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Abstract

To perceive orientation relative to gravity, we combine sensory information with weights
proportional to each cue's reliability. However, reliability alone does not fully determine a cue's
weight. When asking observers to orient a visual rod parallel to the orientation of gravity in the
presence of a static (tilted frame) or dynamic (rotating disc) distractor, some make much larger
deviations into the direction of the distractor than others. This idiosyncratic weighting of cues for
the perception of verticality has been explained by an individual trait: visual field dependence.
However, it can be questioned whether the static and dynamic distractor effects are based on the
same mechanism. If they are, changing the depth position of the distractor should induce a similar
change in the weighting of static and dynamic visual cues for judging verticality. To test this, we
placed the distractors at a different depth than the rod and reversed their depth order while
keeping their retinal extent constant. This change influenced the two distractor effects differently:
the effect of the disc was considerably larger when it was in the background, whereas the effect
of the frame reduced. Furthermore, the effect of depth order did not show a significant correlation
between the two distractors. Our findings thus suggest that static and dynamic distractor effects
are based on at least partly different mechanisms, implying that there is not a single visual
dependence.

Keywords: sensory weighting, field effect, verticality estimation, foreground-background, object-
background
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Introduction

We perceive orientation relative to gravity by multisensory integration of visual, proprioceptive
(i.e., vestibular and somatosensory), and idiotropic (i.e., longitudinal bodily axis) cues (1,2). It is
generally accepted that cues are combined with weights that are proportional to the cues’
reliabilities (1,3). Insight into this weighting can be gained by asking individuals to make object
orientation estimations in a cue conflict situation, for example when sitting upright whilst viewing
a distractor (e.g., tilted frame) that suggests a tilted body orientation. However, the reliability is
not the complete explanation of the weight given to a cue. For instance, individuals can modify
their cue weighting based on experience (4-6). Moreover, various studies have reported large
individual differences in weighting of sensory cues for the perception of verticality (7—16). These
variations in the reliance on visual relative to proprioceptive and idiotropic cues have been
referred to as ‘visual field dependence’, in short: ‘visual dependence’.

Two commonly used tests to assess visual dependence are the Rod-and-Frame test (15) and
Rod-and-Disc test (17). In both tests, participants are asked to orient a rod such that he or she
visually perceives it as upright, i.e., parallel to the orientation of gravity and perpendicular to the
earth’s surface. Participants perform these verticality judgments of the rod in the presence of a
distractor, either a statically tilted frame (Rod-and-Frame test) or a dot patterned disc rotating in
roll (Rod-and-Disc test). The conception is that observers who assign relatively large weights to
visual cues misalign the rod more into the distractor direction (i.e., the direction of frame tilt or disc
rotation) than those who assign relatively low weights. Several studies have reported a positive
correlation between verticality judgments on the Rod-and-Frame and Rod-and-Disc test
(10,12,18,19). Additionally, high similarity between ratings of line orientation and motion direction
across a wide range of lateral body tilts suggests that static and dynamic aspects of orientation
estimation share a computational strategy (20). However, there are reasons to assume that static
and dynamic distractor effects are based on (partly) different mechanisms. For instance, Guerraz
et al. (1998) demonstrated that the correlation depends on the retinal extent of the distractor. Also,
if the frame itself oscillates, the correlation with verticality judgments for a static frame decreases
with oscillation frequency (21). This may relate to differences in the neural processing of static
versus dynamic visual stimuli (22—24). Given these observations, the primary objective of our
study is to answer the question whether static and dynamic distractor effects are based on the
same mechanism.

One parameter of the distractor possibly influencing the verticality judgments is its depth position
relative to the rod. We assume that distractor effects are related to percepts of self-orientation
relative to gravity, which may be more strongly influenced by cues visible in the background. For
a certain retinal size, the physical size of the corresponding object increases with distance. Distant
objects that appear large (e.g., mountains, skyscrapers) are typically earth-fixed and hence
relevant cues for self-orientation. However, the effect of depth does not hold for verticality: a
nearby table leg and a palm tree in the distance are equally likely to be vertical. The effect
becomes more pronounced for moving (dynamic) objects. We usually do not observe large
moving objects from great distance, particularly when they rotate as whole. This suggests that,
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when the retinal extent of the dynamic distractor is kept constant, individuals might make larger
rod deviations from gravity when it is positioned in the background as opposed to foreground. So
far, studies investigating visual dependence usually applied the tests with the distractors
positioned in the foreground (i.e., before the rod; 13,14), or in the same plane
(7,8,10,15,16,25,26). Here we will investigate whether reversing the depth order of the distractor
and rod influences static and dynamic distractor effects in a similar way.

We designed our experiment to test whether static and dynamic distractor effects are based on
the same mechanism. If so, the depth reversal of rod and distractor should influence verticality
judgments similarly for the two distractors (frame or disc). Furthermore, we would expect that the
effect of depth order between the distractors is positively correlated. If not, it is more likely that
different mechanisms underlie the processing of static and dynamic visual cues for the perception
of verticality. We investigated our research question in two experiments using virtual reality

goggles.
Methods

In Experiment 1, we performed a first exploration into presenting visual dependence tests in virtual
reality. Experiment 2 was a conceptual replication, with several adjustments to the stimuli and
procedure aiming to enlarge a possible effect of depth order.

Participants

In Experiment 1, we included 32 participants (age range 18-60 years, 16 males) and in Experiment
2, we included 24 (all different) participants (age range 19-54 years, 8 males). The majority of the
two samples consisted of students from X. Other participants were friends and family. Participants
could partake if they had normal or corrected-to-normal vision, no self-known vestibular or
neurological disorders (e.g., epilepsy, Parkinson, migraine), and did not use medication that
impaired alertness. For both experiments, we obtained ethical approval from the faculty’s review
board (Experiment 1: X and Experiment 2: X).

Apparatus and stimuli

Both experiments were performed using virtual reality goggles, with the tests created in Unity
(2021). We used an HTC Vive Pro (2018) headset with a 1080 x 1200 resolution per eye, 110°
field of view, and a 90 Hz refresh rate. We presented the rod and distractor at two different depths,
differing by more than a factor of 100, but scaled them so their individual visual appearance did
not depend on depth (see Supplementary Table S1). Participants perceived the difference in
depth by binocular cues (disparity), by motion parallax resulting from (minimal) head movements
(27), as well as by occlusion (Lubeck et al., 2015; though not always present here, see below).

The static frame consisted of a rectangle with only visible edges (Figure 1a and 1b). The dynamic
disc consisted of a transparent disc with 117 opaque dots (Figure 1c and 1d). Independent of
depth order, the distance between the edges of the frame and the diagonal of the disc subtended
a visual angle of 36.8°. We tilted the frame by 28° with respect to gravity in correspondence with
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the original test setup (15). In Experiment 1, we set the rotation speed of the disc to 30°/s as this
is the lowest velocity that maximizes the distractor effect (29). We lowered the velocity in
Experiment 2 to 20°/s to reduce dizziness as reported by some participants in Experiment 1. To
increase the visibility of depth order, we blurred the distractor images in Experiment 2 as
participants will focus upon the rod when performing the verticality judgments. In this experiment,
we also blurred the participant’s vision slightly by placing a faintly opaque film in front of the
headset’s lenses as we learned that some participants had used pixels visible within the virtual
environment as a head-fixed frame of reference in Experiment 1. In both experiments, we
implemented the distractors in leftward and rightward direction defined in an earth-fixed manner.

In front of or behind the distractor, we presented the rod, consisting of eight discs distributed
equidistantly along a straight line (Figure 1). Each of the eight discs subtended 0.9° Experiment
1 and 1.4° in Experiment 2. We used aligned discs instead of a solid bar because the latter would
produce stair-stepping of edge pixels possibly providing an unwanted cue for verticality (30). The
visual angle of the rod was 29.4° in Experiment 1 and 44.2° in Experiment 2. The reason we
enlarged the rod in Experiment 2 was to increase the amount of occlusion between the rod and
distractor, ensuring they always overlapped independent of the rod’s orientation. We colored the
top disc magenta and all other discs green, so that the orientation of the rod was unambiguous
across the full 360° range. We asked participants to set the rod parallel to the orientation of gravity
with the magenta dot on top. Participants could rotate the rod around its center by pressing
allocated buttons on an external numpad, with the required buttons marked by felt stickers and
all other buttons being disabled. The rotation step size was 0.5° for single key presses, and 33°/s
when pressed and held. See Supplementary Table S1 for further details.
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Experiment 1 Experiment 2 Figure 1. The two left columns
_.--é show front views of the stimuli
.- used in the four conditions of the
St experiments. The right column
Thes shows a side view (not drawn to
Tt scale). Condition A: static frame
DT positioned in the foreground.
R Condition B: static frame
positioned in the background.
.---g Condition C: rotating disc
.- positioned in the foreground.
.- Condition D: rotating disc
-2l368° positioned in the background.
RN Conditions A and B represent the
R Rod-and-Frame test with a
~~-. 1 leftward frame; conditions C and
_ D represent the Rod-and-Disc
_--=""® test.
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Study design

We presented each combination of depth order and distractor (i.e., condition) in a separate block
of 16 (Experiment 1) or 24 (Experiment 2) trials, each trial representing a single rod adjustment.
In both experiments, we tested the following conditions: A) static frame positioned in the
foreground, B) static frame positioned in the background, C) rotating disc positioned in the
foreground, D) rotating disc positioned in the background. In all these four conditions, participants
could rotate the rod bidirectionally, which allowed them to make correctional movements in both
directions to fine-tune the rod’s orientation to their estimate of the upright.

Within each block, we inverted the distractor direction (i.e., leftward or rightward) at every trial.
The initial orientation of the rod was randomly chosen from a set of orientations that varied
between the experiments (see Supplementary Table S1); the sign of the initial orientation inverted
after every other trial. We once pseudorandomized the absolute starting orientation of the rod
using a uniform distribution and used this order throughout all blocks. The inversions in distractor
direction and initial rod orientation resulted in four possible trial sequences (Supplementary Table
S2 and S3).
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Experiment 1

In addition to our primary question, in this experiment we explored whether the type of response
method would affect the verticality judgments. We therefore added a fifth condition E in which we
repeated condition B, except that participants could only tilt the rod in one direction. We first
grouped and then counterbalanced the order of the bidirectional static frame (i.e., A-B or B-A) and
rotating disc (i.e., C-D or D-C) conditions. To ensure that participants would not confuse the type
of response method, condition E was always presented as the first of last condition. This resulted
in a total of eight possible condition orders, which were equally distributed across participants
(Supplementary Table S2).

Experiment 2

In Experiment 2, we re-tested conditions A-D with some alterations in the task parameters with
respect to Experiment 1 (see Apparatus and stimuli). We fully counterbalanced the four
conditions, resulting in 24 possible orders: one for each participant (Supplementary Table S3).

Procedure

Both experiments lasted 30 minutes and followed the same general procedure. We first asked
participants to read an information letter about the experiment, after which all provided written
informed consent. We subsequently provided a more detailed task instruction and demonstrated
how to use the numpad. Before starting the tests, we explicitly instructed participants to sit erect
and to keep their head upright. While we used a chin rest in Experiment 1, we omitted it in
Experiment 2 as it provided an additional orientation cue. We monitored possible motion sickness
experienced during the experiments by regularly asking for a Motion lllness Symptoms
Classification score (MISC; 31,32). Some participants reported feelings of dizziness (especially
in Experiment 1), after which they were given a break until they could continue the experiment.

We added four aspects to the general procedure of Experiment 2. First, we administered the TNO
test of stereoscopic vision, which uses random-dot stereograms of decreasing disparity (33). All
participants passed trials up to a disparity of 120 seconds of arc, which we set as our eligibility
criterion (minimum of 50% of trials correct). Second, we measured the participants’ interpupillary
distance and adjusted the goggles’ lenses distance accordingly. Third, we explicitly instructed
participants to hold the numpad in the air, without their arms resting on their lap or on the table in
front of them, to minimize orientation cues. Lastly, participants practiced the task with four practice
trials.

Data analysis

Each condition consisted of trials with leftward and rightward distractors. Not being interested in
determining possible left-right biases, our aim was to determine one score per participant per
condition that reflected the magnitude of the distractor effect. We define the distractor effect as
the number of degrees participants orient the rod from gravity in the distractor direction (i.e., the
direction of frame tilt or disc rotation). We first removed the trials in which the rod’s final orientation
was equal to the rod’s starting orientation. These errors occurred incidentally when participants
used the wrong key. This procedure resulted in the removal of 0.04% of trials in Experiment 1 and
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0.30% of trials in Experiment 2. We observed large variation in the finalized rod settings for some
of our participants (Supplementary Figure S1). To avoid choosing an (arbitrary) outlier criterion,
we determined the distractor effect based on the median rod orientation for trials with the leftward
distractor (%¥;) and the median rod orientation for trials with the rightward distractor (Xz) per
condition per participant according to:

XL — XR

2
Rod orientations with the magenta dot left from gravity (i.e., counterclockwise) were positive in
sign and those right negative. Positive effects hence indicate that the rod was tilted into the
distractor direction, negative effects into the opposite direction. Large positive scores thus reflect
a strong effect of the distractor on the perception of the upright, which suggests a large weighting
of visual relative to proprioceptive and idiotropic cues, and hence a large visual dependence.

distractor ef fect =

After completing Experiment 1, we realized that 20 participants performed condition A twice and
did not perform condition B. For these participants, we determined the distractor effect for
condition A with higher precision than the other conditions (using 32 instead of 16 trials) and no
distractor effect for condition B.

Statistical analysis

Our primary question was to investigate whether static and dynamic distractor effects are based
on the same mechanism. To that end, we performed two analyses, in which we include for
Experiment 1 only the 12 participants who performed all conditions. First, we performed a mixed
model ANOVA on the distractor effect (dependent variable) obtained in conditions A—D of each
experiment. In this analysis, the distractor (static frame or rotating disc) and its depth position
(foreground or background) are within-subject independent variables. We implemented the
experiment (Experiment 1 vs Experiment 2) as a between-subject independent variable. Second,
we performed correlational analyses on the effect of depth order between the two distractors for
each experiment. For these analyses, we used the Pearson correlation coefficient by default and
the Spearman’s correlation coefficient in case the assumption of normality was violated. In
Experiment 1, we additionally explored whether the type of response method affected the
verticality judgments. To that end, we performed a paired samples t test on the distractor effect
of conditions B (bidirectional) and E (unidirectional). In all analyses, we set a at 0.05.

Results

First, we investigated the effect of depth on the distractor effects to explore the existence of an
interaction. Figure 2 shows a pattern that suggests a strong interaction: in both experiments (both
panels), the depth reversal had a clear influence on the distractor effect for the disc (filled symbols:
larger distractor effect when in the background) but did not have this effect for the frame (open
symbols). This is supported by the results of the mixed model ANOVA. It shows significant main
effects for experiment (F(1,34) = 14.1, p = 0.001, h?2 = 0.15), distractor (F(1,34) = 45.0, p < .001,
h2 = 0.24), and depth order (F(1,34) = 51.3, p < .001, h2 = 0.19). There is also a significant
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interaction between experiment and depth order (F(1,34 = 16.9, p<.001, h2 =0.07), and — most
importantly — a significant interaction between distractor and depth order (F(1,34 =65.5, p<.001,
h2 = 0.26). However, due to the presence of a significant three-way interaction (F(1, 34) = 14.7, p
< 0.001, h2 = 0.07), we should be careful in the interpretation of lower order effects.

The significant three-way interaction indicates that the interaction between distractor and depth
order differs between the two experiments. A Wilcoxon rank-sum test indicates that the magnitude
of the difference in slopes between the filled and open symbols is larger in Experiment 1 compared
to Experiment 2 (W =62, p = 0.005, r=—0.81). The interaction effect is thus larger in Experiment
1 compared to Experiment 2, but in the same direction. We lastly investigated how depth order
affected the verticality judgments. For the disc, we found a clear effect: in both experiments, the
distractor effect was larger when the disc was positioned in the background (t= 5.3, p<.001, r=
0.85 for Experiment 1 and V=278, p<.001, r=—0.82 for Experiment 2). For the frame, the effect
of the depth reversal was the opposite: the effect of the distractor tended to be smaller when it
was in the background. This effect of depth order was not significant in Experiment 1 (V =24, p
= 0.266), but significant in Experiment 2 (V =67, p=0.016, r= 0.49).

Experiment 1 Experiment 2
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Figure 2. The effect of depth order on static (light purple) and dynamic (dark purple) distractor effects. Each
data point represents the mean distractor effect across participants with error bars indicating 95%
confidence intervals. For Experiment 1, only the 12 participants who completed all conditions are included.
Larger scores indicate that on average participants made larger rod deviations from gravity into the direction
of the tilted static frame or rotating disc. The results demonstrate that reversing the depth position of the
distractor and rod influenced static and dynamic distractor effects in opposing ways. This interaction was
larger in Experiment 1 than in Experiment 2. Static and dynamic distractor effects seem to be based on
(partly) different mechanisms.

Second, we investigated whether the effect of depth order between the two distractors showed a
positive correlation. We did not observe evidence for this in either experiment (Figure 3). In
Experiment 1, the change in the magnitude of the distractor effect induced by the depth reversal



PREPRINT

did not show a significant correlation, with even a negative estimate for the Pearson correlation (r
=—0.48; p = 0.12). Also, the results for Experiment 2 did not show a significant positive Spearman
correlation (r=0.19; p = 0.37).
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Figure 3. The effect of depth order (foreground — background) for the frame plotted against that of the disc.
Data points indicate the change in the magnitude of the distractor effect induced by reversing the depth
order of the distractor and rod. The color coding of participants corresponds to that in Supplementary Figure
S1. In both experiments, the depth order effects did not show a significant positive correlation. These results
are in agreement with the pattern of results in Figure 2.

Next to investigating whether static and dynamic distractor effects are based on a similar
mechanism, we additionally explored the effect of response method in Experiment 1
(Supplementary Figure S1). The results of a paired samples t test indicate that on average
participants made smaller deviations from gravity when they could rotate the rod in only one
direction (condition E: m=0.31, SD =0.96) instead of bidirectionally (condition B: m=1.08,
SD =1.08), with #11) =2.6 and p =0.03. This might suggest that participants behaved more
cautiously as to prevent over- and undershoot errors. Nonetheless, an exploratory analysis did
not show that participants took more or less time to complete condition E in comparison to
condition B (V' =30, p=0.52).

We display the distractor effects per participant in Supplementary Figure S1 and for all trials in
S2. We observed no evidence that the initial starting orientation of the rod influenced the final rod
orientation (see Supplementary Figure S3).

Discussion

The primary aim of our study was to investigate whether static and dynamic distractor effects are
based on the same mechanism. In two experiments, we asked participants to orient a virtual rod
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upright, parallel to the orientation of gravity, in the presence of a statically tilted frame or a disc
rotating in roll. We investigated how reversing the depth order of the rod and distractor influenced
the verticality judgments. If static and dynamic distractor effects rely on the same mechanism, we
expected 1) that verticality judgments of the rod would be similarly influenced by the depth
reversal and 2) that the effect of depth order would be positively correlated. Our results did not
confirm either expectation and thus indicate that the depth order reversal did not induce a
consistent reweighting of all visual cues for the perception of verticality.

Our results indicated that the interaction between distractor and depth order was larger in
Experiment 1 than 2. The smaller effect in Experiment 2 is not surprising as we deliberately
reduced the effect of the dynamic distractor by reducing the disc’s velocity (29), and a smaller
overall effect of the distractor will also reduce the interaction with depth order. Next to a smaller
dynamic distractor effect, the static distractor effect tended to be smaller in Experiment 2 as well.
This effect might be explained by having blurred the frame. Ebenholtz (1985) demonstrated that
blur reduces the distractor effect for a static frame, whereas circular vection — presumably
contributing to the dynamic distractor effect — seems unaffected by blur (35).

Our findings demonstrate that a reversal of the depth order of the distractor and rod influences
static and dynamic distractor effects in a different way. The effect of the disc considerably
increased when its depth position changed from foreground to background. For the frame, the
distractor effect slightly decreased by such a change of depth order. Therefore, moving the
distractor to the background does not induce a consistent change in the weighting of static and
dynamic visual cues for judging verticality. How can we explain this observation? The chance to
encounter a near (man-made) object that rotates is much higher than to encounter a large distant
object rotating as a whole. If the latter happens, our brain may therefore interpret the retinal motion
as the result of self-motion in the opposite direction than the object’s motion. As an analogy,
vection is more quickly and intensively induced when objects are perceived as moving in the
background compared to foreground (28,36—38). Optokinetic flow in roll nevertheless never leads
to a continuous percept of self-motion in roll, because it is combined with a static vestibular cue
(i.e., being upright). Instead, it can result in a percept of static self-tilt (29), as modelled by Bos &
Bles (2002). This illustrates that the processing of a dynamic distractor presumably involves more
complex neuronal structures compared to that of a static distractor with a relatively simple
weighted addition of static visual and vestibular cues. These arguments altogether may contribute
to explaining the opposing effects we observed of depth for the dynamic versus static distractor.

Visual dependence tests are used in various clinical settings (7,10,40,41), have been explored as
a predictor of motion sickness susceptibility (reviewed by 42), and may be of interest in relation
to visuo-vestibular illusions (39,43—45). Our findings indicate that the interpretation of test results
may depend on the type of visual dependence test used and its distractor depth position. After
all, we here show that visual dependence is not a single factor but can be differentiated into a
static and dynamic component.

10
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