but with a higher prevalence.

2 RELATED WORK

In this section, we briefly summarize the range of perceptual phenomena associated with viewing dichoptic
stimuli that differ in luminance or contrast between the two eyes. We focus on achromatic imagery, but these
effects are also relevant for chromatic stimuli, which we will take up briefly in the Discussion.

2.1 Brightness

For most people, closing one eye does not make the world appear any dimmer under normal viewing conditions.
This observation suggests that perceived brightness is not a simple average of the luminance levels reaching the
two eyes and has motivated a range of psychophysical research characterizing dichoptic brightness perception.
Brightness perception is well-modeled as a weighted combination of the inputs to the two eyes, with the weights
varying depending on the context. For example, when simple stimuli (e.g., uniform gray disks) with different lu-
minance levels are shown to the two eyes, we can ask what the resulting perceived brightness is. Generally,
the stimulus with a greater contrast is found to dominate the binocular brightness percept (sometimes termed
“winner-take-all”) [2, 10, 30] (Figure 2(a)). That is, if both stimuli are bright compared to the background (incre-
ments), the binocularly perceived brightness tends to match the brighter stimulus and if both stimuli are dark
compared to the background (decrements), the perceived brightness matches the darker one. However, percepts
can shift toward binocular averaging under certain viewing situations [10]. For example, in Fechner’s paradox,
viewing a dichoptic image pair with different luminance levels in the two eyes results in a darker percept than
if the observer closes one eye and just views the brighter of the pair monocularly [30]. Under certain viewing
conditions, the brightness percept can be more like “loser-take-all” and biased toward the dimmer image. In par-
ticular, if additional contours or edges are added to the stimulus with lower contrast, the perceptual biases can
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Fig. 2. Illustrations of the different binocular perceptual phenomena that can result from interocular luminance and contrast
differences. Readers are encouraged to cross-fuse the left and right eye images to observe the effects since the artistic
depiction is not exact. (a) Two pairs of stimuli with dichoptic luminance increments. The top row shows the winner-take-
all brightness perception phenomenon. The bottom row, with a monocular contour in the eye seeing the lower luminance
disk, illustrates the resulting bias toward that eye (in this case, loser-take-all). (b) Dichoptic contrast perception of more
complex patterns, for example if the contrast of a grating pattern differs between the two eyes, is often dominated by the
eye seeing higher contrast. (c) Binocular luster percepts can be elicited by dichoptic luminance stimuli. (d) Binocular rivalry
can be elicited by pairs of images with different visual patterns in the two eyes. (e) Lastly, imagery that is anti-correlated and
without binocular disparity between the two eyes can result in anomalous depth percepts. In this example, the binocular
percept of the middle region (highlighted by the gray square) tends to be that it is at a different depth than the surrounding
area. Luster, rivalry, and anomalous depth may also be visible when fusing panels (a) and (b).

(d)

switch toward that stimulus [10, 30]. These observations motivate the need to understand brightness perception
in AR systems. For example, if Fechner’s paradox or loser-take-all binocular combination occurs for AR displays,
then it may be better in some cases to have a monocular AR display system than a binocular one with dichoptic
brightness.

2.2 Contrast

A related line of research has asked how people perceive the contrast of dichoptic stimuli when the average
luminance is matched between the two eyes. Contrast refers to the range between the brightest and darkest
regions of an image. For example, research participants can be asked to match or rate the perceived contrast of a
binocularly viewed sine wave grating when the two eyes view gratings with different contrast levels (Figure 2(b)).
Research using this type of stimulus has shown that dichoptic contrast perception also tends to follow a winner-
take-all pattern similar to dichoptic luminance perception [9, 29]. This finding is not surprising given that a sine
wave grating can be thought of as a set of alternating luminance increments and decrements. Even when the
phase between the two dichoptic gratings differs, the perceived contrast is still biased toward the higher contrast
grating [9, 23]. From a display design perspective, these findings seem promising because they suggest that
winner-take-all binocular contrast perception can hold even for stereoscopic stimuli with binocular disparities.
However, like luminance perception, contextual effects can alter the balance between the two eyes for perceived
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contrast. For example, recent work showed that the dichoptic contrast percept can be strongly influenced by a
lower contrast stimulus if it is embedded within a contour, similar to brightness percepts [52]. These modulations
were also found to depend on the spatial properties of the stimulus: the influence of the contour was stronger
for simple grating-like stimuli with a single orientation and weaker for other more complex stimuli.

2.3 Luster

If our perception of dichoptic stimuli could be completely modeled as a weighted mixture of the luminance
and contrast of the two eyes inputs, then the challenge of predicting these percepts would just be a matter of
determining the appropriate weights for a given stimulus. However, this is not the case. There are unique forms of
binocular appearance that can emerge with dichoptic stimuli, such as binocular luster. The lustrous appearance
of dichoptic stimuli is subjectively described as shimmery, shiny, or metallic (Figure 2(c)). A classic stimulus
targeted to elicit binocular luster is a pattern with opposite contrast polarity in the two eyes (i.e., a luminance
increment in one eye and decrement in the other eye), but binocular luster can also be elicited when the two eyes
have unequal increments or decrements [36, 53]. For AR applications, luster may be troublesome if it interferes
with the perceived realism or material properties of the stimulus. However, it may also be a tool that designers
desire to leverage, for example, to make a virtual object stand out visually or to break color metamerism [16]
(see [54] for review).

2.4 Binocular Rivalry

Another binocular phenomenon that occurs with dichoptic imagery is rivalry. During binocular rivalry, the
appearance of a stimulus changes over time. When a stimulus elicits binocular rivalry, it may appear to match
one or the other eye’s input at any moment in time, or it may be perceived as a mixture (Figure 2(d)). For
example, the binocular percept may be a patchy mix of the two eyes inputs, in which some parts of the percept
look like one eye’s input while other parts look like the other eye’s input [46]. To study binocular rivalry, a pair
of highly dissimilar images (e.g., gratings with different orientations or two disparate images) are often used,
but rivalry can also be elicited by more subtle interocular differences [42]. For many binocular AR devices, it is
unlikely that the content seen by the two eyes is extremely dissimilar, but for monocular devices that show virtual
content to only one eye rivalry may be more of a concern [40]. It is thought that the relative strength of each
eye’s input determines rivalry dynamics, and the eye with the stronger stimulus (e.g., brighter, higher contrast)
is the predominant percept [31]. This observation holds true for simple stimuli, but not necessarily for more
complex stimuli [47]. Compared to the other binocular effects covered in this section, salient rivalry is likely
to be universally considered as an undesirable visual artifact that compromises the visibility of the displayed
content in AR.

2.5 Depth

It is well established that the visual system can use positional differences in the two eyes’ images (binocular
disparities) to infer depth information. It has been recently shown, however, that dichoptically tonemapped nat-
ural imagery with interocular contrast and luminance differences can generate a sense of depth as well [51, 60].
However, this depth effect has been elusive to vision science research, as it is harder to elicit consistently com-
pared to binocular luster, rivalry, and stereoscopic depth (from binocular disparity). Psychophysical studies have
demonstrated an anomalous depth effect (also referred to as the “sieve effect” and “rivaldepth”) with anticor-
related images in which a white pixel in the left eye matches to a black pixel in the right eye, but there is no
binocular disparity [22, 35, 39] (Figure 2(e)). There is individual variation in this anomalous depth effect, however,
such that some participants can perceive a reversal in depth but not others [20, 44]. It also is highly dependent
on the stimulus configuration [19, 20]. These depth effects may also be associated with luster and rivalry. For
example, one small study found that these three effects could all be induced with the same amount of dichoptic
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luminance difference by simply changing the stimulus size [41]. Depending on the use case, this depth effect may
be an additional tool for display designers to enhance depth impressions, since people often underestimate the
distance of objects simulated via near-eye displays [12]. On the other hand, any anomalous depth effects may
also be problematic for tasks that require fine depth accuracy.

2.6 Modeling Dichoptic Percepts

Considering the importance of the perceptual appearance of dichoptic imagery for display design, it would be
useful to be able to predict binocular appearance given any pair of input images for the two eyes. Efforts have
been made to develop models to predict various aspects of binocular percepts, but no model exists yet that has
been shown to reliably predict a range of perceptual factors at once. For example, some models of binocular
combination focus on implementing the mechanisms of early stages of interocular interaction (e.g., interocular
suppression) based on basic stimulus properties (e.g., contrast) [11, 15, 24, 32], while other models, particularly
those focused on rivalry, employ higher-level frameworks such as perceptual inference and decision making
[6, 21]. However, oftentimes these perceptual models intend to predict only a single aspect of appearance, and
most prior work has focused on using controlled stimuli targeted to elicit one type of effect only. Some prior work
has explored the perceived image quality of natural dichoptic images, as an extension of conventional 2D image
quality metrics [5, 56]. Recent approaches in this domain have incorporated models of binocular processing;
however, the evaluations focus on predicting a single dimensional measure of 3D image quality [7, 13, 45]. To
support models that can predict the multi-faceted appearance of dichoptic stimuli, a better understanding of how
multiple perceptual effects might co-occur is needed.

3 PERCEPTUAL EXPERIMENTS

In this article, we present the results of two perceptual experiments designed to examine all five of the afore-
mentioned perceptual factors in dichoptic appearance together. We aim to provide a more holistic picture of
what dichoptic stimuli may look like to users and in this way inform display design decisions. For example,
it would be beneficial to know if there is any systematic relationship between the different perceptual effects.
Are different effects associated more or less with different amounts of interocular image differences? Is there a
“sweet spot” for optimal user experience where perceptual artifacts like binocular rivalry are minimized but the
sense of depth or contrast is enhanced? How does the perceptual outcome change when viewing different spatial
patterns?

In Experiment 1, we examine how spatial complexity and interocular contrast differences influence the oc-
currence of the different perceptual effects. This experiment uses conventional psychophysical stimuli. It aims
to validate our multiquestion experimental procedure and understand the potential relationships between the
perceptual factors of interest. Experiment 1 was conducted as part of a larger psychophysical study, and some
non-overlapping results from this study were already reported in [52]. In Experiment 2, we leverage the paradigm
from Experiment 1 to more directly examine how dichoptic imagery varies in appearance in optical see-through
AR scenarios. We simulated stimuli in which the AR content is brighter in one eye than the other, which results
in both interocular differences in luminance and contrast. Contrast for AR content was defined as the ratio of
the maximum AR luminance over the maximum luminance of the background.

3.1 Participants

Two groups of 34 adults participated in Experiment 1 (23 females, ages 19-32 years) and Experiment 2 (25 females,
ages 18-34 years). All participants had normal or corrected-to-normal visual acuity and normal stereo vision
(measured with the Randot Stereotest). The experimental procedure was approved by the Institutional Review
Board at University of California, Berkeley, and all participants gave informed consent prior to beginning the
study.
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(b)
Were you able to find an exact match for the two stimuli in all aspects of
their appearance (brightness, contrast, shimmer, stability, depth)?

adjustable Yes
(non-dichoptic)

After adjustment:

reference

which stimulus had higher contrast overall?

which stimulus was brighter overall?

did either stimulus appear shimmery or lustrous?

did either stimulus appear to alternate in appearance overtime?

did either stimulus appear to be closer to you than the other in depth?

mounted mirrors
left eye display right eye display

| Top || Bottom || Same || Unsure |

Fig. 3. (a) Experimental setup, in which two stimuli were shown to participants in a mirror haploscope. At the start of
each trial, participants were asked to match the appearance of the two stimulus targets (e.g., the circular pattern) as best
they could by varying the adjustable stimulus (natural image credit: © October 2016 SYNS Dataset [1]). (b) Following the
matching task, a set of follow-up questions and response options (boxed) were shown on the screen for the participants to
select based on what they saw during the matching phase.

3.2 Experimental Setup

Stimuli were displayed on a desk-mounted mirror haploscope (Figure 3(a)) to allow for independent presentation
of images to the left and right eyes (presented on two LG 32UD99-W LCD displays). This system enabled precise
control over the stimulus appearance in each eye without potential interference of optical imperfections that
are common in wearable systems (e.g., optical distortions or vignetting). The viewing distance was 63 cm, and
participants were head-fixed with a chin rest. The spatial resolution of each display was 3,840 X 2,160 pixels per
eye (~60 pixels per visual degree). The experiment room was dark during the experiment.

To calibrate the displays’ luminance, we used a PR650 spectrophotometer to measure the maximum white
of each display. Then, we manually adjusted the brightness settings of the displays to achieve the best possi-
ble match for the maximum luminance. This adjustment resulted in a maximum luminance of 168 cd/m? for
the left eye (white point (x,y) = 0.31, 0.31) and 164 cd/m? for the right eye (white point (x,y) = 0.32, 0.32).
We then empirically measured the gamma nonlinearity of each display so that we could adjust the brightness
and contrast of all stimuli in units that were linear with respect to the luminance output. We determined the
grayscale gamma nonlinearity of each display perceptually using dithering, and generated a look-up table with
the same gamma correction applied to each of the RGB channels. The resulting mid-gray luminance was veri-
fied with the spectrophotometer to be approximately half of the maximum luminance and was within 8 cd/m?
between the two displays. The match between the two displays is also supported by the fact that the secondary
perceptual effects such as luster and rivalry were almost never reported for the non-dichoptic stimuli in the
experiment.

All stimuli in Experiment 2 were shown in standard sRGB colorspace. While this color gamut is likely repre-
sentative of typical AR imagery, it has a more limited chromatic range than real natural environments. We adopt
a standard of representing light levels in units of linearized pixel intensity in which the minimum light level of
the display is assigned a value of 0 and the maximum is assigned a value of 1. With LCD displays, however, some
light is always emitted from the display panel backlight, even when the pixel levels are set to 0.

3.3 Task

In a series of trials, participants were presented with pairs of stimuli to compare. One stimulus was presented
on the top half of the screens and the other on the bottom half. One stimulus was identical in the two eyes
(non-dichoptic) and the other stimulus (usually) comprised a dichoptic pair as described below. We call this
latter stimulus the reference. Participants used keyboard presses to adjust the contrast of a target pattern in the
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non-dichoptic stimulus to match the appearance of the target in the reference stimulus as best as they could
(Figure 3(a)). They could look back and forth between the stimuli and could spend as much time as they needed
to obtain the best match. The positions of the reference stimulus and the adjustable non-dichoptic stimulus were
swapped for half of the participants, meaning that half of the participants saw the reference stimulus always on
the top and the other half saw it always on the bottom.

After participants indicated that they had found the best match, the stimuli disappeared and they were shown
several prompts to assess which, if any, perceptual differences there were between the reference and their best
match (Figure 3(b)). They were first asked whether they were able to find an exact match or not. If the answer
was no, they were asked to judge the contrast, brightness, luster, rivalry, and depth of their best match against
the reference stimulus. The prompts shown in Figure 3(b) were presented sequentially on the screen. Response
options to each prompt were top, bottom, same, and unsure. Responses of “top” or “bottom” indicated which stim-
ulus was associated with the stronger perceptual effect. Based on pilot testing, we selected wording to describe
luster and rivalry that best matched how participants described these effects (third and fourth questions, respec-
tively). For the luster, rivalry, and depth questions, people were instructed to use the response option “same”
when neither stimulus had the effect. Prior to starting the experiment, participants were shown images to help
them understand what was meant by rivalry and luster. We showed them orthogonally oriented gratings in each
eye to demonstrate how binocular rivalry looks. A square stimulus with different shades of gray in each eye was
used to explain what luster looks like. Participants also completed 10 practice trials to get familiar with the task.

3.4 Stimuli

In Experiment 1, we used grayscale pattern stimuli to probe the nature of people’s responses to the visual ap-
pearance questions. In Experiment 2, we used stimuli designed to mimic the appearance of optical see-through
AR systems.

3.4.1 Experiment 1. We used two common types of vision research stimuli in this experiment: vertical sine
wave gratings with a spatial frequency of 5 cycles-per-degree (cpd) and a 1/f (“pink”) noise pattern with a broad
frequency amplitude spectrum similar to that of natural images (Figure 4(a)). In a previous experiment, we found
differences between the dichoptic contrast percepts of these grating and noise stimuli [52]. Therefore, in addition
to these two stimuli we also included three intermediate noise patterns that shared some similarities with the
grating patterns (also shown in Figure 4(a)): we matched the pixel intensity distribution of the 1/f noise pattern
to the grating through histogram matching (histogram-matched), we bandpass-filtered the 1/f noise image and
only kept spatial frequencies between 4 and 6 cpd (5 cpd bandpass), and we repeated the first row of the 1/f
noise image for all rows to create a broadband vertical grating (broadband). Each stimulus image was 8-bit and
spanned the full range of 0-255 bit levels.

Under realistic viewing conditions, targets of visual inspection are rarely viewed in isolation (i.e., against a
uniform background). Instead, the surrounding context provides additional visual information that may play a
role in determining the appearance. Thus, each image of the stimulus consisted of a 2° circular target of interest
embedded in a binocular 4° by 4° surround region with the same type of spatial pattern. For example, the grating
target was embedded in a grating pattern with the same spatial frequency and orientation (Figure 4(b)), whereas
the 1/f noise was embedded in 1/f noise. To vary the contrast of each eye’s target region, we normalized the
image range from 0 to 1 and rescaled the values around the mean value as follows:

I=c(ly—p)+p, (1)

where I, denotes the original image, i denotes the mean pixel intensity of that image, I denotes the new image,
and c is a scalar value that determines the amount of contrast reduction. To generate the reference stimuli, the
contrast (c) of the target for the left and right eyes (c1 and cg) was set to 0, 0.25, 0.5, or 1, resulting in 16 possible
combinations between the two eyes (e.g., c;, = 0.25 and cg = 1, ¢ = 1 and cg = 0.5). We did not present a stimulus
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(a) (b)

5cpd grating 1/f noise dichoptic non-monocular

left eye right eye

dichoptic monocular

left eye right eye

histogram-matched bandpass broadband

Fig. 4. (a) Five stimulus target patterns used in Experiment 1. (b) An example of two types of dichoptic references that
were used: non-monocular reference stimuli had different contrast for each eye’s target and both eyes’ target contrasts
were greater than 0, whereas monocular reference stimuli only had a target visible in one eye. Recall that all targets were
embedded in a square surround region that matched the average contrast in the reference targets, and had the same type
of spatial pattern as the targets.

with zero contrast in both eyes, so only 15 combinations were used. Of these, six combinations had ¢ = 0 in
one eye and ¢ > 0 in the other eye, which we refer to as the special case of dichoptic stimuli with a monocular
target. The other six dichoptic combinations were non-monocular (visible target in both eyes) (Figure 4(b)). The
remaining three combinations resulted in non-dichoptic stimuli (¢; = cg) that were used as control/catch trials.
The contrast of the square outside of the target region was always equal to the average contrast of the two eyes’
target regions and non-dichoptic. All stimuli were shown on a uniform mid-gray background. In total, there
were 75 trials (5 stimulus patterns X 15 contrast combinations).

3.4.2 Experiment 2. We created stimuli that simulated AR visual experiences by compositing a virtual icon
with a naturalistic background image. The virtual icon was then used as the target for the perceptual task. We
tested four different patterns for the virtual icons. To have a baseline comparison with Experiment 1, we in-
cluded the 5 cpd grating and 1/f noise pattern again. Based on the results of Experiment 1, we were interested
in understanding if more realistic AR content would appear similar to the two baseline stimuli or not. We thus
selected two different icon patterns from an existing library [48], which we refer to as simple and complex icons
(Figure 5(a)). The grating, noise, simple, and complex icon stimuli were all overlaid on an image of a natural
background from the SYNS dataset [1] (Figure 5(b)). The same background image was used for all icons to focus
on the potential perceptual effects associated with each unique icon. Similar to Experiment 1, target regions (the
icons) subtended 2° circles and the background region subtended a 4° square.

The contrast adjustment of the icons was performed similarly to Experiment 1, with some key differences to
more closely simulate the joint contrast/luminance modulations that can occur when one display in an optical see-
through AR system is brighter than the other. In particular, since these systems use additive light, we simulated
the addition of the icon image onto the natural background. Pixel values of the background image (B) were scaled
down by a factor of 2 so that only half of our display’s dynamic range was used to simulate the background and
the other half could be used for the icons. This effectively provides a maximum AR contrast of 2:1 against the
background. The normalized 8-bit, three-color channel icon images (A) were also downscaled by a factor of
2 before being multiplied by the different scale factors, such that the maximum normalized pixel value in the

combined image was equal to 1:
A B
r=e(3)+G) :
c(5)*13 @)
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Fig. 5. (a) Four icon stimulus patterns used in Experiment 2. (b) We simulated the appearance of an AR target on a natural
background by compositing each icon [48] with a forest scene (© October 2016 SYNS Dataset [1]). (c) The AR target in the
reference stimulus could be non-dichoptic, dichoptic but non-monocular, or fully monocular.

All contrast adjustments were made in linear units based on the assumption that all color channels were encoded
with a gamma non-linearity of 0.45 (e.g., normalized bit values from the background and icon images were
exponentiated to 1/0.45 prior to being combined). We used the same contrast combinations as described for
Experiment 1 for the AR target in this experiment (Figure 5(c)). The surround region was identical in the two
eyes. In total, there were 120 trials in Experiment 2 (4 stimulus conditions X 15 luminance combinations X
2 repeats).

3.4.3 Catch Trials. On some trials in both experiments, we presented a non-dichoptic reference to check that
participants were following the instructions. We used the matching performance during these trials to exclude
participants who were not performing the task reliably. Two participants from Experiment 1 and three partici-
pants from Experiment 2 were excluded because their matching error exceeded 1.5 times the interquartile range
of all participants’ errors. For the results presented below, N = 32 for Experiment 1 and N = 31 for Experiment 2.

3.5 Statistical Analyses

For the contrast matching task, the results for which non-dichoptic stimulus produced the closest perceptual
match to the reference stimulus were fitted with a standard binocular contrast combination model. The model
assumed that the binocular contrast percept was a weighted average of the contrast shown to the left and right
eyes (see Figure 8(a)). The weights for the two eyes were constrained to sum to one, such that this model con-
tained only one free parameter. Best fitting weights for each participant were determined with a grid search that
minimized the square root of the mean squared error between the data and the model prediction across the trials.
An analysis of the estimated weights for the stimuli in Experiment 1, in combination with additional experi-
ments and stimuli, were previously reported elsewhere [52] and are summarized briefly in the following Results
section. The estimated weights for Experiment 2 are reported here, and were analyzed with two one-way
ANOVAs to examine the effects of stimulus type and interocular difference. Follow-up pairwise comparisons
were done using ¢-tests with Bonferroni correction.

For the perceptual questions following the contrast matching task, we used mixed-effect logistic regression
models to fit the responses and evaluate which stimulus properties were associated with different perceptual
reports, with participants modeled as random intercepts. For each analysis, we include tables that report the co-
efficients, 95% confidence intervals, t statistics, and p values associated with a set of stimulus properties modeled
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Fig. 6. Results for the exact match question in Experiment 1. Large black dots represent the average probability of finding
an exact perceptual match across participants. Error bars are 95% confidence intervals. The smaller gray dots represent each
participant’s data. (a) The probability of exact matches across all interocular contrast ratios (ICR) in the two eyes, including
monocular targets. (b) The probability of exact matches for each stimulus pattern with all ICRs included, including monocular
trials.

as fixed effects. A qualitative examination of the data did not suggest that any notable interactions were present,
so for simplicity we do not investigate or report interactions. For some analyses, we use a separate model to
examine the difference between responses to monocular targets and other dichoptic stimuli so that we can treat
monocular versus non-monocular targets as a categorical predictor.

4 RESULTS
4.1 Experiment 1

4.1.1 Contrast Matching. The contrast matching results from this experiment were already reported in detail
elsewhere [52]. In brief, for most stimulus types people tended to match the non-dichoptic stimulus to the higher
contrast image seen by either the left or the right eye. That is, the higher contrast image dominated binocular
perception in a close to winner-take-all fashion. However, the individual variability was high for the 5 cpd grating
stimulus in particular: for this stimulus, some participants’ data were more consistent with simple averaging or
even a loser-take-all pattern in which the lower contrast stimulus dominated the binocular percept. These results
highlight the possibility that binocular contrast percepts may vary depending on the stimulus properties, which
we will return to in the analysis of the contrast matching results for Experiment 2.

4.1.2  Probability of Finding an Exact Match. The data indicated that the best perceptual match participants
could find was not always an exact perceptual match. The probability that participants could find an exact per-
ceptual match to the reference stimulus varied systematically as a function of the interocular contrast difference
and the stimulus pattern, although there was substantial individual variation (Figure 6). Figure 6(a) shows how
the magnitude of the contrast difference between the two eyes was associated with dramatic changes in the prob-
ability of a perceptual match. To characterize the contrast differences, we use the ratio of the higher contrast
target to the lower contrast target, which we call the interocular contrast ratio (ICR). Our rationale is that
human vision tends to follow Weber’s Law—for example, the amount of luminance difference required to detect
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Table 1. Logistic Regression Model for Experiment 1 Exact Match

Question

Experiment 1 Coefficient (95% CI) t p
Intercept 5.13 (4.27, 5.99) 11.74 | <0.001*
ICR -1.62 (-1.81, -1.44) | -17.37 | <0.001*
1/f noise -0.46 (-0.95, 0.02) -1.84 0.06
Histogram matched | -1.05 (-1.53, -0.56) | —4.28 | <0.001"
Bandpass 0.56 (0.04, 1.08) 2.10 0.04*
Broadband -1.31(-1.79, -0.83) | —5.36 | <0.001*

ICR is a continuous variable and stimulus types are categorical predictors (with
grating used as the baseline). The coefficient reflects an increase or decrease in
the probability that an exact match was obtained. Positive values indicate more
exact matches, and negative values indicate fewer exact matches. Coefficients
that are significantly different from zero based on the t-statistics (degrees of
freedom = 1,434) are marked with asterisks (*).

Table 2. Logistic Regression Model for Experiment 1
Comparing Dichoptic Trials with Non-monocular Targets
(ICR = 4) to Trials with Monocular Targets

Experiment 1 | Coefficient (95% CI) t p
Intercept -1.70 (-2.51, -0.88) | -4.08 | <0.001*
Monocular -0.07 (-0.45, 0.30) | -0.39 0.70

The non-monocular trials were used as the baseline. Data are
reported in the same format as Table 1 (degrees of freedom = 1,278).

a luminance change is proportional to the background luminance—and as such, this ratio is likely to reflect the
salience of the contrast differences in our stimuli [14, 60].

An ICR of 1 means that the reference stimulus had the same target contrast in each eye and was non-dichoptic.
As expected, participants were able to find an exact perceptual match close to 100% of the time when this was the
case. A larger ratio indicates a larger contrast difference between the two eyes (i.e., an ICR of 4 means one eye’s
contrast is four times the contrast of the other eye). As ICR increased from 1 to 4, participants were on average
less likely to find an exact match, with only about a quarter of the stimuli resulting in an exact match when the
ICR was equal to 4. We ran a logistic regression model with ICR (excluding monocular trials) and stimulus type
as regressors. We can take the coefficients from the regression model (Table 1) and exponentiate them to obtain
the odds ratios for the predictors. The coefficient of —1.62 for the ICR, for example, translates to an odds ratio of
0.20, meaning that for each one-unit increase in ICR, the odds of getting an exact match is 0.20 times less.

Next, we examine the results when the reference stimulus was monocular. Monocular reference stimuli, in
which one eye had a target contrast of 0 (i.e., uniform gray embedded in a binocular surround region), have an ICR
of infinity (Figure 6(a), labeled as monocular). For these stimuli, we ran a separate regression model containing
a categorical predictor on a subset of the data, comparing just the monocular trials to the non-monocular trials
with an ICR of 4. The results suggest that the probability of finding an exact perceptual match was not notably
lower for monocular stimuli as compared to dichoptic stimuli with a large ICR (Table 2).

The probability of finding exact matches was less affected by stimulus type (Figure 6(b), Table 1). For this
analysis, we used the grating stimulus as the baseline and examined the odds associated with the four other
stimulus types. We found that the probability associated with the grating stimulus was not significantly different
from the 1/f noise stimulus, but was significantly different from all three intermediate patterns. Compared to the
grating stimulus, the odds ratio for the histogram-matched noise, bandpass noise, and broadband grating stimuli
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Fig. 7. Results for the five perceptual effects measured in Experiment 1. (a) The average proportion of trials across partic-
ipants (with 95% confidence interval) in which each of the effects was present as a function of interocular contrast ratio
(ICR), and for monocular targets. (b) Heatmap showing the average proportion of time that each effect (x axis) was present

for each stimulus type (y axis) across all dichoptic trials (ICR = 2, 4, monocular).

were 0.35, 1.74, and 0.27, respectively. This result suggests that the spatial pattern of the stimulus may influence
the chances that people see phenomena like luster, rivalry, and depth in dichoptic stimuli, but the effect appears
to be smaller compared to the effect of ICR.

4.1.3  Perceptual Appearance of Dichoptic Stimuli. What perceptual effects did people experience when they
were unable to find an exact perceptual match by varying stimulus contrast, and how do these perceptual effects
vary across different interocular contrast ratios and stimulus types? To answer these questions, we next look at
participants’ responses to the follow-up questions about perceived contrast, brightness, luster, rivalry, and depth.

First, as a sanity check, we calculated which stimulus participants reported seeing luster and rivalry in.
We expected participants to select the dichoptic reference stimulus as the one that elicits these perceptual
phenomenon, because the adjustable stimulus was always non-dichoptic and should not elicit luster or rivalry.
The results were consistent with this expectation. When luster was detected in one of the stimuli, the reference
stimulus was selected 98% of the time. For rivalry, it was 94%. When a depth difference was detected, participants
also tended to indicate that the dichoptic stimulus was closer (84% of the time). For the brightness and contrast
questions, we did not expect participants to systematically select either stimulus because we do not have a
strong hypothesis that dichoptic stimuli should appear systematically higher or lower in contrast or brightness
than non-dichoptic ones. Indeed, the choices for these prompts were closer to chance (56% and 61% of the time,
respectively).

For the main analysis, we re-coded the data to simply indicate whether people perceived a difference or not for
each perceptual factor. When participants made any response other than “same” for a given prompt, a perceptual
difference was considered to be present. The average percentage of “unsure” responses across all the prompts
was low (mean = 1.19%, standard error = 0.19%, median = 0.53% of all responses) and similar across all questions,
and the results do not notably change if we omit these responses.

When the reference was non-dichoptic (ICR = 1), there were minimal perceptual differences, as expected
from the analysis of exact matches (Figure 7(a)). That is, on these trials participants were unlikely to indicate
any perceptual differences between the two stimuli. As the ICR increased, all five effects started to become more
noticeable. The most common perceptual differences across all ICR levels were binocular luster, depth, and rivalry,
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Table 3. Logistic Regression Models for the Occurrence of Perceptual Effects in Experiment 1

Expt. 1 \ Coefficient (95% CI) \ t \ p Expt. 1 \ Coefficient (95% CI) \ t \ p
Contrast Contrast
Intercept | -4.41 (-5.07, -3.76) | —13.20 | <0.001" | | Intercept -1.48 (-2.07, -0.88) | —4.86 | <0.001*
ICR 0.77 (0.61, 0.93) 9.62 <0.001* Monocular | -0.27 (-0.63, 0.08) | -1.51 0.13
Brightness Brightness
Intercept | -4.46 (-5.14, -3.78) | -12.80 | <0.001" Intercept -2.25(-2.95, -1.56) | -6.37 | <0.001*
ICR 0.63 (0.46, 0.80) 7.13 <0.001* Monocular 0.01 (-0.40, 0.42) 0.05 0.96
Luster Luster
Intercept | -5.27 (-6.13, -4.41) | -12.02 | <0.001" Intercept 0.13 (-0.68, 0.95) 0.32 0.75
ICR 1.42 (1.25, 1.60) 15.59 | <0.001* | | Monocular | —0.20 (-0.54, 0.13) | -1.18 | 0.24
Rivalry Rivalry
Intercept | —6.65 (=7.65, =5.65) | —13.04 | <0.001" Intercept -1.63 (-2.23, -1.02) | -5.25 | <0.001%
ICR 1.26 (1.02, 1.49) 10.46 | <0.001* | | Monocular |  0.51(0.17,0.86) | 2.91 | 0.004*
Depth Depth
Intercept | -5.59 (-6.35, —4.82) | —14.40 | <0.001" | | Intercept -0.61(-1.36,0.13) | -1.61 0.11
ICR 1.29 (1.12, 1.46) 14.65 | <0.001% Monocular | -0.02 (-0.33, 0.29) 0.12 0.90

Left: Each effect’s occurrence as a function of ICR (ICRs of 1, 2, and 4; degrees of freedom = 1,438). Right: Each effect’s difference in
occurrence between non-monocular (ICR = 4) and monocular dichoptic trials (degrees of freedom = 1,278). Data are reported in the
same format as Tables 1 and 2.

in the order from most likely to less likely. The results also suggest that different effects tended to co-occur to
some extent, because the proportions for high ICR trials sum to a value greater than 1. Indeed, experiences of
these perceptual phenomena were not mutually exclusive. Across all participants, the mean number of perceptual
differences per dichoptic trial was greater than 1, with marginal statistical significance (mean = 1.27, median =
1.17, t(31) = 1.94, p = 0.06), and this amount increased with increasing ICR (e.g., the mean and median were
1.60 and 1.40 for an ICR of 4, #(31) = 3.38, p = 0.002).

We used five logistic regressions to examine the occurrence of each perceptual effect separately. Table 3 (left)
shows the association between ICR (ICRs of 1-4) and the presence of each perceptual effect. The ICR coefficients
for all effects were positive and statistically significant, suggesting that the occurrence of all perceptual effects
increased systematically as ICR increased. Based on the magnitude of the ICR coefficients, luster had the largest
increase. In terms of odds ratios, we observed about a factor of 4.2 increase in the odds of luster for each one-unit
increase in ICR, as compared to a 3.5 increase in rivalry, 3.6 in depth effects, and 2.2 and 1.9 increases in odds of
contrast and brightness effects, respectively.

Next, we directly compared the trials with a monocular target to trials with a non-monocular high ICR target
(ICR = 4) (Table 3, right). The fits to this subset of trials indicate that the monocular targets were associated with
a relative increase in binocular rivalry (odds ratio of 1.67), while no other effects were notably different.

Lastly, we looked qualitatively at how the perceptual effects differed among different stimulus patterns.
Figure 7(b) shows the occurrence of perceptual differences for each stimulus type out of all the dichoptic trials
(i-e., all trials except when the ICR was equal to 1). The lighter the color in the matrix, the higher the likeli-
hood that there was a difference associated with each effect (x-axis label) for the given stimulus pattern (y-axis
label). The results suggest that different stimulus patterns may have a different set of perceptual effects. For ex-
ample, the grating stimulus had fewer perceptual differences overall, and a slightly higher rate of rivalry than
luster. The more complex patterns were associated with relatively higher rates of luster, all of which exceeded
the occurrence of rivalry. Taken together, this set of results suggests that rivalry may be a concern particu-
larly for monocular stimuli and for simple grating stimuli. These results serve to highlight the importance of
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Fig. 8. (a) Schematic of our simple weighted combination model used to quantify binocular contrast perception for the
contrast matching results in Experiment 2. Image credits: icon [48], background © October 2016 SYNS Dataset [1]. (b) The
matching result is expressed as the weight for the high-contrast eye (wgr) across different stimulus types (top) and different
dichoptic conditions (bottom). The large dots represent the average weights across all participants, and the small dots rep-
resent each participant’s fitted weight. The 95% confidence interval for each average is either smaller than or approximately
the same size as the circular marker.

investigating these perceptual effects using visual stimuli that mimic the visual appearance of genuine AR expe-
riences, which we will describe in the next section.

4.2 Experiment 2

The stimuli used in Experiment 2 were designed to more closely mimic the visual experience of optical see-
through AR, with natural backgrounds, partially transparent imagery, and a coupling of contrast changes with
stimulus brightness.

4.2.1 Contrast Matching. First, we looked at the contrast matching results. We fitted the contrast matching
data using a simple weighted combination model where the weights for the high and low contrast eye add up to 1
(Figure 8(a)). In Figure 8(b), the weights assigned to the higher contrast stimulus across all trials for the different
stimulus types are shown in the top panel, and the weights for the higher contrast stimulus for different ICRs
(except ICR = 1 where the model is unconstrained) across all stimulus types are shown in the bottom panel.

The results for the different stimulus patterns are all generally consistent with previously published results,
in which the higher contrast stimulus dominates (the weight on the higher contrast image was near 1, approx-
imating a winner-take-all binocular combination rule). However, a one-way ANOVA showed that there were
significant differences among the different stimulus types for the weights (F(3,90) = 26.28,p < 0.001). Follow-
up pairwise t-tests revealed all pairs of stimulus types were significantly different from each other, except for
the grating and noise patterns (Table 4, left). This suggests that stimulus pattern plays a significant role in deter-
mining the bias in binocular combination, although the average weight across stimulus types was always greater
than 0.78.

The effect of ICR on contrast matching was also significant (F(2,60) = 408.73,p < 0.001). All levels of
ICR were significantly different from each other, suggesting that ICR has a robust influence on the perceived
binocular contrast (Table 4, right). Importantly, monocular trials were associated with significantly greater
high-contrast weights than the other conditions, showing evidence of Fechner’s paradox for AR stimuli. Indeed,
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Table 4. Pairwise t-Test Results for Difference in Weights Across Different Stimulus Patterns and
Different ICR Levels in Experiment 2

Experiment 2 t p d
gra’sng-n'msel 26'6011 (?'831* 062;2 Experiment 2 t p d
- - < -
grating-simple : : : ICR 2-4 ~10.4 | <0.001% | —0.97

grating-complex | -2.91 | 0.04" | -0.38
noise-simple -7.55 | <0.001* | -1.02
noise-complex -5.02 | <0.001* | -0.63
simple-complex | 3.34 | 0.01% 0.44

The test statistics (degrees of freedom = 30), Bonferroni corrected p values, and effect sizes (Cohen’s d) are reported.

ICR 2-monocular | -28.3 | <0.001* | -3.35
ICR 4-monocular | -17.0 | <0.001* | -2.19
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Fig. 9. Results for the exact match question in Experiment 2. Large black dots represent the average probability of finding
an exact perceptual match across subjects. Error bars are 95% confidence intervals. The smaller gray dots represent each
participant’s data. (a) The probability of exact matches across different interocular contrast ratios (ICR) in the two eyes,
and for monocular targets. (b) The probability of exact matches for each stimulus pattern with all ICRs included, including
monocular trials.

when the ICR was the lowest dichoptic value (2) the binocular contrast combination was closer to averaging
than winner-take-all.

4.2.2  Probability of Finding an Exact Match. The effect of ICR on the probability of finding an exact perceptual
match was similar to Experiment 1 for the AR-like stimuli used in Experiment 2 (Figure 9(a), Table 5). In this
experiment, the probability of finding exact matches when the contrast ratio was high (ICR = 4) or when the
stimulus was monocular was quite low. For each unit increase in ICR, the odds of getting an exact match were 0.12
times less. For the four AR icon patterns used in this experiment, only the complex icon condition was associated
with a match probability that was significantly different from the grating baseline, and this modulation was again
substantially less than the differences associated with ICR (Figure 9(b), Table 5). When comparing the trials with
amonocular AR target against the trials with a target ICR of 4, we found the monocular AR was associated with
a significantly lower probability of finding an exact match (Table 6), with an odds ratio of 0.37.

Taken together, these results replicate and extend the findings from Experiment 1. The results indicate that
there is substantial variation in the appearance of dichoptic AR stimuli that differ in interocular contrast, and
that these appearances are subtly but lawfully modulated by the stimulus pattern.
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Table 5. Logistic Regression Model for Experiment 2 Exact
Match Question

Experiment 2 | Coefficient (95% CI) t p
Intercept 4.82 (3.99, 5.66) 11.29 | <0.001*
ICR -2.12 (-2.31, -1.93) | -21.74 | <0.001%
1/f noise -0.20 (-0.54, 0.14) -1.14 0.26
Simple -0.18 (-0.52, 0.16) -1.05 0.29
Complex 1.52 (1.15, 1.91) 7.86 <0.001*

ICR is a continuous variable and stimulus types are categorical
predictors (with grating used as the baseline). The coefficient reflects
an increase or decrease in the probability that an exact match was
obtained. Positive values indicate more exact matches, and negative
values indicate fewer exact matches. Coeflicients that are significantly
different from zero based on the ¢-statistics (degrees of freedom =
2,227) are marked with asterisks (*).

Table 6. Logistic Regression Model for Comparing Dichoptic
Trials with Non-monocular Targets (ICR = 4) to Trials with
Monocular Targets (Degrees of Freedom = 1,982)

Experiment 2 | Coefficient (95% CI) t p
Intercept -2.67 (-3.47,-1.87) | -6.54 | <0.001*
Monocular -0.98 (-1.36, -0.61) | -5.09 | <0.001"

The non-monocular trials were used as the baseline. Data are
reported in the same format as Table 5.

4.2.3  Perceptual Appearance of Dichoptic Stimuli. We performed a set of analyses on the perceptual appear-
ance responses mirroring those described for Experiment 1. Similar to Experiment 1, the response patterns for
luster and rivalry fit our expectations: when these effects were present, participants indicated that they saw
them in the dichoptic reference 98% of the time. When a depth difference was detected, people indicated that
the dichoptic stimulus was closer 98% of the time. For the brightness and contrast questions people selected the
dichoptic stimulus as higher contrast or brighter 65% and 74% of the time, respectively. Again, we coded an effect
as not present if participants responded with “same,” and present if they responded with one of the other three op-
tions. The number of “unsure” responses per participant was again low (mean = 0.78%, standard error = 0.10%,
median = 0.33% of responses) and similar across questions. As in Experiment 1, recoding these responses did
not change the pattern in the results.

When looking at whether or not effects co-occurred, the average number of perceptual effects per dichoptic
trial across all participants was significantly greater than 1 (mean = 2, median = 1.82, £(30) = 6.72, p < 0.001),
and this amount increased with increasing ICR (e.g., the mean and median were 2.54 and 2.42 for an ICR of
4, t(30) = 6.36, p < 0.001). Similar to Experiment 1, the probability that participants reported any perceptual
effect increased as the stimulus ICR increased (Figure 10(a), Table 7, left). Luster was again the most commonly
reported perceptual phenomenon associated with dichoptic imagery, and it increased the most with ICR. Across
ICRs of 1, 2, and 4, there was a factor of 5.79 increase in the odds of luster for each unit increase in ICR, as
compared to a 2.91 increase in rivalry, 3.62 in depth effects, 2.74 in contrast differences, and 2.91 in brightness
differences.

Importantly, there were notable differences in the responses associated with AR targets that had high ICR and
AR targets that were fully monocular (Table 7, right). The probability of all effects except for luster substantially
increased for the monocular target compared with the non-monocular high ICR target. The odds ratios were 1.87
for contrast, 1.31 for brightness, 5.21 for rivalry, and 4.20 for depth. Qualitatively, the probability of reporting
luster was lower for the monocular target, but this difference did not reach statistical significance.
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Fig. 10. Results for the five perceptual effects measured in Experiment 2. (a) The average proportion of trials across partic-
ipants (with 95% confidence interval) in which each of the effects was present as a function of interocular contrast ratio
(ICR), and for monocular targets. (b) Heatmap showing the average proportion of time that each effect (x axis) was present
for each stimulus type (y axis) across all dichoptic trials (ICR = 2, 4, monocular).

Table 7. Logistic Regression Models for the Occurrence of Perceptual Effects in Experiment 2

Expt. 2 \ Coefficient (95% CI) \ t \ P Expt. 2 \ Coefficient (95% CI) \ 3 \ P
Contrast Contrast
Intercept | —-4.67 (-5.30, —4.04) | -14.54 | <0.001" Intercept -0.79 (-1.53, -0.06) | -2.13 0.03*
ICR 1.01 (0.89, 1.13) 16.05 | <0.001* Monocular 0.63 (0.36, 0.89) 4.69 | <0.001*
Brightness Brightness
Intercept | —-4.69 (-5.23, -4.14) | -16.76 | <0.001" | | Intercept -0.48 (-1.12,0.16) | -1.48 0.14
ICR 1.07 (0.94, 1.19) 17.03 | <0.001* | | Monocular |  0.27(0.02,0.52) | 2.10 | 0.04*
Luster Luster
Intercept | -5.33 (-6.21, —4.44) | -11.83 | <0.001" | | Intercept 1.20 (0.41, 1.99) 2.99 | 0.003*
ICR 1.76 (1.59, 1.92) 20.87 | <0.001* Monocular | -0.22 (-0.50, 0.06) | -1.54 0.12
Rivalry Rivalry
Intercept | -6.01 (-6.80, —5.22) | —14.90 | <0.001* Intercept -1.74 (-2.36, -1.12) | -5.54 | <0.001*
ICR 1.07 (0.90, 1.23) 12.66 | <0.001" Monocular 1.65 (1.36, 1.94) 11.12 | <0.001%
Depth Depth
Intercept | -5.31 (-6.13, -4.49) | -12.73 | <0.001" Intercept -0.32 (-1.12,0.48) | -0.78 0.44
ICR 1.29 (1.15, 1.43) 18.10 | <0.001% Monocular 1.43 (1.15, 1.72) 10.00 | <0.001*

Left: Each effect’s occurrence as a function of ICR (ICRs of 1, 2, and 4; degrees of freedom = 2,230). Right: Each effect’s occurrence
difference between non-monocular (ICR = 4) and monocular dichoptic trials (degrees of freedom = 1,982). Data are reported in the
same format as Tables 5 and 6.

The association of each stimulus type with each perceptual difference is shown in Figure 10(b). Overall, there
was no strong qualitative stimulus-dependent pattern. Unlike in Experiment 1, the grating stimulus was not asso-
ciated with a unique pattern that deviated from the other stimuli when presented as a semi-transparent stimulus
over a natural background. All stimulus types had binocular luster and depth differences as the predominant
reported effects.
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5 DISCUSSION
5.1 Predicting Perceptual Artifacts in Dichoptic AR Stimuli

Our results highlight the importance of understanding the multi-faceted nature of dichoptic percepts, particularly
with visual stimuli that closely match genuine AR experiences. For example, with the simple stimuli used in
Experiment 1, participants did not consistently report any of the dichoptic perceptual effects more than 50% of
the time on average. But when we switched to AR-like stimuli in Experiment 2, we observed high rates of luster
(about 75% on average in extreme dichoptic cases), along with a notable increase in rivalry for monocular AR-like
stimuli.

We conducted a post hoc analysis using -tests to compare the distributions of each of the perceptual effects
in the two experiments. For this analysis, we focused on the highest interocular contrast ratio (ICR = 4) and
the monocular conditions. We used an initial significance threshold of p < 0.05 and did not correct for multiple
comparisons to avoid being overly conservative (a Bonferroni corrected p-value threshold for these comparisons
would be p < 0.005). For the ICR = 4 condition, we found that brightness differences were significantly more
prevalent in Experiment 2 as compared to Experiment 1 (£(61) = 3.57, p < 0.001, Cohen’s d = 0.90). For the
monocular condition, all effects except luster were more prevalent in Experiment 2: contrast (£(61) = 3.50, p <
0.001, Cohen’s d = 0.87), brightness (t(61) = 4.04, p < 0.001, Cohen’s d = 1.01), rivalry (¢(61) = 2.54, p = 0.01,
Cohen’s d = 0.63), and depth (¢(61) = 3.12, p = 0.003, Cohen’s d = 0.78). We speculate that these differences
may derive from a combination of the different spatial patterns of the AR stimuli used in the Experiment 2 and
the more conventional stimuli used in Experiment 1 [52], as well as the fact that the AR stimuli had background
content (natural foliage) that was partially visible behind the icons. However, the perceptual mechanisms that
would modulate these effects in a stimulus-dependent manner are poorly understood.

Due to the differences between the two experiments, we propose that perceptually motivated guidelines for
acceptable levels of ICR between two AR displays should be more conservative than might be assumed based
on simpler stimuli. We can use the results from Experiment 2 to provide preliminary design guidelines for AR
applications. As an example, we consider a case in which we want to adopt a strict threshold on the probability
that a dichoptic stimulus contains any perceptual effects that deviate from a comparison non-dichoptic
stimulus. Collapsing across all of the stimulus types (i.e., removing them as model parameters) and refitting
the trial-by-trial data for the exact match question with a logistic regression model, we come to the following
equation:

ICRmax = ———— ®3)

where P is the designer-selected minimum proportion of trials on which the dichoptic stimulus matches a
non-dichoptic one (i.e., no perceptual effect), and ICR,, 4 is the maximum acceptable ICR. For example, if the
designer aims for a threshold of P = 0.8 (a perceptual match 80% of the time), they should aim for an ICR of
no more than 1.7. However, this result reflects the data on average, and given the large individual variation in
our data a more strict threshold may be appropriate to accommodate users who are more sensitive to dichoptic
perceptual effects. For example, a 90% threshold would be associated with an ICR of 1.28 or less.

Currently, there is no publicly available dataset characterizing the typical binocular differences in contrast due
to display defects and inefficiencies in AR systems. Prior work on optical eyebox limitations, however, suggests
that interocular contrast differences in AR systems can span a broad range depending on the fit on the user’s
face and the movement of the device [4, 8, 43]. For example, systems with small eyeboxes may be particularly
susceptible to large ICRs if one of the user’s pupils moves to the edge of the eyebox. On the other hand, because
our data show that observers are relatively tolerant to global differences in contrast between the two eyes, our
results suggest a potential opportunity to reduce system power requirements by selectively attenuating the
brightness of one display.
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5.2 Modeling Interocular Differences and their Effect on Perception

The best metric for quantifying interocular differences in AR systems remains an open area of research. Here,
we used the ratio between the overall contrast in each eye as the summary measure of interocular difference.
However, there may be other metrics that could be more informative and practical. In particular, in Experiment
2 the stimuli differed in more than just contrast, so this metric is incomplete. Ideally, perceptual metrics of inte-
rocular differences should account for both luminance and contrast, and even color. For example, the luminance
adjustment applied to the colored AR icons in Experiment 2 could also result in interocular color differences,
especially when viewing monocular AR on a binocular background (e.g., a red monocular target against a green
binocular forest background), which is known to elicit perceptual effects such as luster as well [33].

As AR technologies advance, the nature of the image quality problems and artifacts posed by these technolo-
gies will continue to change. Building better image-computable models of binocular combination will be crucial
because these models can be used to develop metrics that account for arbitrary differences between the two
eyes. However, the formulation of flexible models for perceived contrast in complex imagery, let alone binoc-
ular contrast perception, remains an ongoing area of research [18, 34, 37]. In our previous work, we explored
how a Bayesian ideal observer model, which assumed binocular percepts are determined through a statistically
optimal combination of binocular visual input and prior assumptions about the structure of the natural world,
could explain specific properties of binocular depth perception [49]. However, this model did not account for any
other properties of binocular appearance, like contrast, luster, and rivalry. Given the strong ability of Bayesian
models—and related probabilistic cue combination models—to fit and predict perceptual phenomena [25], such
approaches may be a fruitful way to formulate binocular perception more broadly. For example, it may be pos-
sible to predict the probability of perceived luster based on statistical regularities in the binocular differences
created by lustrous metallic surfaces.

Generalizable models of binocular perception also have great appeal for developing tonemapping methods
intended to improve image quality through binocular combination. For example, a recent line of research has
looked at developing tonemapping methods that intentionally display different luminance and contrast informa-
tion to the two eyes in order to improve the overall visual quality of a stereoscopic display system that cannot
reproduce the full dynamic range of luminance found in the natural environment. Yet, at present the results of
these approaches are mixed [51, 55, 58—60]. In our experiments, we found that people did often report contrast
and brightness differences between the best match and the dichoptic reference stimulus. Furthermore, looking
at the four response types, participants tended to select the dichoptic reference stimulus to be higher contrast
and brighter in Experiment 2, suggesting the potential for dichoptic imagery to boost subjective image quality
(the reference and the adjustable stimuli were about equally selected in Experiment 1). The current results do not
reveal why participants may have experienced this “dichoptic boost” in Experiment 2, so this question represents
a promising area for future research.

5.3 Potential Benefits of Dichoptic Contrast in AR

Here, we focused primarily on the potential negative consequences of interocular differences in display bright-
ness/contrast for users of AR systems. However, some of the perceptual phenomena we characterized may be
desirable. For example, the appearance that a dichoptic stimulus is closer in depth might be helpful for heads-up
AR systems that display icons floating in front of the environment. However, we found that this depth effect
generally co-exists with other phenomena and may be challenging to isolate. For example, as the likelihood of
the depth effect increased, binocular rivalry also increased. Therefore, we did not find a “sweet spot” of interoc-
ular contrast differences where desired effects may dominate undesired ones. However, some effects were more
readily detected at a lower interocular difference than others. In both experiments, binocular luster was more
detectable than the other effects, and the good news is that rivalry remained relatively uncommon in compari-
son. This may be beneficial if designers want to leverage binocular luster to create a shiny metallic appearance
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for a virtual object without rivalry effects. The exception to this observation was during monocular viewing,
particularly in the AR-like situation simulated in Experiment 2. In this experiment, observers detected rivalry
about half of the time during monocular trials, suggesting that even if a binocular display has large interocular
differences, it may be preferable to a monocular system if rivalry is a concern. Lastly, we performed exploratory
analyses to see whether some perceptual effects might be minimized if the higher contrast image in a binocular
display was shown to the user’s dominant eye. However, we did not find compelling evidence for eye dominance
effects in the current dataset.

6 CONCLUSION

Binocular displays can introduce unwanted visual differences between the left and right eye’s views. Here, we
focused on the perceptual consequences of contrast differences for optical see-through AR systems in particular,
but such interocular differences can occur in any binocular display system. Across two experiments, our results
suggest that the binocular appearance of dichoptic imagery is multi-faceted, and the magnitude of the interoc-
ular difference between the two eyes is a main predictor for the intrusion of potentially detrimental perceptual
effects such as luster and rivalry. Our study results provide an overview of supra-threshold perceptual effects,
but understanding detection thresholds for these effects will provide valuable and complementary information
for display design. As we continue to improve our understanding of the perceptual phenomena associated with
binocular differences in AR devices, a careful consideration of both the scope and strength of these phenomena
can help guide design choices that support a high-quality user experience.
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