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Abstract

In the present article, we examine a novel illusion of motion—the Z-Box illusion—in which the presence of a bounding object
influences the perception of motion of an ambiguous stimulus that appears within. Specifically, the stimuli are a structure-
from-motion (SFM) particle orb and a wireframe cube. The orb could be perceived as rotating clockwise or counterclockwise
while the cube could only be perceived as moving in one direction. Both stimuli were presented on a two-dimensional (2D)
display with inferred three-dimensional (3D) properties. In a single experiment, we examine motion perception of a particle
orb, both in isolation and when it appears within a rotating cube. Participants indicated the orb’s direction of motion and
whether the direction changed at any point during the trial. Accuracy was the critical measure while motion direction, the
number of particles in the orb and presence of the wireframe cube were all manipulated. The results suggest that participants
could perceive the orb’s true rotation in the absence of the cube so long as it was made up of at least ten particles. The pres-
ence of the cube dominated perception as participants consistently perceived congruent motion of the orb and cube, even
when they moved in objectively different directions. These findings are considered as they relate to prior research on motion

perception, computational modelling of motion perception, structure from motion and 3D object perception.

Introduction

The human visual system converts input from the environ-
ment into a rich perceptual experience through a variety of
co-occurring processes. Given the complexity of our visual
world, however, it can be difficult to examine individual
perceptual processes in isolation. The study of optical illu-
sions is one way of overcoming this complexity. Many opti-
cal illusions constitute errors of perception—one percept is
expected but another is observed—which inform us of the
subtle mechanisms generating perceptual experience. The
present paper introduces a novel visual illusion—the Z-Box
[llusion—which has ramifications for studying perceptual
stability and motion in multiple objects.

As is often the case with illusions, the Z-Box Illusion
was an accidental discovery. The illusion was first observed
while generating displays for a graphics demo. The demo’s
display consisted of a particle-orb and wireframe cube, each
spinning on the y axis in opposite directions (incongruent
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motion, as demonstrated in Online Resource 1). Surpris-
ingly, observers reported that both objects moved in the
same direction (congruent motion). The observers’ percep-
tion of congruent motion persisted, despite being informed
of the incongruent motion hard-coded into the demo (from
here on the programmed direction of motion will be referred
to as the “Coded Direction,” to distinguish it from the view-
er’s perception which will be referred to as the “Perceived
Direction”). Further, any attempts to override the errone-
ous percept required significant effort. The illusion was
subsequently named the “Z-Box Illusion,” referring to the
depth plane—in a Cartesian coordinate system—and wire-
frame cube which drew attention to the perceptual anomaly.
Demonstrations of the illusion in multiple variations—both
informally with colleagues (i.e. graduate students, post-docs,
professors and lab members) and formally at the Vision
Sciences Society’s 2017 Demo-Night—Ied to a consensus
amongst observers. In viewing the orb alone, it was per-
ceived as a bistable (ambiguous) object which could rotate in
either clockwise or counterclockwise direction (when imag-
ined from a bird’s-eye view). Although some viewers could
determine the orb’s Coded Direction, all viewers commented
that the orb’s direction could be flipped between rotating
clockwise or counterclockwise. When viewing the orb and
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cube together, the orb would stabilize (become unambigu-
ous) and then revert to being bistable when the cube disap-
peared. Furthermore, the cube was decidedly a stable object
with discernable front and back faces, and its 3D structure
was not defined by motion (in contrast to the orb). Observ-
ers agreed that the orb’s rotation was strongly influenced by
the direction of the cube, and the orb’s Perceived Direction
would change any time the cube’s direction changed. Finally,
sparse numbers of particles constructing the orb led to per-
ceptions of independently floating particles as opposed to
a 3D orb. In contrast, higher particle counts increasingly
interfered with the illusion of congruent motion between the
orb and cube. These presentations provided valuable insight
into the common perceptual experiences generating the illu-
sion. The preliminary findings aided in linking prior research
to the orb, the cube, and their interaction.

Characteristics of the orb

Despite the strong perception of a 3D orb, the orb is not a
true 3D shape. This perception arises from a 2D display of
individual particles whose trajectories are consistent with
that of an orb’s surface. All of the particles are projected
onto a 3D space after calculating their random X, Y and Z
coordinates relative to a shared central point and constant
radius. Consistent with depth perception cues relative to
the particles’ central point, the particles drawn closer to the
viewer travel faster and with nonparallel horizontal trajecto-
ries (i.e. an arc-shaped trajectory) relative to particles drawn
distant from the viewer. Collectively, these properties should
lead to the inferred perception of a 3D rotating orb. In con-
trast to the aforementioned depth cues, the particles were
drawn with a constant size regardless of simulated distance
from the viewer (i.e. particles closer to the viewer were the
same size as relatively distant particles). The lack of this
depth cue complicates inferences of a 3D orb, as the parti-
cles’ size changes in depth should disambiguate the front-
facing side versus back-facing side of the orb (i.e. particles
closer to the viewer should be larger than particles distant
from the viewer). This aspect of the orb seems related to the
consensus that—while the motion of the particles creates
an inference of a 3D orb—the perception of the orb’s sides
(front versus back) as well as rotational direction appear to
be interchangeable. The properties of the orb relate to vari-
ous fields of research while no single previous finding could
account for all aspects of the orb’s percept.

During pilot examinations of the illusion, the speed of
rotation, axis of rotation, angle of rotation, and number of
particles constituting the orb were all manipulated. The only
property consistently influencing viewers’ perception was
the number of particles constructing the orb, wherein the
perception of a 3D orb gained strength rapidly with increas-
ing particle counts. Moreover, the orb appears to be related
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to studies examining structure from motion, support ratios,
and 3D structure perception. Structure-from-motion (SFM)
displays (Andersen & Bradley, 1998; Nawrot & Blake, 1989;
Ramachandran et al., 1988; Treue et al., 1991) occur when
2D stimuli move relative to a common axis, subsequently
grouping to form a perceptually unified 3D shape. SFM
stimuli are frequently observed as bistable (ambiguous) with
regards to their front and back faces (Miles, 1931; Wallach
& O’Connell, 1953). In typical SFM studies, the 2D stim-
uli move in parallel trajectories about their common axis.
Although the present illusion was presented with nonparallel
particle trajectories, the orb shape still exhibited the bista-
ble percept common to typical SFM stimuli. With regard to
the number of particles presented, the orb seems related to
the role of support ratios on illusory contours (Erlikhman
etal., 2018, 2019; Shipley & Kellman, 1992). Support ratios
are represented by the relationship of visible-to-illusory
details defining a perceived shape. The perception is more
ambiguous for ratios approaching 0:1 and less ambiguous
for ratios approaching 1:1. In this regard, ambiguity in the
3D orb’s perception should decrease as the number of par-
ticles increases. Previous studies have also suggested that
3D structures arise from motion ambiguity due to the stim-
uli’s rigidity (i.e. structural integrity) and its smoothness
of motion (Erlikhman et al., 2018, 2019; Hoffman & Ben-
nett, 1986; Jain & Zaidi, 2011; Ullman, 1979, 1984). The
orb’s perceptual rigidity and smoothness are likely due to
the Gestalt principle of common fate (Kohler, 1970), which
proposes that when objects appear to move together, they are
perceived as belonging together, also known as binding. The
combination of these observations suggests that perception
of the orb increases with more particles.

Characteristics of the cube

The wireframe cube is also a 3D shape inferred from a 2D
display. In contrast to the orb, this percept relies less on
motion cues due to the visible edges forming the outline of
a cube shape. Each line was drawn after calculating the X, Y
and Z coordinates for its endpoints in 3D space relative to a
shared central point and constant distance from said point.
When rotating, the cube’s edges appeared to grow and shrink
according to the rules of motion parallax (lines appear larger
the closer they are to the viewer; Rogers & Graham, 1979).
Unlike the orb, the cube was considered a stable object with
a consistently discernable front versus back face. Although
frequently as compared to a Necker cube (Bradley & Petry,
1977), the Z-Box’s faces were typically incapable of being
perceptually flipped from front-face to back face. This was
likely due to the differently sized edges dependent upon
where they lie in the Z plane. As a result, observers consid-
ered the orb a structurally weaker stimulus than the cube.
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The interaction of the orb and cube

The simultaneous presentation of the orb and cube—and
the subsequent illusion— further relates to studies of both
the motion aperture problem and feature-based attention.
As highlighted by the barber pole illusion (Wuerger et al.,
1996), the motion aperture problem is an inability to infer
the objective direction of motion for an object due to limited
visual input (i.e. small aperture). Increasing visual input—
a larger aperture—resolves the ambiguity. Without the
added context from a larger aperture, an object’s direction
of motion binds to prior expectations or nearby stimuli. In
the Z-Box illusion, the orb’s Perceived Direction is ambigu-
ous due to limited perceptual information. The movement
of the box surrounding the orb adds contextual details (i.e.
increases the aperture). This increase in aperture decreases
the ambiguous perception of the orb’s Perceived Direction.
Similarly, research in feature-based attention has shown that
task-irrelevant stimuli (i.e. the cube) can bias depth percep-
tion for task-relevant stimuli (i.e. the orb’s front versus back
face; Yu et al., 2017). This suggests the cube is capable of
forcing the orb’s Perceived Direction by flipping front and
back faces.

Related work in the computational modelling of motion
disambiguation lends further support to the orb’s susceptibility
to perceptual error. In particular, Weiss and Adelson (1998)
proposed a Bayesian computational model for motion percep-
tion that could explain a variety of motion illusions when bias-
ing the model towards slow and smooth motion. In a follow up
report, they found that a motion perception model biased for
smoothness of motion (i.e. the change in distance and location
of particles with each display update) best explained ambigu-
ous motion perception for a rotating 2D ellipse (Weiss & Adel-
son, 2000). Their work later showed that their model with bias
for slower motion outperformed unbiased models when exam-
ining the motion aperture problem (Weiss et al., 2002). Taken
together, these findings suggest that the orb’s smoothness of
motion and rotational speed relate to the strength of perceived
motion at a computational level. Similar to models of slow
and smooth motion, Domini and Caudek (Caudek & Domini,
1998; Domini & Caudek, 2003) repeatedly demonstrate that
depth perception cannot be reconciled by stimulus properties
alone. The authors conclude that a heuristic model—in which
physical properties of the stimulus, viewing conditions of the
observer and accounting for noise in perceptual judgements
(also referred to as observer measurement uncertainty; Domini
& Caudek, 2010)—best approximate results in human percep-
tion. This theory suggests that visual properties of the stimuli
are insufficient for generating stable motion perception. Dis-
entangling the independent rotation direction for the orb and
cube relies on observers’ perceptual uncertainty meaning that
a stimulus’ perceptual stability (e.g. the number of particles
constructing the orb) may be a critical aspect to observers’

perceptual uncertainty. These initial observations along with
insight from related findings were used to inform the design
of the present study.

The present study

Given the perceptual experiences reported above, the present
study sought to assess the strength of this novel illusion and
to determine the critical features driving its illusory per-
cept. We sought to answer the following questions: is the
orb’s Coded Direction perceivable? If so, is the orb's Coded
Direction still perceivable when presented with the cube? To
test these questions, a two-phase experiment was designed
to first examine perception of the orb on its own, then sub-
sequently examine the influence of the cube on perception
of the orb.

In Phase 1, a 3D particle-orb was presented—with a range
of particle counts—to test participants’ ability to accurately
perceive the orb’s Coded Direction. In Phase 2, three types
of trials were presented to participants: (1) An orb alone
trial—identical to Phase 1 trials—to test participants’ ability
to perceive the orb’s Coded Direction when intermixed with
cube presentations; (2) An orb and cube trial where each
object rotated in a single direction for the entire trial (with
congruous or incongruous motion between the objects).
This tested participants’ ability to perceive the orb’s Coded
Direction when presented with the cube and their suscep-
tibility to perceive the orb spinning the same direction as
the cube. (3) An orb and cube trial, identical to the one just
mentioned, with the inclusion of the cube flipping direction
after participants’ initial response to determine whether they
subsequently updated their response. These trials further
test participants’ susceptibility to the illusion even after the
cube changes direction. Finally, all trials presented the orb
as either 1, 10, 100 or 1000 particles to assess the influence
of particle count on response accuracy.

Based on the literature and feedback from presentations,
it was expected that the orb’s Coded Direction would be
identifiable without the cube, regardless of Phase 1 or Phase
2 designs. Furthermore, the inclusion of the cube in Phase
2 would make the orb’s direction ambiguous as it would be
perceived as moving the same direction as the cube even if
that direction changes. Finally, increases in the orb’s particle
count would contribute to increased accuracy when the orb
is presented alone, but it will not impact trials with the cube
present.

Experiment
There were two phases to the present experiment. Phase

1 was a baseline test of participants’ ability to determine
the direction of motion for a 3D particle orb of varying
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complexity (measured by number of particles). Phase 2 was
a follow-up test of the same task and stimuli with the inclu-
sion of a 3D wireframe cube (for examples of Phase 1 and
Phase 2 trials, see demonstration in Online Resource 1). The
experiment presented different combinations of particles per
orb, direction of orb and direction of the cube to determine
the influence of these factors on motion perception.

A pilot study was conducted prior to the current study.
The current study matched the pilot study methodologically
with the addition of orb alone trials in phase 2. A statis-
tical power analysis was performed using G\*Power 3.1
(Faul et al., 2007) for sample size estimation based on data
from the pilot study (N=36). The power analysis specifi-
cally focused on the ANOVA analysis of response accuracy
for the main effect of particle count and the main effect of
motion congruency of the orb and cube. Effect sizes ranged
from 0.37 (Cohen’s f; for the main effect of particle count)
to 2.71 (Cohen’s f; for the main effect of orb and cube con-
gruency). We focused on the smaller effect of particle count
as this would require a larger sample size for replication.
With an alpha=0.05 and power =0.95, the projected sample
size needed with this effect size is approximately N =26 for
the simplest within group comparison. To account for an
additional condition in Phase 2 and allow for experimental
issues such as attrition, our proposed sample size of N=40
was determined to be more than adequate.

Methods
Participants
Forty-one undergraduate students from the University of

Nebraska—Lincoln participated in a single experimental

1-Particle 10-Particles

session and received course credit for their participation.
All participants had normal or corrected-to-normal vision
and were naive to the purpose of the experiment which took
approximately 30 min. Anyone previously exposed to the
illusion was excluded from participation in the study. Owing
to a scheduling error, an extra participant was recruited in
the study beyond the proposed sample size of forty.

Materials

All stimuli are presented in Fig. 1. Experiment and stimulus
design occurred in Vizard 5 (WorldViz, Inc.), a Python pro-
gramming IDE designed for 3D and virtual reality develop-
ment. Vizard uses metric measurements within 3D render-
ings for accurate portrayals of distance in virtual space. The
central point for all experimental stimuli was located at 0 on
the X and Y axes and a distance of 5 m from the viewpoint
on the Z axes. Within the 3D space, no shading effects were
enabled and the background was grey (the median of black
and white values). Antialiasing was utilized in all stimuli to
simulate smooth motion, which led to minor color blend-
ing (1 pixel could generate 0-8 adjacent pixels of blended
colors). Blending was determined to increase drawings
(points and lines) by a maximum of 0.1° of visual angle
per pixel. A Dell U2312HM Flat Panel Monitor (Dell, Inc.)
was used for stimulus presentation with a refresh rate of
60 Hz, screen resolution of 1920 1080 and display size of
509.2 mm x 286.4 mm.

Stimuli
Example videos of all stimuli can be found in Online

Resource 1. The stimuli consisted of an orb shape and

100-Particle 1000-Particles

Phase 1

Phase 2

N

~[—

Fig.1 Stimuli used in the experiment. The top row shows stimuli
found in Phase 1 where the orb is alone. The bottom row shows stim-
uli from Phase 2 with the cube and orb. The actual displays consisted
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of a grey background, white cube and black particles, but are pre-
sented here in black and white for clarity
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cube shape. The orb’s diameter measured approximately
9.85° visual angle. The cube’s width and height—when
oriented 90° (i.e. front face square towards viewer)—was
measured to be approximately 11.81° visual angle. When
oriented 45° (i.e. side-edge centered towards viewer)—
the cube was measured to be approximately 13.36° visual
angle in width and approximately 13.21° visual angle in
height.

The orb shape is inferred by the motion of surface-
based particles rotating about the Y-axis. Each particle was
set to 2 pixels? in size—regardless of distance from the
viewpoint—and black in color. With shading from anti-
aliasing, this altered the particle’s size from 2 pixels” to
4 pixels? or from 0.05° to 0.10° of visual angle. The orb
was constructed of either 1, 10, 100 or 1000 particles on
each trial. Within the metric scale of the 3D environment,
each particle was randomly assigned a location 0.5 m away
from the central point, resulting in a diameter of 1 m (as
measured within the 3D environment’s standard units).
The only constraint on particle location occurred for
single-particle trials which were only allowed vertically
between —45° and +45° from the orb’s zero Y coordinate.
This was to avoid trials where the particle had limited
trajectory across the screen (e.g. making small rotations
near the top or bottom poles of the orb) and could lead to
edge-case scenarios.

The cube is a 1 m® wireframe consisting of 2 pixel-
thick—regardless of distance from the viewpoint—white
lines. The colors were selected to create striking con-
trast between the stimuli to ensure no ambiguous overlap
between the stimuli. Both objects rotated at an absolute
speed of 45° per second. Rotation direction was defined
relative to the orb’s front-face. Left-spin was defined by
clockwise rotation around the Y axis and counterclock-
wise rotation was right-spin (as observed from a bird’s-
eye view, see Fig. 2). To preface the results, there was
no influence of orb rotation direction, only congruence/
incongruence with the cube. As such, the data were col-
lapsed across this variable. Congruent motion is defined
as both orb and cube rotating the same direction, while
incongruent motion is defined as the orb rotating the oppo-
site direction of the cube.

To simplify discussion, letters and symbols will be
used to represent the conditions in Phase 1 and Phase 2
(see Table 1 for complete breakdown and Fig. 2 for vis-
ual breakdown). The only manipulation common to both
Phase 1 and Phase 2 was particle count (1/10/100/1000).
The manipulations exclusive to Phase 2 are cube presence
[Orb alone (Oa)/Orb and cube (Oc¢)] and motion congru-
ency (Congruent motion/Incongruent motion). For exam-
ple, a clockwise spinning 10 particle orb and a motion
incongruent counterclockwise spinning cube trial can be
represented as 100cl.
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Orb Alone Orb and Cube
(Oa) (Oc)
Oa (Spinning leftward) OcC
Congruent
Rotation
©
Oa (Spinning rightward) Ocl

Incongruent
Rotation
U}

Fig.2 Conditions presented within the experiment. Columns pre-
sent the Orb Alone trials (Oa) and the Orb and Cube trials (Oc). The
top row shows stimuli rotating the same direction around the orb’s Y
axis, or Congruent Rotation (C), while the bottom row shows stim-
uli rotating opposite directions, or Incongruent Rotation (I). Shaded
arrows represent the orb’s Coded Direction and outlined arrows rep-
resent the cube’s rotation direction (when seen from bird’s eye view).
The actual displays consisted of a grey background, white cube and
black particles

Procedure

Participants were seated approximately 60 cm from the com-
puter monitor with a keyboard for response collection. The
experiment consisted of a brief onscreen training and two
task phases.

Video of the instruction screen for Phase one can be seen
at Online Resource 2. First, participants read a description
of the stimulus and their task before completing two prac-
tice trials. The instructions indicated that particles would
be moving during each trial and would appear to form an
ambiguously rotating orb. An example of this stimulus was
presented alongside the spinning-dancer illusion (an ambig-
uous motion illusion where a rotating silhouette can be per-
ceived spinning clockwise or counterclockwise) as an exam-
ple of ambiguous motion. Participants were asked to indicate
the perceived direction of rotation for the orb on each trial.
Following this, two practice trials were presented where a
solid 3D arrow travelled around the equator of a 1000-par-
ticle orb. Each practice trial instructed participants that if
the orb appears to follow the arrow, they perceive the orb
travelling to the right or left, where each trial, respectively,
showed the arrow travelling either rightward or leftward in
front of the orb. To move to the next screen, participants
had to press the arrow key (right or left) that corresponds
to the direction of the arrow (see Online Resource 2 for a
demonstration of these practice trials). The arrow was only
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Table 1 Conditions presented within the experiment

Condition Particle count

Cube presence Motion congruency

Level 1 Particle 10 Particles 100 Particles 1000 Particles Cube absent  Cube present Congruent Incongruent
motion motion
Details Orb consists Orb consists ~ Orb consists  Orb consists of Orb pre- Orb presented ~ Orb and Cube ~ Orb and Cube
of 1 particle of 10 parti- of 100 parti- 1,000 particles sented with-  with cube rotate the same  rotate in opposite
cles cles out cube direction directions
Phase 1 1 10 100 1000
Phase2 1 10 100 1000 Oa Oc C 1

present during the practice trials to ensure that participants
understood the corresponding response keys for left vs. right
motion. Phase one consisted of 8 unique trials (2 orb direc-
tions X 4 particle counts) presented in random order within
a block of trials. There were four blocks—and a total of 32
trials.

Phase two instructions were presented after the conclu-
sion of phase one trials (see Online Resource 3). Instructions
reiterated that the participant would observe the spinning
orb again and would indicate the direction they perceived it
to spin with left or right arrow key. These instructions also
indicate that if participants perceive the orb’s direction to
change at any point, they are to indicate the new direction
of motion using the left or right arrow key. There was no
mention of the cube that would appear during some trials,
although a cube was present with an orb on the instruction
screen to demonstrate what they would view in phase two
trials (for a demonstration of the instruction screen, see
Online Resource 3). On half of the cube-present trials, we
included a “flip” condition. On these trials, after a response
was made (initial response) the cube would change direc-
tion after an average of 1.25 s (jittered from 1 to 1.5 s). Any
response made after the direction change was coded as a flip
response. Regardless of whether the cube changed direc-
tion, the display remained onscreen for 2 s after the initial
response. Phase two consisted of 32 cube-present trials (2
orb directions X 4 particle counts X 2 initial cube direc-
tions X 2 cube flip/no-flip) with 8 cube-absent trials (2 orb
directions X 4 particle counts) to make 40 trials randomized
within a block. There were five blocks—each independently
randomizing trial orders—for a total of 200 trials.

Results—Phase 1

Approach

A measure of response accuracy was calculated for each
trial, based on the participant’s response Perceived Direc-
tion of orb rotation either matching (correct) or not match-

ing (incorrect) the Coded Direction of orb rotation. The
response accuracy data were submitted to a 2 (orb Coded

@ Springer

Direction: left or right) X 4 (particle count: 1, 10, 100,
1000) repeated-measures analysis of variance (ANOVA).
Mauchly’s Test of Sphericity revealed the assumption of
sphericity was violated for the main effect of particle count
(W (5)=0.48, p<0.001) and the interaction effect of orb
Coded Direction and particle count (W (5)=0.74, p <0.041).
A Greenhouse—Geisser correction was applied to the main
effect of particle count (¢ =0.68) and the interaction effect
(e=0.84). The main effect of orb Coded Direction did not
approach significance (F (1, 120)=1.06, p=0.310), nor did
its interaction with particle count (F (2.70, 108.01)=1.16,
p=0.327). Therefore, to simplify analyses, response accu-
racy was collapsed across levels of orb Coded Direction and
submitted to subsequent ¢ tests. One sampled 7 tests were
performed to compare accuracy for Coded Direction of orb
rotation versus chance (defined as 50% correct responses)
at each level of particle count. Then, paired samples ¢ tests
compared accuracy between all levels of particle count.
Means and standard deviations for accuracy can be found
in Table 2.

Analyses

The results of Phase 1 analyses are summarized in Fig. 3.
One sample t tests compared mean response accuracy—
percent of responses correctly identifying the orb’s Coded
Direction—against chance—50%—separately for each
level of particle count. The results indicate that accuracy
was significantly greater than chance for 10 (p <0.001),
100 (» <0.001) and 1000 (p <0.001) while 1 was not sig-
nificantly different from chance (p =0.313). This suggests
participants could identify the orb’s Coded Direction for
particle counts greater than one (see Fig. 3).

Paired samples # tests were then used to compare dif-
ferential accuracy between particle counts. These tests
revealed that accuracy for 1000 was significantly greater
than 100 (» <0.001), 10 (p <0.001) and 1 (p <0.001). Fur-
thermore, 100 had better accuracy than 10 (p <0.001) and
1 (p=0.001). Finally, no statistical difference was observed
between 10 and 1 (p =0.061). This finding is consistent with
the support ratio literature in that an accurate perception of
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Table2 Mean (M) and standard deviation (SD), results of one sample ¢ test and the results of the paired samples ¢ test

Paired samples ¢ test

One sample ¢ test against 50%

Response accuracy (%)

Particle count

100

10

p value Cohen's d

df

pvalue Cohen’sd ¢

df

Cohen’sd t

df  pvalue

t

Cohen’s d

df pvalue

M (SD)

0.159
0.741

1.02 40 0.313

53.0% (19.1%)

0.30
0.55
1.33

0.061

1.93 40

474 40 <0.001

60.7% (14.4%)

10

0.57
1.42

<0.001
<0.001

3.65 40

3.54 40 0.001

8.51

1.082
2.1

6.93 40 <0.001
1396 40 <0.001

69.8% (18.3%)

100

1.06

<0.001

6.77 40

9.08 40

<0.001

40

8

87.8% (17.3%)

1000

Means calculated for percent response accuracy to the orb’s Coded Direction in Phase 1 of the experiment (after collapsing across orb rotation directions). Results of one sample 7 test compared

means against 50% response accuracy. The results of the paired samples 7 test comparing means of each combination of particle count

100% A b

90% A

80% A

70% A

60% -

50% 1 -

40% A

Response Accuracy (%)

30% A

20% A

10% A

0% - r T T 1
1 10 100 1000
Dot Count

Fig.3 Box plots of median percent response accuracy to the orb’s
Coded Direction from Phase 1 for each level of particle count. Lines
in boxes represent median value across participants, while whiskers
display 95% confidence intervals. The diamond represents outlier
values (beyond 95% confidence interval). Accuracy increases from
chance level (indicated by the dashed line at 50%) with increases in
particle counts above one

orb direction depends upon the amount of visual information
creating the percept. With more particles, the ratio of defined
surface area to total surface area increased, leading to more
accurate perception of the orb and its motion.

Results and discussion—Phase 2
Approach

Due to interleaving trials with and without a cube present,
as well as trials where the cube changed direction, three
separate analyses were conducted on Phase 2 data: response
accuracy for Oa trials, initial response accuracy to the orb’s
Coded Direction for all Oc trials and secondary response
accuracy to the orb’s Coded Direction for Oc trials with a
direction flip. The initial response Oc trials were first tested
without considering motion congruency between the orb and
cube. Next, the initial response and secondary response Oc¢
trials (where the cube is present) further tested responses
split by motion congruency between the orb and cube to
address the impact of the cube’s motion on the orb's Per-
ceived Direction.

Orb alone

Similar to Phase 1’s analysis, Oa responses were analyzed
with one-sample ¢ tests (comparing each particle count
response average against chance accuracy) and paired sam-
ples 7 tests (comparing average accuracy between particle
counts) to determine whether participants’ percepts in Phase
2 were consistent with Phase 1. The results of the Oa trial’s

@ Springer
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analysis are summarized in Table 3 and Fig. 4. In comparing
response accuracy against chance (50%), one sample ¢ tests
for each level of particle count revealed that accuracy was
significantly greater than chance for 1000 (» <0.001), 100
(»<0.001), 10 (p <0.001) and 1 (p=0.008). This suggests
participants could identify the orb’s Coded Direction for all
particle counts when the orb was presented alone.

A paired samples ¢ test was used to compare response
accuracy between each particle count. The pattern of results
matched Phase 1’s findings, showing that accuracy for 1000
was again significantly greater than 100 (p <0.001), 10
(»<0.001) and 1 (p <0.001). Also, 100 exhibited higher
accuracy than 10 (p <0.001) and 1 (p =0.008). Finally,
no statistical difference was present between 10 and 1
(p=0.295). This suggests that orb alone displays elicit simi-
lar percepts to Phase 1 even when Qa trials were interleaved
with Oc trials.

Cohen’s d
0.68

df  pvalue
<0.001

100
437 40

t

Cohen’s d
0.008 0.43
<0.001 0.90

p value

df

Cube trials'initial responses

10
278 40
577 40

t

Means and standard deviations for accuracy to the orb’s
Coded Direction, as well as results of the one-sample and
paired samples ¢ tests can be found in Table 4 and Fig. 5.
To determine whether participants could discern the orb’s
Coded Direction, accuracy of initial responses was split by
particle count then averaged across all Oc trials before ana-
lyzing with one-sample 7 tests (comparing average response
accuracy for each particle count against chance accuracy).
In comparing response accuracy against chance (50%), one
sample ¢ tests for each level of particle count revealed that
accuracy was significantly greater than chance for 1000
(»<0.001), 100 (»=0.006) and 10 (»p =0.036); accuracy
was not significantly different from chance for 1 (p =0.085).
Although there was still a difference from chance found in
the 10-1000 dot orbs, these differences are very small for 10
(mean=152%) and 100 (mean =154%). This suggests partici-
pants could identify the orb’s Coded Direction for particle
counts greater than 1 when the orb was presented with the
cube.

To see how particle count impacted participants’ ability
to discern the orb’s Coded Direction, a paired samples ¢ test
compared the average response accuracy between particle
counts. Accuracy for 1000 was again significantly greater
than 100 (p <0.001), 10 (» <0.001) and 1 (»p <0.001). No
statistical difference was observed for any other comparison
(100x10, p=0.213; 100x 1, p=0.147; 10x 1, p=0.694).
This suggests that—under the presence of the cube—the
orb’s Coded Direction was apparent for 1000 relative to
other particle counts, but indistinguishable between lower
particle counts. These findings are notably misleading, as
they do not take into account the presence of the cube and
whether it’s direction of motion was congruent or incongru-
ent with the orb’s Coded Direction.

Cohen’s d
0.96

0.003 0.50

0.295 0.17
<0.001

p value

Paired samples ¢ test
df

1.06 40
320 40
6.13 40

1
Cohen’sd t
0.008 0.44
0.61
1.17
1.66

df pvalue
40

749 40 <0.001
40 <0.001

389 40 <0.001
10.61

2.81

One sample ¢ test against 50%

Response accuracy (%)

56.8% (15.6%)
60.7% (17.7%)
68.3% (15.6%)
79.3% (17.7%)

M (SD)

Means calculated for percent response accuracy to the orb’s Coded Direction at each level of particle count. Results of one sample ¢ test compared means against 50% response accuracy. Results

Table 3 Mean (M), standard deviation (SD), one sample ¢ test results and paired samples 7 test results in orb alone trials of Phase 2 (after collapsing across orb rotation directions)
of the paired samples 7 test comparing means of each combination of particle count

Particle count

10
100
1000
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Fig.4 Results of Phase 2’s orb alone trials. Box plots show median
percent response accuracy to the orb’s Coded Direction for each level
of particle count. Lines in boxes represent median value across par-
ticipants, while whiskers display 95% confidence intervals. Diamonds
represent outlier values (beyond 95% confidence interval). Similar to
Phase 1 results, accuracy increases from chance level (indicated by
the dashed line at 50%) with increases in particle counts. The only
difference from Phase 1 is accuracy for 1 particle orbs, which are sig-
nificantly greater than chance in Phase 2

To examine the impact of the cube on the orb’s Perceived
Direction, all Oc trials’ initial responses to the orb’s Coded
Direction were entered into a 2 (motion congruence: C or
I) X 4 (particle count: 1, 10, 100, 1000) ANOVA model.
Means and standard deviations for accuracy to the orb’s
Coded Direction—split by motion congruency—can be
found on Table 5. The results of the analyses can be found
in Tables 5, 6, Table A in the Supplementary Materials and
Fig. 6. Mauchly’s Test of Sphericity revealed the assump-
tion of sphericity was violated for the main effect of parti-
cle count (W (5)=0.67, p=0.009) and the interaction effect
of motion congruence and particle count (W (5)=0.39,
p<0.001). A Greenhouse—Geisser correction was applied
to the main effect of particle count (¢=0.77) and the inter-
action effect (¢ =0.65). Corrections did not alter results, so
uncorrected values are reported below (all corrected values
can be found in Table 6).

An interaction was observed between motion congru-
ency and particle count (F (3, 120)=8.46, p <0.001), with
accuracy being greater for OcC trials versus Ocl trials (see
Supplementary Materials, Table A for post hoc test results).
Critically, post hoc tests with Bonferroni corrections indicate
that for OcC trials, 10¢C elicited reduced accuracy relative
to 100c¢C (p=0.022), 1000cC (p =0.003) and 10000cC
(p=0.003). Comparisons between 100cC, 1000¢C and
10000c¢C showed no significant differences (all p’s=1).
For OclI trials, 10000cI had significantly greater accuracy
as compared to 1000cI (p <0.001) and 100cI (p <0.001),
but no significant difference from 10cI (p =0.329). 1000cI

Table 4 Mean (M), standard deviation (SD), one sample ¢ test results and paired samples 7 test results in orb alone trials of Phase 2 (after collapsing across orb rotation directions)

Paired samples  test

One sample ¢ test against 50%

Response accuracy (%)

Particle count

100

10

t df  pvalue Cohen’sd ¢ df pvalue Cohen’sd t df  pvalue Cohen’sd

Cohen’s d

df pvalue

M (SD)

0.085 7.81

1.76 40
2.17 40
291

51.8% (6.6%)
52.3% (6.7%)
53.6% (7.9%)

040 40 0.694 0.06

0.036 7.85

10

0.213 0.20
<0.001 0.72

1.27 40

0.147 0.23
<0.001 0.67

148 40

0.006 6.76
<0.001 4.62

40

100

<0.001 0.66

40

4.25

459 40

40

1

43

59.1% (12.8%) 458 40

1000

Means calculated for percent response accuracy to the orb’s Coded Direction at each level of particle count. The results of one sample ¢ test compared means against 50% response accuracy. The

results of the paired samples 7 test comparing means of each combination of particle count
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Fig.5 Results of initial response accuracy for the orb’s Coded Direc-
tion in Phase 2’s orb and cube trials (after collapsing across orb and
cube rotation directions). Box plots show median percent response
accuracy to the orb’s Coded Direction for each level of particle count.
Lines in boxes represent median value across participants, while
whiskers display 95% confidence intervals. Diamonds represent out-
lier values (beyond 95% confidence interval). Similar to Phase 1 and
Phase 2 results for orb alone trials, accuracy increases from chance
level (indicated by the dashed line at 50%) with increases in particle
counts. In contrast to Phase 2’s orb alone trials—but matching Phase
1 trials—accuracy for 1 particle orbs are not significantly greater than
chance. Unlike Phase 1 and Phase 2 orb alone trials, the only signifi-
cant difference in accuracy between particle counts occurred in com-
parisons between the 1000 particle orbs and 100, 10 and 1 particle
orbs

exhibited no significant difference from 100cI (p=1) or
10cI (p=0.510) and 100cI was not significantly different
from 11 (p=0.077). These findings suggest that 10000cI is
less susceptible to motion binding than 1000cI and 100cI
and 10c¢C is less susceptible to motion binding as compared
to all other OcC trial particle counts.

A main effect was observed for particle count (F (3,
120)=12.99, p <0.001) indicating differences exist in

accuracy between some or all particle counts. Post hoc
tests using Bonferroni corrections show that—unlike the
orb alone analysis—a significant increase in accuracy was
only observed for 10000¢ (p <0.001), although these find-
ings are misleading in light of the interaction which showed
that accuracy is highly dependent on motion congruency.
There was also a main effect for motion congruency (F (1,
40)=121.24, p<0.001) such that OcC trials had greater
accuracy as compared to Ocl trials. This suggests the
cube interfered with participants’ perception of the orb’s
direction.

Cube trials’ secondary responses

Oc trials’ secondary responses when a direction flip
occurred were entered into a 2 (motion congruence: C or I)
X 4 (particle count: 1, 10, 100, 1000) ANOVA model. Anal-
ysis results can be found in Tables 7, 8, Table B in the Sup-
plementary Materials and Fig. 7. Mauchly’s Test of Spheric-
ity revealed the assumption of sphericity was violated for the
interaction effect of motion congruence and particle count
(W (5)=0.35, p<0.001). A Greenhouse—Geisser correc-
tion was applied to the interaction effect (¢ =0.59). Similar
to the initial response analysis, there was an interaction of
motion congruency and particle count (F (3, 120)=3.59,
p=0.016), with greater accuracy for OcC trials versus Ocl
trials (see Supplementary Materials, Table B for post hoc
test results). Critically, post hoc tests with Bonferroni cor-
rections indicate 10000cC trials showed greater accuracy
than 10c¢C (p =0.006), but no significant difference from
100 and 100cC (p=1). 1000cC showed a significant dif-
ference from 10¢C (p=0.017), but no significant difference
from 100cC (p=1). 100cC was not significantly different
from 10cC (p=0.165). There were no significant differ-
ences between all combinations of Ocl trials (p=1). This
suggests that 10¢C is less susceptible to motion binding,
even with a perceptual flip, than 10000c¢C and 1000cC.

Table 5 Mean (M), standard

o Orb and Cube Particle count ~ Response accuracy (%)  One sample ¢ test against 50%
deviation (SD) and one sample motion congru-
t test results for initial response enc M (SD) t df  pvalue Cohen’s d
y

accuracy to the orb’s Coded

Dfireﬁﬁonziﬂ (;fb anclllcubF trials Congruent 1 83% (22%) 9.66 40  <0.001 1.51

of Phase 2 (after collapsing 10 91% (20%) 1325 40  <0.001 2.07

across orb rotation directions)
100 92% (21%) 12.81 40 <0.001 2.00
1000 92% (19%) 1401 40 <0.001 2.19

Incongruent 1 21% (24%) -7.83 40 <0.001 -1.22

10 14% (22%) -1049 40 <0.001 -1.64
100 15% (26%) -8.67 40 <0.001 -—1.35
1000 26% (32%) -483 40 <0.001 -0.75

Means calculated for percent response accuracy to the orb’s Coded Direction at each level of particle count
for trials where the orb and cube motion direction is congruent or incongruent. Results of one sample ¢ test
compared means against 50% response accuracy
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Table 6 ANOVA results for initial response accuracy to the orb’s Coded Direction in orb and cube trials of Phase 2 (after collapsing across orb

rotation directions)

2

Predictor SSNum SSpen Epsilon  dfyum dfpen MSE F p ny

Motion congruency  40.95 13.51 1 40 0.34 121.24 <0.001 0.75
Particle count 0.28(0.28) 0.86 0.77 3(2.32) 120(92.76) 0.01(0.01) 12.99(12.99) <0.001 (<0.001) 0.25(0.25)
Particle count * 0.35(0.35) 1.64 0.65 3(1.96) 120(78.31) 0.01(0.02) 8.46 (8.46) <0.001 (<0.001) 0.17 (0.17)

Motion congru-
ency

Note. dfy,,, indicates degrees of freedom numerator. dfy,, indicates degrees of freedom denominator. Epsilon indicates Greenhouse—Geisser
multiplier for degrees of freedom, Mean Square Error (MSE) and p values in the table incorporate this correction. SSy,,, indicates the sum of
squares numerator. SSp,,, indicates the sum of squares denominator. ;7],2 indicates partial eta-squared

Fig.6 Results of initial
response accuracy for the orb’s
Coded Direction when congru-
ent versus incongruent with
the cube’s direction in orb and
cube trials of Phase 2 (after
collapsing across orb rotation
directions). Plotted are each
participant's mean response
(unconnected dots) and means
of all participants (connected
dots) for each level of particle
count. Whiskers represent 95%
confidence intervals

Table7 Mean (M), standard
deviation (SD) and one sample
t test results for secondary
response accuracy to the orb’s
Coded Direction in orb and
cube trials of Phase 2 (after
collapsing across orb rotation
directions)

100% A °
[ ] [ ]
90% - ®
000
80% - (11
[}
3 70% A °
- [}
g 60% - ° '
g ° ° Orb and Cube
%f; 50% - “__:' _________________ oo m e ®®~~" Motion Congruency
g 40% - . R R Congruent
§ cooe @® Incongruent
T 30% - oo oo °
20% - ;_ o:o ” - - :::
ceoe | =~ o —— -4
10% A o0 (1] [T
000000 0000 00000 0000
0% -
i 1IO 1(I)O 1OIOO
Dot Count
Orb and cube Particle count  Response accuracy (%)  One sample 7 test against 50%
motion congru- M (SD) t df  pvalue Cohen’s d
ency ¢
Congruent 1 67% (28%) 383 40 <0.001 0.60
10 75% (27%) 599 40 <0.001 0.94
100 78% (30%) 595 40 <0.001 0.93
1000 79% (24%) 7.60 40 <0.001 1.19
Incongruent 1 34% (28%) -354 40 0.001 -0.55
10 29% (31%) —-433 40 <0.001 -0.68
100 30% (33%) -375 40 <0.001 -0.59
1000 34% (35%) —-296 40 0.005 —0.46

Means calculated for percent response accuracy to the orb’s Coded Direction at each level of particle count
for trials where the orb and cube motion direction is congruent or incongruent. Results of one sample ¢ test
compared means against 50% response accuracy
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Table 8 ANOVA results for secondary response accuracy to the orb’s Coded Direction in orb and cube trials of Phase 2 (after collapsing across

orb rotation directions)

Predictor SSnum SSpen Epsilon  dfyum dfpen MSE F p npz
Motion congruency  14.85 22.02 1 40 0.55 26.99 <0.001 0.35
Particle count 0.15 1.56 3 120 0.01 3.82 0.012 <0.01
Particle count * 0.30(0.30) 3.34(3.34) 0.59 3(1.77) 120 (70.64) 0.03(0.05) 3.59(3.59) 0.016(0.038) 0.01 (0.01)

Motion Congru-
ency

Note. dfy,,, indicates degrees of freedom numerator. dfy,,, indicates degrees of freedom denominator. Epsilon indicates Greenhouse—Geisser
multiplier for degrees of freedom, Mean Square Error (MSE) and p values in the table incorporate this correction. SSy,,, indicates the sum of
squares numerator. SSy,,, indicates the sum of squares denominator. ;7],2 indicates partial eta-squared

Fig.7 Results from Phase 2 flip

direction analysis. Plots show 100% 1 ¢ oe
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There was a main effect of motion congruency (F (1,
40)=26.99, p <0.001), with congruency leading to greater
accuracy, suggesting that even after the cube direction
flips, the cube continued to interfere with participants’
perception of the orb’s motion. There was also a main
effect of particle count (F (3, 120)=3.82, p=0.012).
Post hoc tests with Bonferroni corrections indicate that
accuracy was greater for 10000c¢ as compared to 10c¢ (¢
(40)=3.22, p=0.010), but no other significant differences
were observed between the comparisons for 10000c¢ and
1000c¢ (p=1), 10000c and 100c¢ (p =0.154), 1000c
and 100c¢ (p=1), 1000c¢ and 10c¢ (p =0.296) and 100c¢
and 10c¢ (p=1). These findings are misleading given the
results of the interaction which showed that accuracy is
highly dependent on motion congruency being either OcC
or Ocl.

@ Springer

As would be expected, an increase in particle count led
to an increase in accuracy for Coded Direction on trials
only presenting the orb (see Fig. 3). This was the case even
when Oa trials were shuffled with Oc trials during Phase 2
(see Fig. 4). When observing Oc trials, accuracy for Coded
Direction appears to suffer for all particle counts when not
considering the cube (see Fig. 5). This is a misleading con-
clusion, as Perceived Motion clearly binds to the cube’s
direction when considering motion congruency between orb
and cube (see Fig. 6). For Ocl trials, the cube appears to
dominate Perceived Motion at 100c¢I and 1000clI particles,
while this interference weakens for 10000cl trials as seen by
the increased mean accuracy (see Fig. 6). This observation
is further highlighted by the responses for motion direction
congruency. Even when the cube direction flips, partici-
pants were more likely to update their percept of the orb’s
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direction to match (see Fig. 7). Altogether, this suggests that
motion perception is being strongly influenced by the cube.
Although global motion perception appears to be bound
to the cube, there is a subtle connection between the particle
count and strength of the cube’s interference. For 10¢C and
10cl trials, participants were less likely to indicate the orb
as moving the same direction as the cube regardless of their
actual motion congruency. Similarly, participants were less
prone to perceiving congruent motion for OclI trials. These
findings suggest that there is an ideal stimulus complexity
which reliably leads to the illusion’s motion binding.

General discussion

The present study found the Z-Box Illusion to be a novel
perceptual illusion wherein an unambiguous, task-irrelevant
contextual stimulus influences perception of an ambiguous
motion stimulus. When viewing an orb alone, participants
were able to determine the orb’s Coded Direction. In con-
trast, when participants observed the orb with an unambigu-
ous, task-irrelevant contextual stimulus—the cube—their
responses suggest the orbs’ direction strongly influences
the cube’s perceived direction. Although perception of the
orb's motion was strongly influenced by the cube at all par-
ticle counts, it is important to note that participants did not
simply report the direction of the cube on every trial (see
Fig. 6 for variance in participant's responses to congruent
and incongruent trials). This suggests that participants were
trying to determine the actual motion of the cube rather than
just defaulting to the more stable structure of the cube. Vari-
ations in the orb’s particle count contribute to this effect in
two ways. When a single particle rotates in isolation, viewers
are unable to determine the orb’s Coded Direction in Phase
1. This leads to less motion conflation when viewing the orb
and cube together. In contrast, 1000 particles led to the most
accurate detection of Coded Direction for the orb alone. This
also reduced motion conflation between the orb and cube.
Unexpectedly, the single particle orb had greater than chance
accuracy in Phase 2. This could potentially be the result
of practice and prolonged exposure to similar perceptual
cues for the more complex orb structures (particle location,
trajectory, speed of motion). These findings elucidate the
foundations for this novel illusion.

The results suggest that participants could determine the
Coded Direction of the orb and this observation is linked
to the orb’s particle count. Previously, the particle orb was
believed to be a bistable percept. The finding that partici-
pants could determine the orb’s Coded Direction is sup-
ported by studies examining SFMs relationship to rigid-body
objects (objects defined by elements rotating about a fixed
axis). Originally, Ullman (1979) determined—through a
mathematical theorem—how SFM object direction can be

extrapolated accurately with at least four defining points.
Ullman (1984) later updated his theory, showing that accu-
racy increases with viewing time and particle count. Simi-
larly, Hoffman and Bennett (1986) found that two points are
sufficient to generate a stable percept if rotational speed is
assumed to be constant while three defining points generate
a bistable percept. Unfortunately, none of these studies touch
on prior experience as a potential contribution to direction
determination. Prior experience or practice seem to improve
direction identification in ambiguous stimuli, as observed in
the difference between the single particle orb of Phase 1 and
the single particle orb (orb alone trials) of Phase 2. Regard-
less, these studies help explain most differences observed
between particle counts.

Beyond simple observations of the orb, the results from
phase two—orb and cube presentations—expand upon
findings from studies of ambiguous stimuli. In the study of
feature-based attention (Yu et al., 2017), the features of task-
irrelevant stimuli have been found to bias perceptions of
task-relevant stimuli. This is particularly relevant given the
stimuli presented were also ambiguous, particle-based SFM
structures. This would suggest that a stable object such as
the cube is unnecessary and could be replaced with ambigu-
ous SFM structures similar to the orb. Future studies could
examine the secondary object’s stability in relationship to
the illusion to determine if there are any unique contribu-
tions based on ambiguity or object shape. Although it is
uncertain how critical stability is to the illusion, the present
study extends the findings of Yu et al. (2017) to include
structural integrity (i.e. the cubes’ stable percept versus the
orb’s potential bistability) as a feature which influences task-
relevant perception.

The significance of structural integrity and motion per-
ception similarly relate to the motion aperture problem. The
ambiguity of local motion information (i.e. the 10 and 100
particle orbs) seems to resolve when less ambiguous stimuli
are present (i.e. the edge-defined cube). As more particles
are present in the 1000 particle orb, perception of the orb’s
Coded Direction begins to return. The approach towards
baseline motion perception appears similarly to the open-
ing of the aperture around local motion, revealing the true
nature of the stimuli underneath.

One alternative explanation for the binding of the orb and
cube may be due to common fate. Although initially think-
ing that the orb and cube would be viewed as distinct and
separate objects, the similar size and rotational velocity of
the orb and cube suggest that these items could be seen as a
single item. This inference would reinforce the expectation
that these items were moving the same direction. Although
this manipulation was not in the present study, it would be
valuable to determine what role common fate plays in the
orb’s Perceived Direction when viewed with the cube.
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Finally, the present study highlights the perception of
SFM while extending this work with feature integration. The
findings suggest ways to manipulate or improve motion per-
ception for 3D stimuli. First, structural integrity appears to
dominate motion perception. Further, the motion of ambigu-
ous objects can be heavily influenced by a stable objects’
motion. Taken together, strong—yet irrelevant—objects
could be utilized to better manage scenarios where ambigu-
ous motion perception in objects is critical.
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