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the role of the utricle and saccule in sensing motion
along the gravity axis is swapped compared to the erect
posture. It is expected that these changes in sensitivity
to gravity will inhibit vection since the vestibular ap-
paratus may be particularly tuned for the dynamics of
self-motion in upright observers.

Alternatively, an ecological account of vection would
suggest that — apart from special situations such as
swimming — traveling while supine, prone or lying on
one’s side are all unusual (i.e. non-ecological). There-
fore, we might expect to find that vection is stronger
when the observer is upright as opposed to lying down.
Consistent with this ecological account, it has been sug-
gested that the jitter/oscillation advantage for vection
may be due to jittering/oscillating optic flow mimick-
ing the bob, sway and lunge common to walking/run-
ning [3.25]. Thus, it is possible that the oscillation ad-
vantage for vection may disappear when the observer
is no longer upright if it is ecological in origin.

2. Method
2.1. Participants

Ten graduate students and staff (Main experiment: 3
males, 7 females; mean age = 30, SD = 8.88; Control
experiment: 4 males, 6 females; mean age = 30.5, SD
— 8.64) from the York University community partic-
ipated in this study. All had normal or corrected-to-
normal vision and reported no vestibular impairment.
Four of the participants had no prior experience with
illusions of self-motion in a laboratory setting and un-
derwent several practice sessions to ensure they were
comfortable with the task. This ensured that all sub-
jects understood the task and had experienced the sen-
sation of vection. Written informed consent was ob-
tained in accordance with a protocol approved by the
York University Research Ethics Board.

2.2. Apparatus

The optic flow displays were generated on an IBM
Lenovo T61p laptop with a 15.4 inch TFT display with
a resolution of 1280 (horizontal) x 800 (vertical) pixels
and refresh rate of 60 Hz. A custom Python program us-
ing the open-source libraries Visual Python (VPython)
for the visual displays and Pygame for gamepad control
was installed on each laptop. Each laptop was attached
to a rigid frame to form a workstation that could be

mounted and oriented to accommodate different body
postures.

Posture was varied with respect to gravity. For the
upright-seated posture, the observer’s head was aligned
with the display using the height adjustment of the chair
or wood blocks beneath the workstation (see inset in
Fig. 1). For the upright-standing posture, subjects re-
quiring height adjustment stood on appropriately sized,
stable, wooden blocks. For lying postures, the sub-
ject was appropriately positioned so that the head was
centered on the screen. A massage table was used for
the lying postures and the displays were mounted on
steel stands. The “prone” display was mounted below
the headrest of the table, the “supine” workstation was
mounted above the table, and the “left side down™ dis-
play at the side of the table. All displays were aligned
with the orientation of the head (see Fig. 1).

The viewing distance and visual angle were defined
by a circular, black neoprene viewing tube that was
fitted to the display. The tube had a length of 0.30 m
(observer-to-screen distance) and subtended a visual
angle of 39°. A secure fit of the tube prevented light
leakage, and a matte interior limited reflections off the
surface of the display.

Responses were recorded with a Logitech R Dual
Action Gamepad. Observers wore earplugs to mute any
environmental noise, which otherwise might have dis-
tracted them or provided orientation cues.

2.3. Visual displays

The self-motion displays were 3-D animations
(frame rate of 60 Hz) of translation through a field
of 600 randomly distributed, stationary, blue spheres
(16.72 c¢d/m?) on a black background (0.64 cd/m?).
The spheres had a simulated physical radius of 7.5 cm,
and were randomly positioned in space to form a 3-D
cloud of spheres that extended 30 m along the depth
or visual axis and + 5 m horizontally and vertically
along the motion path. Spheres were not drawn inside
a small circular region (radius 5 cm) at the centre of
the display, so as to avoid simulated collisions with
the observer’s head. Radially expanding or contracting
flow was used to simulate smooth self-motion along
the naso-occipital axis at 1.33 m/s through this station-
ary cloud. When simulated horizontal or vertical (with
respect to the head) viewpoint oscillation was added to
the display, this sinusoidal oscillation had an amplitude
of 0.28 m/s peak velocity and a frequency of 2 Hz.
When any sphere moved beyond the field of view (off
screen) it was redrawn at the same horizontal and verti-
cal coordinates but at the maximum depth represented
by the cloud.
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LSD Display

Fig. 1. Photograph of the display and table for the lying down body postures. The inset shows the workstation containing the laptop with shroud.
The workstations for prone, supine and left side down postures are mounted to the table and labeled. For the prone position the subject viewed
the display through the open face rest of the massage table and, to account for the thickness of the pillow, the shroud was adjusted to maintain

viewing distance.
2.4. Design

There were three independent variables. (1) Body
posture: upright (seated), and lying supine, prone, and
left side down. (2) Optic flow type: smooth motion,
smooth motion with added horizontal (x-axis) oscilla-
tion, or smooth motion with added vertical (y-axis) os-
cillation. The direction of oscillation was with respect
to the head. (3) Optic flow direction: forward (ra-
dial expansion) or backward (radial contraction) self-
motion (with respect to the head). Each of the 24 fac-
torial combinations of these conditions was repeated 4
times for a total of 96 trials. The trials were blocked by
posture and, within each posture block, blocked again
by flow direction. Within each posture-direction block,
the 12 trials for all combinations of the remaining vari-
ables (flow type and repeat) were pseudo-randomly or-
dered. The blocks were ordered using a counterbal-
anced Latin-Square design. In a separate control ex-
periment with a similar design, we compared the seated
(folded legs) and standing (extended legs) postures.

For each trial we obtained: 1) an overall vection
strength rating, 2) the latency to vection onset, and
3) the total vection duration. Vection dropouts were
identified by the release of the vection response button
after the initial vection response on a trial (to count as

a dropout, releases were required to last at least 250 ms
to filter out accidental releases). We calculated four
vection dropout measures for each trial: 1) number
of dropouts in a trial, 2) time of the first dropout, 3)
mean dropout duration, 4) total dropout duration, and
additionally we calculated the proportion of trials with
dropouts.

2.5. Procedure

Participants were informed that they would be view-
ing a series of movies of blue spherical objects in a
computer-generated world. They were told to freely
look around the display while attending to their feel-
ing of self-motion. For each posture block, the partic-
ipant was appropriately positioned. For all postures,
the head was aligned with the trunk of the body, and
the legs were extended in all but the upright posture.
After approximately 60 s in that posture, the first dis-
play they were shown was a smooth radial flow pattern
(expanding or contracting as appropriate for the block),
which served as a standard stimulus (which they were
told was to be assigned a vection magnitude of 50) to
base their responses upon. During all of the subsequent
trials in the block, participants pressed one of the shoul-
der buttons on the gamepad if they experienced vection
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Fig. 2. Mean vection strength rating (+ | standard error of the mean (SEM), 9 observers). The three motion conditions were smooth radial flow
with no oscillation, or with horizontal or vertical oscillation (in display-centric coordinates). Observers based their magnitude estimates on a
sample stimulus of smooth radial flow presented before each block of trials. Since the smooth radial flow displays were the same as the sample
stimulus, it was expected that the ratings would have an approximate mean rating of 50.

(i.e., feeling of self-motion), and continued to hold this
button down until the trial ended or the sense of vection
disappeared.

Each experimental trial began with a 3-s inter-
stimulus interval with the screen blank followed by the
30-s stimulus display. After each trial, observers rated
their vection magnitude relative to the standard stimu-
lus. If the feeling of self-motion was twice as strong
(or more) than the standard, they were told to set the
rating to 100. If the observer did not feel like they were
moving, they were instructed to select a rating of 0.
This rating scale had a resolution of 5 unit steps.

After the first block of 12 trials in one direction, ob-
servers were presented the standard and a set of 12 tri-
als in the opposite self-motion direction. After blocks
in both directions (24 trials) for a given posture, par-
ticipants were placed into the next body posture and
repeated the above procedure.

3. Results and analysis

One subject reported no self-motion (vection rating
of 0) for 40% of the trials, particularly in the lying
postures, and so was excluded from the dataset. In the
remaining subjects, vection was reported for 861 of the
864 trials. Separate statistical models were fitted for
each of the response measures.

Linear mixed effects (Ime) regression models were
fitted with fixed effects (namely body posture, 4 levels;
optic flow type, 3 levels; and optic flow direction, 2
levels) and a random effect (to model inter-subject sub-
ject variability) using the R package nmle (http://cran.r-
project.org/web/packages/nlme/). The response mea-
sures for vection onset, duration, dropout frequency,
and mean and total dropout duration, were logarithmi-
cally transformed to reduce skew and improve normal-
ity. Normality of vection ratings was improved with a
Box-Cox transformation. We adopted stepwise selec-
tion with Akaike’s Information Criterion [1] to select
the final models. The final regression model varied for
each response measure. For the vection ratings, body
posture, optic flow type, and optic flow direction were
selected for the model. For vection onset and duration,
only optic flow type and body posture were selected.
Of the vection dropout measures, we only found signif-
icant effects on the number of dropouts in a trial (only
optic flow type selected), and the proportion of trials
with dropouts (flow type and posture selected in a logis-
tic regression). Although we were interested in whether
the oscillation enhancement of vection was modulated
by posture, the stepwise selection indicated that there
were no significant interactions between optic flow type
and body posture. Family-wise error was controlled for
with Bonferroni correction and the adjusted p-values
are shown for post-hoc analyses.
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Fig. 3. Mean vection onsets (+ | SEM. 9 observers). The three motion conditions were smooth radial flow with no oscillation, or with horizontal

or vertical oscillation (in display-centric coordinates).
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Fig. 4. Mean vection durations (+ 1 SEM, 9 observers). The three motion conditions were smooth radial flow with no oscillation, or with

horizontal or vertical oscillation (in display-centric coordinates).

The results for vection ratings, onsets, and durations
are shown in Figs 2—4. Oscillating radial flow displays
produced significant| Y stronger vection ratings, shorter
Vection onsets, longer vection durations, and fewer tri-
als with vection dropouts than smooth radial flow (main
effect of optic flow for ratings: F 346 = 197.05, p <
0.0001; onset: Fj g5 = 10.43, p < 0.0001; duration:
Fygs0 = 13.47, p < 0.0001; proportion of trials with

dropouts: X3 55, = 6.51, p = 0.04). Horizontal 0s-
cillation tended to result in more vection dropouts in a
trial (F5 850 = 3.77, P = 0.02), otherwise, there were
no significant differences between mean vertical oscil-
lation and horizontal oscillation data for any response
measure (p’s > 0.05).

Body posture also significantly affected vection
strength ratings (F3,816 = 10.66, p < 0.0001), onsets



