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Abstract

We investigated the role of the visual eye-height (VEH) in the perception of affordance dur-
ing short-term exposure to weightlessness. Sixteen participants were tested during para-
bolic flight (Og) and on the ground (1g). Participants looked at a laptop showing a room in
which a doorway-like aperture was presented. They were asked to adjust the opening of the
virtual doorway until it was perceived to be just wide enough to pass through (i.e., the critical
aperture). We manipulated VEH by raising the level of the floor in the visual room by 25 cm.
The results showed effects of VEH and of gravity on the perceived critical aperture. When
VEH was reduced (i.e., when the floor was raised), the critical aperture diminished, suggest-
ing that widths relative to the body were perceived to be larger. The critical aperture was
also lower in 0g, for a given VEH, suggesting that participants perceived apertures to be
wider or themselves to be smaller in weightlessness, as compared to normal gravity. How-
ever, weightlessness also had an effect on the subjective level of the eyes projected into the
visual scene. Thus, setting the critical aperture as a fixed percentage of the subjective visual
eye-height remains a viable hypothesis to explain how human observers judge visual
scenes in terms of potential for action or “affordances”.

Introduction

Most of the time we guide our activities in an adaptive manner and without incident. During
locomotion, for example, we select support surfaces that can carry our weight and accommo-
date our posture while at the same time we avoid obstacles. The “affordance” neologism
proposed by J. J. Gibson [1] codifies this faculty of an animal to guide its behavior by hypothe-
sizing that the animal perceives what the environment has to offer in terms of action possibili-
ties. An affordance can be defined as the potentials for action for an animal with respect to the
properties of an object, surface or event, combined with the properties of the animal itself in
terms of physical characteristics (height, weight, energy potential) and action capabilities. Since
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Gibson's proposal, a growing body of research has studied the perception of affordances in
humans in normal terrestrial conditions [2-8].

One pertinent example of affordances is embodied by a study by Warren [6] in which the
authors demonstrated a perception of affordance by humans in the estimation of a stair’s
“climbability”. Participants viewed stairs of different heights and judged which ones they could
climb in a normal fashion. The results revealed that participants’ perceptual judgments were
consistent with respect to their actual stair-climbing capabilities computed from a biomechani-
cal model of climbability. Furthermore, the maximum riser height which was perceived to
afford “climbing on” could be expressed as a constant proportion of leg length (m = Riser
height / leg length = 0.88) whatever the actual height of the observer. Subsequently, Mark [2]
demonstrated that judgments of stair climbability (and also of chair “seatbility”) were based on
information that are available in the optic array and that are scaled to a reference visual angle
specific to each subject, the visual eye-height (VEH) defined below.

Eye-height can be defined as the actual, standing (i.e. anthropometric) height of an observ-
er’s line of gaze above the level of the floor. Standing eye-height can be perceived by vestibular
and proprioceptive cues [9-11] but also by visual information. Indeed, in an open field envi-
ronment, the convergence of ground texture and the convergence of lines that vanish at the
horizon specify standing eye-height. This latter information, given by the optic array, defines
what it is called the visual eye-height (VEH). On Earth, standing eye-height and VEH are usu-
ally redundant, as illustrated in Fig 1. The geometrical rules of optics can thus express the
dimension of an object (height and width) as a proportion of the observer’s VEH [5,12-14].
Moreover, standing eye-height bears a lawful link to the different parts of the body in any indi-
vidual, including, for instance, leg length. Using VEH to determine the ratio "riser height / eye
height" (Fig 1A) therefore also gives information about the ratio "riser height / leg length",
allowing one to judge if the riser is climbable or not [2,6]. Similarly, perception of the width of
an aperture in relation to the eye-height of the observer (Fig 1B) allows one to judge if the aper-
ture affords passage or not [7,13,15,16]. Perceiving the different dimensions of the environ-
ment in relation to the visual eye-height of the observer (and as a consequence to the standing
eye-height) thus allows him or her to make body-scaled action judgments; i.e. to perceive
affordances.
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Fig 1. lllustration of the geometrical rules of optics that express the height and width of an object as a proportion of the VEH. A) Y is the object’s total
height, E the distance between the bottom of the object and the horizon, and y and e are the respective heights expressed as visual angles. The height of the
object (Y) can be expressed as a proportion of the observer's VEH (E) by means of the VEH ratio defined as: Y/E = 1—tan(e-y) / tan(e) [5,11,13]. B) X is the
object’s total width, E the distance between the bottom of the object and the horizon, and x and e are the same quantities expressed as visual angles. The
width of the object (X) can be expressed as a proportion of the observer's VEH (E), by means of a VEH ratio defined as: X/E =2 tan(x/2) / tan(e) ~ x /e [13].

doi:10.1371/journal.pone.0153598.g001
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In line with Mark's research [2], several studies have manipulated VEH artificially in order to
test the relevance of the eye-height concept in the perception of affordances on Earth (pass-
through-ability [7,13,15,16]; pass-under-ability [17,18]; step-onto-ability [2,6]; step-across-ability
[19]; reach-toward-ability [20,21]). For instance, Warren and Whang [7] tested the use of VEH
on the visual guidance of walking through apertures using a false-floor paradigm. They dissoci-
ated the observer’s VEH and true standing eye-height by raising artificially the level of the visual
floor with respect to the actual standing surface. In the third experiment from their 1987 study
[7], these authors asked participants to judge, without actually performing the action, whether
they could pass through doorways with different widths, and they looked for effects of raising the
visual floor on the passability judgment. They found that the critical aperture, i.e. the minimal
width at which participants judged they could pass through without turning or scrunching the
shoulders, depended on VEH, while perceived distance (verbal distance estimation) did not.
Thus, decreasing VEH made apertures appear more passable (see also Wraga [16]).

Based on the studies mentioned above, one can conclude, therefore, that observers rely on
VEH information to perceive passability in normal terrestrial conditions; but what about other,
more unusual, circumstances such as spaceflight? On Earth, VEH can be used as a reference to
judge body-scaled actions (i.e. to perceive the affordance) because the eye-height and the object
to be perceived (e.g. an aperture) share a common surface: the ground (see Fath & Fajen [13]).
In weightlessness, however, the individual is free to float at any height without constant contact
with the floor. When an observer is unrestrained in this environment, eye-height, and as a con-
sequence VEH, moves vertically with respect to the floor and thus becomes irrelevant to the
scaling of body-related actions. This could lead one to abandon VEH as a perceptual strategy
in weightlessness.

One might also expect an effect of gravitational conditions on body-scaled judgments based
on recent research on perception in weightlessness. Intuitively, one might imagine that the per-
ception of one’s posture with respect to the environment would be perturbed in weightlessness
due to the loss of tonic otolith information about the tilt of the head with respect to gravity.
Various studies have shown that observers become more dependent on visual cues in the
absence of gravity while the body axis takes on an increased importance in defining the per-
ceived vertical [22-26]. Indeed, astronauts are unable to produce a consistent “upright” posture
in 0g in the absence of visual cues [27]. Less obvious are the effects of gravity on visual percep-
tion, where the notion of direct vestibular influences on the perception of retinal signals is not
intuitive. Nevertheless, experiments on orbit and during parabolic flight have demonstrated
the influence of gravitational cues on visual percepts such as the interpretation of ambiguous
figures [28,29], the perception of object orientation [30,31] and the identification of an axis of
symmetry [32-35]. Other studies have shown an influence of weightlessness on the perception
of visual cues linked to whole-body motions [36,37]. Of particular interest to the question of
object affordances are studies showing the effects of weightlessness on the perceived shape and
size of visual objects [29,30,38-41]. Among them, changes in apparent dimensions of objects
were found to take place in weightlessness, leading to underestimation of objects’ size and dis-
tance [42-45]. Specifically, when participants had to adjust the size of a rectangular
box displayed on a laptop so that it looked cubical (that is, with an equivalent size in width,
height, and depth), they made its height shorter, its width wider and its depth longer than on
Earth. In other words, the authors suggested that participants perceived a normal cube to be
taller, thinner and shallower in weightlessness [42,43]. What is not known, however, is whether
these modifications in the interpretation of visual cues in weightlessness have any influence on
the perception of the environment in terms of its affordances for action.

The aim of this study, therefore, was to investigate the role of VEH information in the per-
ception of affordances during acute exposure to weightlessness in parabolic flight. We
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hypothesized that VEH would lose its saliency in weightlessness because the ground no longer
provides a common reference to scale body related actions. Thus, we predicted that we should
observe an effect of VEH manipulation on the body-scaled critical aperture of a doorway dur-
ing tests performed on the ground, but that this effect should disappear or be strongly dimin-
ished in trials performed during the weightless phase of parabolic flight.

Method
Parabolic Flight Experiment

We implemented a virtual-reality adaptation of Warren and Whang’s false-floor paradigm in
order to test whether body-related actions continue to be scaled to VEH in the absence of grav-
ity. The task required the participant, who was "immersed" in a virtual scene projected onto the
screen of a laptop, to adjust the opening of a virtual doorway until it was perceived to be just
wide enough to pass through without turning or scrunching the shoulders.

Apparatus. The measurement device consisted of a laptop mated with a tunnel and a div-
ing mask (Fig 2). The participants looked at images projected on the laptop screen (a 17-inch
display) through the tunnel (26 cm height, 32 cm wide, 43 cm depth) in order to exclude other
visual cues. The laptop was fixed to a rack attached to the wall.

The visual scene. The visual scene was constructed from a photograph of a real room (220
cm horizontal X 260 cm vertical) in which a doorway-like aperture was formed between two
black panels (see Fig 3). Photos of the aperture were taken at a distance of 7 m. Two snapshots
of the scene were taken from different viewing heights in order to simulate a flat floor (155cm-
VEH) and a raised floor (130cm-VEH).

Depth cues were available in these photos via the texture on the walls and floor and from the
intrinsic vanishing point formed the convergence of the lines and edges of walls and floor from
the lower middle of the photographs. The convergence lines from the ceiling were removed
through digital modification of the images (Adobe Photoshop™). The photographs were then
imported into the custom “VISION” software for building and running the experiment. The sep-
aration between the black panels was made to be adjustable in width by concomitant lateral
translation of the panels through digital processing of the images. Thus, the participant was able
to adjust the width of the aperture in an expanding or contracting manner (see Fig 4).

Procedure. Two tasks were performed, a passability task followed by a subjective eye-
height task. Participants were initially familiarized with the tasks and the environment by per-
forming 10 training trials. The tasks went as follows:

Passability task (critical aperture): Participants were asked to adjust the opening of the door-
way in the visual scene by manipulating a trackball until they perceived the aperture just wide

<— Laptop
Tunnel

Mask

<— Trackball

Fig 2. The measurement device. The measurement device consisted of a laptop mated with a tunnel and a diving mask. Participants looked at the visual
scene displayed onto the screen. The visual scene was a picture of a room in which a doorway-like aperture was formed between two movable partitions.
Perceptual adjustments were performed using a right-handed trackball.

doi:10.1371/journal.pone.0153598.g002
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Fig 3. The visual scene. The visual scene was made from a photograph of a real room (220 cm horizontal X
260 cm vertical) in which a doorway-like aperture was formed between two movable panels. In the 130cm-
VEH condition, the floor was raised about 25 cm. In this illustration, the superimposed solid white lines
indicate the convergence lines from the lower middle of the photography toward the center of the screen.
Note that the vanishing point remained at the center of the screen whatever the visual condition. The dotted
line indicates the level of the eyes at the center of the screen. Neither the solid nor the dashed white lines
were actually present in the visual scenes.

doi:10.1371/journal.pone.0153598.9003

enough to fit through without turning or scrunching the shoulders (critical aperture; see Fig 4).
This required participants to imagine moving toward the door, at normal pace, considering
their actual position and their environmental context. No further instructions were given

Passability task Subjective eye-height task

Fig 4. Passability and subjective eye-height tasks. In the passability task, participants were asked to
adjust the opening of the doorway until it was perceived to be just wide enough to pass through without
turning or scrunching the shoulders. The door could be adjusted by means of a hand-held trackball that
controlled the lateral translation of the right and left black-painted movable panels to produce a doorway like
aperture varying in width in an expanding or retracting manner. The measure obtained was the critical
aperture (A, in cm) which is the minimum width of the aperture perceived by the subject to be “passable”. In
the subjective eye-height task, participants adjusted a horizontal line to be at his or her perceived level of the
eyes in the visual scene. The measure obtained was the so-called subjective eye-level, expressed as a
deviation angle in degrees relative to the center of the screen, or reported as the subjective visual eye-height
when computed in degrees relative to the visual floor.

doi:10.1371/journal.pone.0153598.g004
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concerning the mode of displacement to adopt (see Discussion). These adjustments were made
in the two VEH conditions, 155cm-VEH and 130cm-VEH, described above. Six adjustments
were done for each VEH condition, with the initial aperture set to 0 on three of the trials and to
the maximum on the other three. The VEH conditions were presented in random order. It
took around 2 s to respond to each stimulus and the following trial started the moment the par-
ticipant had pressed the button to validate his/her previous trial.

Subjective eye-height task: Participants were asked to move a cursor (a red horizontal line sub-
tending 0.08° of visual arc) up and down in the visual screen with a trackball until it reached the
level at which he or she perceived his or her eyes in the visual scene (see Fig 4). These adjustments
were made in three visual conditions presented in random order: neutral (blank mask), 130cm-
VEH and 155cm-VEH. The 130cm-VEH and 155cm-VEH conditions were the same as those
described for the passability task, with the aperture between the doors set at a fixed width of 90
cm. In the neutral condition, the participant observed a uniform white screen. Six adjustments
were performed in each visual scene (3 from the lowest possible bar position and three from the
highest). The mean of the 6 judgments within each visual condition was used for analysis.

Modulating gravity. The experiment was carried out during a campaign of parabolic
flights sponsored by the Centre National des Etudes Spatiales (CNES) on board the Airbus
A300 Zero-g. This aircraft is capable of flying parabolic trajectories during which the entire
cabin is put in close-to-zero effective gravity (less than 107> g) for about 20 s. Subjects experi-
enced ~20 s of hypergravity (1.6-1.8 g) just before and just after each weightless period as the
aircraft pulled up to enter into the parabola and pulled out of the parabola and back into level
flight, respectively. Each participant was tested twice: inflight during weightless phases of para-
bolic flight (0g) and inside the plane while on the ground in normal gravity (1g). The 1g condi-
tion was performed on the ground due to time constraints of the flights. Doing so also
eliminated the potential influence of airplane vibrations and the unpredictable changes of grav-
ito-inertial forces that would nevertheless occur during level, 1g flight [46].

At the beginning of each test, for both normal gravity and weightlessness, the participant
stood in front of the laptop device with the head strapped to the diving mask. The participants
were then required to hold onto the mask with the left hand and to use the right hand perform
adjustments with a trackball. On the ground, subjects remained in this posture while perform-
ing the perceptual judgments. For the trials performed in parabolic flight, the participants were
asked to keep the standing position with the feet on the floor during the hyper-g phases, firmly
held and monitored by the experimenter. At the beginning of the weightless phases, partici-
pants assumed a quasi free-floating state by letting the legs float off of the floor so that their
body reached an orientation, with the help of the experimenter, that varied from 45° to the
almost horizontal, depending on the participant. Participants performed the perceptual judg-
ments only during the 0g phase of the parabolas.

Participants. Sixteen volunteers (11 men and 5 women; mean age 33 +8 years) participated
in the parabolic flight experiment. Participants had vision that was normal or corrected-to-nor-
mal by lenses. Participants were not selected a priori regarding their stature. Their standing
height ranged from 162 cm to 183 cm (mean = 174 cm; SD = 5.8). Their shoulder width ranged
from 42 cm to 53 cm (mean = 46.5; SD = 2.99). They had no previous history of vestibular dys-
function or other neurological symptoms and were free from any known locomotor disorders
(they all had had to pass a medical examination to be allowed to participate in parabolic flight).
All were naive with respect to the hypotheses of the experiment. The independent regional ethics
commiittee (Comité de Protection des Personnes Nord Ouest III) approved the study and partici-
pants gave their written informed consent, in accordance with the Helsinki accords.

For 13 of the 16 participants this was their first exposure to parabolic flight; the others had
experienced parabolic flight on different occasions. Due to motion sickness, 3 subjects were
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unable to perform the entire procedure. All 16 subjects performed the passability task in both
0g and 1g, while 13 out of 16 successfully completed the subjective eye-height task in both grav-
ity conditions.

Data analyses and statistics

Measurements: For the passability task, we computed the critical aperture (A), in centimeters,
as the mean of the six judgments within each visual and gravitational condition. For the subjec-
tive eye-height task, the perceived eye-height was expressed as the visual angle measured in
degrees relative to the center of the screen, hereafter called subjective eye-level. In the 130cm-
VEH and 155cm-VEH conditions, the perceived eye-height was also reported in degrees rela-
tive to the visual floor, hereafter called subjective visual eye-height (sVEH). For each subject,
his or her true standing height in the real world was also measured using a stadiometer while
standing upright in normal gravity. Shoulder width, the widest frontal body dimension, was
measured with an anthropometer from the tip of the left humerus (humeral greater tubercle)
to the tip of the right humerus with the shoulders relaxed.

Passability: After having ensured that the application of ANOV As was statistically appropri-
ate (Shapiro Wilk's test assessed that the data were normally distributed), we performed a two-
way ANOVA (2 gravity conditions * 2 VEH conditions) with repeated measures on the critical
aperture. This analysis was based on data from all 16 subjects.

Subjective eye-level and Subjective visual eye-height: We compared the mean values of sub-
jective eye-level for Og and 1g in the neutral condition (blank mask) with Student’s pairwise t-
test. For the subjective eye-levels reported in the presence of the visual doorway, we conducted
a two-way ANOVA with repeated measures on the values obtained for 155cm-VEH and
130cm-VEH during both weightless and normal gravity sessions (2 gravity * 2 visual condi-
tions), after having ensured that the application of ANOV A was statistically appropriate (Sha-
piro Wilk’s test). A similar two-way ANOV A was also applied to the subjective visual eye-
height (sVEH) measured in degrees relative to the visual floor. The analyses of subjective eye-
height task were conducted on the 13 participants who successfully completed this protocol in
Og.

Reliance on VEH: We determined the percent reliance of A on visual eye-height (% VEH) by
comparing the actual and predicted diminution of the critical aperture when the visual floor
was raised by 25 cm (i.e. between the 155 and 130 cm VEH conditions), computed as follows:

actual AA "
predicted AA

%VEH = 100

aCtual AA = Alo5cm - AlSOcm

AVEH = 155 — 130
=25

AVEH

dicted AA = Ay, X ——
predicte ssem X VEH, .

25
=A —
155cm X 155

A Student’s pairwise t-test was used to compare %VEH between the Og and 1g conditions.
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Fig 5. Subject posture and visual stimuli for the control experiments. In the first control experiment subjects performed the critical aperture and
subjective eye-height tasks either in an upright standing posture or while lying prone on a cushioned table. In the second control experiment, performed only
in the prone position, the viewpoint into the virtual room was either held static or displaced dynamically to evoke the visual sensation of floating freely within
the 3D visual environment.

doi:10.1371/journal.pone.0153598.9005

Correlation analyses. We performed Bravais-Pearson correlation analyses 1) between the
participants’ shoulder width and critical aperture in the 155cm-VEH condition, to test whether
the wider participants were those who showed the larger critical apertures; 2) between the par-
ticipants’ true standing eye-height and the sVEH in the 155cm-VEH condition, to test whether
the taller participants were those who reported the higher sVEH, and 3) between the adjust-
ments of the critical aperture and the sVEH, to test whether the participants who produced the
larger critical apertures were those who reported the higher sVEH. These analyses were per-
formed on the 13 participants who successfully performed the two tasks (passability and sub-
jective eye-height), for normal gravity and weightless session.

Control Experiments

In our weightless experiments two main factors might have influenced the perception of the
apertures, the lack of gravity per se and the semi-prone, floating posture that the subjects
adopted in weightlessness. In order test how postural context may have contributed to the per-
ception of passability in weightlessness, we performed additional experiments similar to the
main protocol described above. In these two control experiments, performed only in normal
gravity on the ground, subjects observed a virtual room on a video screen viewed through a
mask and tunnel. The visual environment, constructed with 3D graphics software, consisted of
a corridor with textured walls, ceiling and floor and with a doorway at the far end. The doorway
was equipped with sliding panels that could be opened or closed to varying degrees by manipu-
lating a trackball. The floor of the virtual room could be moved upward by 25 cm with respect
to the walls and ceiling.

In the first control experiment we tested specifically for an influence of body posture on
both the critical aperture and on the sVEH. Subjects performed the tests either in a normal,
standing posture or while lying prone on a cushioned table, with head and shoulders propped
up by leaning on their elbows (see Fig 5). In both situations the computer was maintained in a
normal upright position and the axis of the tunnel (i.e. the viewing axis) was horizontal with
respect to gravity. As in the main experiment, subjects were tasked with adjusting the sliding
panels such that the aperture would allow them to pass without turning or scrunching their
shoulders. Subjects performed 4 repetitions of the critical aperture adjustment for each level of
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ZQj;"IJC>S;‘<DNE

Perception of Affordance in Weightlessness

the virtual floor and in each posture. The mean across these 4 repetitions was used for analysis.
The two different postures (standing or prone) were tested in separate blocks, with the order
counter-balanced across subjects. Presentation of the two different floor heights was random-
ized within each block. Subjects were also asked to perform the subjective visual eye-height
task by adjusting a horizontal bar presented in the visual scenes. They performed 10 repetitions
for each floor height in each postural condition. The critical aperture was subjected to a two
way ANOVA with repeated measure (2 postures x 2 VEH conditions). A similar ANOVA was
applied to the sVEH. Twenty subjects (10 males, 10 females) participated in this control
experiment.

In the second control experiment we tested whether a floating “postural context” might
influence the perceived critical aperture. In this experiments subjects were also asked to adjust
the doorway to the critical aperture, as in the experiments described above. In contrast to the
main experiment, however, subjects were instructed to imagine their movement toward the
door while taking into account the current posture of their body. Given the prone posture, this
implied a floating or swimming motion toward the doorway without contact of the feet on the
ground. Going a step further in this regard, the viewpoint of the subject within the virtual
room was either a) held static, corresponding to an observer who does not move within the
room, or b) displaced dynamically, with smooth up/down and left/right movements of the
viewpoint in the fronto-parallel plane. This latter condition was meant to evoke the visual sen-
sation of floating freely within the 3D visual environment. The experiment was divided into
two blocks, one for each postural context (static or dynamic) counterbalanced across partici-
pants. VEH varied randomly between the two possible values within each block. Sixteen adjust-
ments were performed in each condition, leading to a total of 32 trials per block and 64 trials
overall. The mean of the 16 judgments were subjected to a two way ANOVA with repeated
measure (2 postures x 2 VEH conditions) on the critical aperture. Twenty subjects (10 males,
10 females) participated in this control experiment.

Results

In debriefing, no participants explicitly reported noticing any changes between the 130cm-
VEH and 155cm-VEH conditions. Overall, participants did not report any difficulties in per-
forming the tasks. Globally, there was no great problem of dizziness or motion sickness during
parabolic flight, except for three subjects who suffered of severe nausea during the subjective
eye-height task (carried out towards the end of the flight) and who had to abandon the testing.

Passability

Mean values of critical apertures (A) and aperture-to-shoulder width ratios (A/S) are given in
Table 1. The analysis showed a main effect of VEH on the critical aperture: F(1,15) = 14.26; p<
0.01;m°, = 0.49; (1 — B) = 0.94. Specifically, for both weightless and normal gravity sessions, the
mean of critical apertures was significantly lower for 130cm-VEH compared to 155cm-VEH
(62.8 vs. 66.5, respectively). The analysis also showed a significant effect of gravity on the criti-
cal aperture: F(1,15) = 5.89; p< 0.05; nzp =0.28; (1 — B) = 0.62. For both the 130cm-VEH and
155cm-VEH conditions, the mean of critical apertures was significantly lower for trials per-
formed in weightlessness compared to the normal gravity session (66.5 vs. 62.8, respectively).
The interaction between the two factors was not significant: F(1,15) = 0.02; p = 0.89, meaning
that we have no statistical evidence that the significant effect of VEH was different in Og versus
1g. An ANOVA carried out on the shoulder-width ratios showed the same statistical conclu-
sions, i.e. a significant effect of VEH and gravity and no cross effect (see Fig 6).
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Table 1. Critical aperture and shoulder width ratio.

Critical aperture (A) Shoulder width ratio (A/S)
Condition 1g 0g 1g 0g
mean sSD mean SD mean SD mean SD
155-VEH 68.4 12.0 64.5 10.2 1.47 0.23 1.38 0.18
130-VEH 64.6 14.2 61.0 11.9 1.39 0.28 1.31 0.21

Mean and Standard Deviation (SD) of the critical aperture (cm), the shoulder-width ratio for participants in the 155cm-VEH and 130cm-VEH conditions in
normal gravity (1g) and weightlessness (0g). The shoulder-width ratios are given to allow direct comparison with the results of Warren and Wang [7].

N = 16 subjects. VEH = Visual eye-height, A =

doi:10.1371/journal.pone.0153598.t001

Critical aperture, S = Shoulder width.

Subjective eye-level and Subjective visual eye-height

Data processing was carried out on the subjective eye-level, i.e. the mean deviation (in degrees)
of the final position of the indicator bar relative to the center of the screen, for each of the three
visual conditions (neutral, 155-VEH and 130-VEH) and on the subjective visual eye-height
above the floor (sVEH) in the visual scene for the two conditions where a floor was present
(155-VEH and 130-VEH). The results are summarized in Table 2.

Student’s t-test applied in the neutral condition (white mask) did not reveal a significant
effect of gravity on the subjective eye-level: #(12) = 0.65; p = 0.53. Indications of subjective eye-
level were about 0.03° on average in 1g and -0.37° on average in 0g, where positive or negative
values indicate subjective levels above or below the center of the screen, respectively. In the tri-
als where a visual floor and doorway were presented, ANOVA showed a significant effect of
VEH on subjective eye-level for both weightless and normal gravity trials: F(1,12) = 21.3; p<
0.001; 1%, = 0.64; (1 — B) = 0.99. Specifically, subjective eye-level above the center was signifi-
cantly higher for 130cm-VEH relative to 155cm-VEH, whatever the gravity condition (3.00°
vs. 2.1°, respectively). The ANOVA also showed a significant effect of gravity on the subjective
eye-level in these cases: F(1,12) = 8.8; p< 0.01; nzp =0.42; (1 — B) = 0.78, which was lower for
weightless trials compared to trials performed in normal gravity (1g = 3.2° vs. 0g = 1.9°). The
interaction between the two factors was not significant: F(1,12) = 1.0; p = 0.33.

An ANOVA carried out on the subjective visual eye-height above the floor (sVEH) showed
a significant effect of raising the floor for both weightless and normal gravity trials: F(1,12) =
27.7; p< 0.001;m’, = 0.70; (1 — B) = 1. Specifically, sVEH was significantly lower for 130cm-

1.55
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1.45

1.40 8155 cm-VEH

1.35 0130 cm-VEH

1.30

1.25

Shoulder- width ratio (A/S)

1G 0G

Fig 6. Shoulder-width ratio. Mean of shoulder-width ratios as a function of gravity session and visual
condition (plotted with + SEM; N = 16). SEM = Standard Error of the Mean, VEH = Visual Eye-Height. (see S1
File for raw data).

doi:10.1371/journal.pone.0153598.g006
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Table 2. Subjective eye-level and subjective visual eye-height (sVEH).

Subjective eye-level relative to the center of the Subijective visual eye-height (sVEH) relative to the
screen (°) visual floor (°)
Condition 19 0g 19 0g
mean SD mean SD mean SD mean SD
Neutral 0.03 2.99 -0.37 2.34 _ _ _ _
155-VEH 2.65 3.66 1.52 3.86 15.14 3.66 14.01 3.86
130-VEH 3.67 3.76 2.33 3.57 14.20 3.76 12.86 3.57

Mean and Standard Deviations (SD) of the subjective eye-level given in degrees relative to the center of the screen in the neutral, 155cm-VEH and
130cm-VEH conditions, in normal gravity (1g) and weightless (0g). The subjective visual eye-height is also reported in degrees relative to the visual floor
(sVEH), when present. N = 13 subjects. VEH = Visual eye-height, sVEH = subjective visual eye-height.

doi:10.1371/journal.pone.0153598.t002

VEH compared to 155cm-VEH for both gravity conditions combined (13.5° vs. 14.6°, respec-
tively). The ANOVA also showed a significant effect of gravity on the sVEH: F(1,12) = 8.8;
p< 0.01;1m’, = 0.42; (1 — B) = 0.78 such that sVEH was significantly lower for weightless
trials (1g = 14.7° vs. Og = 13.4°). The interaction between the two factors was not significant:
F(1,12) = 1.0; p = 0.33 (see Fig 7).

It is perhaps worth emphasizing here for clarity the opposing effects of changing the visual
floor height on the subjective eye-level with respect to the center of the screen and the subjec-
tive eye-height with respect to the visual floor. Even though raising the floor had the effect of
raising the subjective level of the eyes with respect to the screen (i.e. with respect to the hori-
zontal), this effect was not enough to counteract the reduction in the visual angle between the
floor/door intersection and the center of the screen. Thus, raising the visual floor (VEH) still
caused a reduction in the reported perceived visual eye-height (sVEH), but the reduction in
sVEH was less than the expected value of 25 cm.

A/VEH Scaling

The results of the analyses of the percent reliance on VEH are summarized in Table 3. The 25
cm change in VEH from 155 cm to 130 cm represents a relative change of 16.13% of the
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Fig 7. Subjective eye-level and subjective visual eye-height. A) Mean of subjective eye-level computed in degrees relative to the center of the screen as
function of visual condition and gravity session (plotted with + SEM; N = 13). B) Mean of subjective visual eye-height computed in degrees relative to the floor
as function of gravity session and visual condition (plotted with + SEM; N = 13). SEM = Standard Error of the Mean, VEH = Visual eye-height,

sVEH = Subjective visual eye-height relative to the floor and in degrees. (see S1 File for raw data).

doi:10.1371/journal.pone.0153598.9007
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Table 3. Predicted and actual diminution of the critical aperture.

19 0g
mean SD mean SD
Predicted diminution (cm) 11.0 1.9 10.4 1.7
Actual diminution (cm) 3.8 4.9 3.5 4.8
Reliance on VEH (%) 34.4% 33.8%

Means and Standard Deviations (SD) of the predicted and actual diminution of the critical aperture (cm)
when raising the floor by 25 cm (i.e. the difference between 155cm-VEH and 130cm-VEH condition) in
normal gravity (1g) and inflight session (0g). The reliance on VEH to scale the critical aperture is given in
terms of percentage of expected VEH scaling. N = 16.

doi:10.1371/journal.pone.0153598.t003

purported metric. If subjects fully scaled the critical aperture to VEH, one would expect the
critical aperture (A) to change by a similar factor between the 155cm-VEH and 130cm-VEH
conditions. For an average critical aperture of 68.4 cm for 155cm-VEH (see Table 1), the
expected change in A would therefore be 11 cm. However, the actual diminution of the critical
aperture in the raised floor condition was only about 3.8 cm (i.e. 68.4 cm—64.6 cm) indicating
a reliance on VEH of about 34.4% for the normal gravity session. The expected change in criti-
cal aperture due to the raised floor was slightly different in weightlessness, because the critical
aperture in the 155cm-VEH condition was slightly smaller in 0g compared to 1g. Raising the
floor about 25 cm in the inflight session was therefore expected to reduce the critical aperture
by 10.4 cm if VEH information alone was used. The actual diminution of the critical aperture
in the raised floor condition was about 3.5 cm (i.e. 64.5 cm—60.0 cm), giving a relative reliance
on VEH of about 33.8% for the inflight session. Student’s t-test showed no significant differ-
ence in these values between gravity conditions: #(15) = 0.15; p = 0.88. A corollary of this analy-
sis is that the ratio of A to VEH did not remain constant across conditions.

We note, however, that changes in the sVEH between the 155cm-VEH and the 130cm-VEH
conditions differed from the actual change of eye-height evoked by the changing floor level in
the visual scene. Indeed, the critical aperture (A) and the sVEH, showed similar patterns of var-
iation as a function of VEH (155 or 130) and gravity conditions (0g an 1g), as illustrated in Figs
6 and 7B. We therefore hypothesized that a perceptual strategy in which the critical aperture is
scaled to the sVEH could explain the subjects’ perceptual responses across our experimental
conditions. Indeed, the ratio of the critical aperture expressed as a visual angle (A°) to the sub-
jective visual eye-height, also expressed in degrees (sVEH®), shown in Fig 8 appears to be much
more constant across conditions. An ANOVA on the A°/sVEH" ratio showed no main effect of
the VEH or gravity factors and no cross effect, suggesting that subjects may maintain a con-
stant A°/sVEH® to choose the critical aperture (see Discussion).

Correlation analysis

Correlation analyses applied to the results from the 155cm-VEH condition showed a signifi-
cant positive correlation between the participants’ shoulders-width and the critical aperture
(1g:r=0.54, p< 0.05; 0g: r = 0.65, p< 0.05). Positive correlations were also found between par-
ticipants’ true standing eye-height and subjective visual eye-height, reaching significance for
the normal gravity session only (1g: r = 0.64, p< 0.05; 0g: r = 0.50, p = 0.09). The analysis also
showed a significant correlation between the adjustments of the critical aperture and the
adjustments of the subjective visual eye-height whatever the gravity session (1g: r = 0.66, p<
0.05; 0g: r = 0.57, p< 0.05).
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Fig 8. Ratio of A versus sVEH for each condition. Mean of A°/sVEH? ratio as function of gravity session
and visual condition (plotted with + SEM; N = 13). SEM = Standard Error of the Mean, A° = Critical aperture
and sVEH? = Subjective visual eye-height relative to the floor, each expressed as a visual angle in degrees.
(see S1 File for raw data).

doi:10.1371/journal.pone.0153598.g008

Control experiments

Mean of critical apertures (A) and subjective visual eye-height (sVEH) for the control experi-
ments are given in Table 4. The analysis conducted on the first control experiment showed a
main effect of VEH on the critical aperture: F(1,19) = 23.89; p< 0.001; nzp =0.56; (1 -B)=1.
Specifically, for both standing and prone conditions, the mean of critical apertures was signifi-
cantly lower for 130cm-VEH compared to 155cm-VEH (63.7 cm vs. 68.7 cm, respectively).
There was no significant effect of posture on the critical aperture: F(1,19) = 0.41; p = 0.53

and there was no interaction between the two factors: F(1,19) = 2.03; p = 0.17. The analysis
performed on the sVEH showed a main effect of VEH: F(1,19) = 248; p< 0.001; 1%, = 0.93;

(1 — B) = 1. Specifically, for both standing and prone conditions, the mean of sVEH was signifi-
cantly lower for 130cm-VEH compared to 155cm-VEH (95.9 cm vs. 114.1 cm, respectively), as
would be expected due to the raising of the visual floor. There was no significant effect of pos-
ture on the sVEH: F(1,19) = 3.55; p = 0.08 and the interaction between the two factors was not
significant: F(1,19) = 0.02; p = 0.89.

The analysis conducted on the second control experiment showed a main effect of VEH: F
(1,19) = 124.8; p< 0.001; 1%, = 0.87; (1 — B) = 1. Specifically, for both static and dynamic ses-
sions, the mean of critical apertures was significantly lower for 130cm-VEH compared to
155cm-VEH (57 cm vs. 60 cm, respectively). There was no significant effect of mode of

Table 4. Critical aperture and subjective visual eye-height of the control experiments.

Control Experiment #1 Control Experiment #2

Critical aperture (A) Subjective visual eye- Critical aperture (A)

height (sVEH)
STANDING PRONE STANDING PRONE STATIC DYNAMIC

Condition mean SD mean SD mean SD mean SD mean SD mean SD

155-VEH 683 182 69.0 162 1174 119 1108 178 587 125 60.6 16.9
130-VEH 626 169 648 163 990 111 926 160 555 126 57.7 16.7

Mean and Standard Deviation (SD) of the critical aperture (cm) and subjective visual eye-height (cm) for
participants in the 155cm-VEH and 130cm-VEH conditions in the control experiments. N = 20 subjects.
VEH = Visual eye-height, A = Critical aperture, sVEH = Subjective visual eye-height.

doi:10.1371/journal.pone.0153598.t004
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presentation (static or dynamic) on the critical apertures: F(1,19) = 1.51; p = 0.23. The interac-
tion between the two factors was not significant: F(1,19) = 0.52; p = 0.46.

Discussion

The main purpose of this study was to investigate the influence of gravity on perception of
affordances for passing through apertures. Specifically, the question was to determine whether
the perception of the threshold aperture for passability through a doorway remains scaled to
VEH when the observer and the doorway no longer share the ground as a common and stable
reference.

Effects of VEH

In our experiments we found a significant effect of VEH on the mean critical aperture, whether
expressed in absolute measure (cm) or as the ratio of the aperture opening to shoulder-width.
We found that decreasing VEH in the visual scene by raising the visual floor made apertures of
a given size appear more passable. Indeed, the mean of shoulder-width ratios was significantly
lower for the 130cm-VEH condition compared to the 155cm-VEH condition. An aperture that
appeared too narrow in the 155cm-VEH condition could appear to be passable when the VEH
was reduced (130cm-VEH condition). Hence, everything happened as if the aperture appeared
wider or the participant perceived himself to be thinner in the scene when VEH was smaller
what is strongly supported by the reduced subjective eye-height in this condition. This result is
consistent with the literature that found a global lowering of critical aperture with decreasing
VEH [7,16]. Furthermore, the lack of any interaction effect between the VEH and gravity fac-
tors indicates that the effect of changing visual eye-height on the perceived critical aperture
was equally strong in Og and in 1g. Thus, our main hypothesis of a reduced or lack VEH effect
in 0G is not confirmed by the data. Stable contact with a support surface (i.e. the floor) that is
presumed to be the same as the visual floor is not an a priori condition for the application of a
VEH strategy for the estimation of passability.

The other well-established hypothesis that VEH serves as a reference measurement explic-
itly states that the critical aperture for passage would be scaled in a fixed ratio to VEH, in line
with Gibson’s principles of “direct perception”. Indeed, in the original study conducted by
Warren and Wang, the authors found no evidence to the contrary, i.e. the ratio of critical aper-
ture to VEH, each expressed in degrees, remained constant across the two different visual floor
heights. In the study reported here we did not find such invariance. The reduction in critical
aperture induced by a given rise in the visual floor was smaller than expected, as indicated by
the low “relative reliance” on VEH. But the efficacy of a strategy to estimate the critical aperture
in a real-world situation by keeping the A/VEH ratio constant is based on two assumptions, as
illustrated in Fig 1. First, the observer must assume that the floor in the visual scene is the same
floor as the one on which he or she is standing. We intentionally violated this condition by
changing the floor height in the visual scene. The second assumption, however, is that the
observer will project their eye-height into the visual scene parallel to the visual floor. Only if
this second condition is met will holding A at a fixed proportion to VEH cause A to be properly
scaled to shoulder width. In our experiments, however, changing both VEH and gravity had an
effect on the subjective visual eye-height with respect to the floor, suggesting that the second of
the two conditions has been violated (the eye-height is not projected parallel to the floor). The
changes in subjective visual eye-height could in fact explain the unexpectedly small effect of
changing floor height and the unexpected effect of gravity on the perceived critical apertures.
Indeed, the lack of significant effects of either VEH or gravity on the A°/sVEH? ratio allows us
propose a modification to the Warren and Whang’s hypothesis, i.e. that human observers
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judge critical apertures as a constant proportion of their subjective visual eye-height. This result
led to the primary conclusion of our study, i.e. that the use of VEH (or more precisely sVEH) is
a persistent strategy for the perception of affordances based on visual information, regardless
of the postural conditions with respect to a stable support surface (1G versus 0G).

Effects of Gravity

In addition to the effects of VEH on A that we observed, we also found that critical apertures
were reduced by 3.75 cm on average in 0g. Compared to normal gravity, apertures appeared
wider relative to the body when tests were performed in weightlessness. This observation is in
line with the misperception of object dimensions in weightlessness found by Clément et al.
[42,43], who showed that participants perceived a visually presented box to be taller, thinner
and shallower in weightlessness compared to normal gravity. They, too, linked their results to a
lower subjective eye-level [42,43] in weightlessness and suggested that this phenomenon might
be due to a diminution of the pitch rotation of the eye due to changes in otolith organs stimula-
tion in weightlessness [47,48]. The fact that weightlessness had no effect on subjective eye-level
in our neutral condition (blank mask) seems to challenge this purely otolithic explanation. Nor
could the semi-prone posture that subjects adopted in weightlessness provide the entire expla-
nation because in our control experiment, standing or lying prone had no consistent effect on
either A or sVEH. Rather, it would appear that the perception of spatial dimensions in the
visual scene depends on an interaction between visual, proprioceptive and graviceptor cues.

One might ask, therefore, whether observers perceive apertures to be bigger or their own
bodies to be smaller in weightlessness. From a strict interpretation of the term “direct percep-
tion” [1,49], this question perhaps has little meaning. Observers are purported to be perceive
the scene directly in terms of potential for action, not explicitly in terms of shape or size. Never-
theless, one might ask whether there is a concomitant change in one’s conscious perception of
one’s own size with respect to the world. As Gibson stated, “the information to specify the utili-
ties of the environment is accompanied by information to specify the observer himself, his
body, legs, hands, and mouth”. This reemphasizes that “to perceive the world is to co-perceive
oneself” [1]. The measurements of sVEH suggest that subjects may indeed perceive themselves
to be smaller in weightlessness. The proposed rationale is that raising the floor creates a new
optical configuration wherein the proportion of the visual floor is more important in the scene
compared to the flat floor (rules of optics). In the field of direct perception, this cue is charac-
teristic of an observer’s point of view that would be smaller in the scene (e.g. from a smaller
observer). This speculative idea is corroborated by (i) the smaller sVEH adjustments relative to
the floor found when the floor is raised and (ii) the positive correlation between the adjust-
ments of the critical aperture and the adjustments of sVEH. It is possible that the feeling of
being smaller in the scene is also associated with a feeling to be thinner as if the body propor-
tions are conserved. As a consequence, the critical aperture would be adjusted smaller in the
raised-floor condition because the observer felt smaller and thinner.

Internal representations of the body based on somatosensory cues (i.e. the so-called “body
scheme” [50]), are known to be modified in weightlessness. For instance, Clément et al. [51]
showed large errors in determining the subjective egocentric vertical (an imaginary straight
body midline running from the head to toes [52]) in the roll and pitch plane during acute expo-
sure to weightlessness. And it is otherwise largely assumed that the internal representation of
egocentric vertical has a prominent role in spatial orientation [53] and egocentric coding of
objects while in weightlessness [54,55]. Less is known about the perception of body size in
weightlessness. But the correlation analyses from our own study reported here suggest that par-
ticipants kept a good sense of their relative body proportions in all conditions: the wider
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participants were those who produced the larger critical apertures, and those who produced
the larger critical apertures were also those who reported the higher subjective visual eye-
heights, in both normal and weightless conditions. Nevertheless, unlike in normal gravity, the
taller participants were not systematically those who adjusted the higher subjective visual eye-
height in weightlessness. This underlines the difficulties of perceiving one’s own viewing height
when floating above the floor. It is conceivable, therefore, that perceived body size and, as a
consequence, perception of environmental dimensions, could be modified in 0g. Another pos-
sible explanation is that the door are perceived to be more distant when VEH is reduced
[56,57], although studies by Warren and Wang [7] suggest that distance and passability esti-
mates are independent. Nevertheless, scaling of perceived critical aperture to sVEH (i.e. A
°/sVEH? ratio) appears to be a persistent strategy for body-scaled actions, even in 0g.

Confounding Factors

For practical reasons, we conducted our experiment using a form of virtual reality (subjects
observed images on a screen rather than real objects), rather than asking subjects to observe
real doorways. We found that the mean of shoulder-width ratios was greater than the physi-
cally minimal width required to adequately perform the task. Even on Earth, participants esti-
mated to be just passable apertures that were actually 1.47 larger than their shoulder width,
resulting in a non-negligible safety margin that was greater than those found previously in the
literature (Warren & Whang [7] obtained a shoulder-width ratio of 1.16 using a forced-choice
method). Although this cautious behavior may be exacerbated due to the nature of our visual
scene, (a virtual scene based on a real picture), recent studies have shown that the perception of
affordances, such as passing through apertures in virtual environments, is comparable to simi-
lar studies conducted in real world [58-60].

The analysis of percent reliance on the actual VEH to scale the perceived critical aperture
showed similar values (about 34%) in both gravity conditions. This was lower than values
found in the literature for a real room (about 65%(7] and 49% [16]) and for immersive head-
mounted displays (about 77% [61]), but higher than that observed in a non-immersive display
(TV/desktop screen set at 1 m from the observer), where no VEH effect was found at all [61].
This global lowering of percent reliance could be related to the artificial test situation in our
study (looking through a mask without any visual cues from the environment, which is seldom
the case in real life), but which does not necessarily mean that the virtual visual environment
was sufficiently realistic [5,61]. Participants acted as if immersed in the virtual environment,
rather than simply observing images on a computer screen. We note, as an aside, the impor-
tance of controlling for effects of experiment conditions on sVEH when interpreting experi-
ments of this type. Wraga [5], for example, found a percent reliance on real VEH of about 44%,
but also a less-than-expected (66%) reduction in sVEH due to the raised floor. Although
Wraga found no statistical correlation between shifts in the perceived size of objects and shifts
in sVEH, we did observe such a correlation, suggesting that passability judgments were based
on the ratio of aperture visual angle to sVEH, rather than real visual eye-height, remains viable
and should be further explored. On the other hand, the fact that the ratio of VEH scaling was
never equal to unity indicates that subjects also relied on other sources of size information to
make their judgments. The relative amount of ground texture covered by body segments was
found to be one of these other cues [6].

We used parabolic flight as the means to test for an effect of gravity on the use of VEH in
the judgment of passability through a doorway. One must therefore consider whether other
characteristics of parabolic flight, such as the stress induced by this novel environment, the pas-
sages from 1g to 2g to 0g and back, or the administration of anti-nausea medications might
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explain the results. The fact that the critical aperture continued to be highly correlated with VEH
in weightlessness, however, renders these questions moot. Had we observed a disappearance of
the VEH effect in 0g, one might ascribe this hypothetical result to one of these ancillary factors.
But because the VEH effect persisted in weightlessness we can confidently conclude that neither
gravity nor a stable base of support are critical requirements for a VEH strategy to be employed.

The above-mentioned ancillary factors of parabolic flight could, however, be evoked to try and
explain the overall reduction in critical aperture and the concomitant reduction in sVEH that we
observed in Og. For instance, in the weightless conditions subjects where in a floating, almost
prone posture with respect to the video screen which might have changed the perception of either
sVEH or A. But in our control experiments carried out in normal gravity we found no effect of
posture (standing or lying prone) either on the overall critical aperture A or on the variations of A
due to changes in VEH. These findings are in accordance to Wraga’s study [16] which showed no
significant difference in judging the size of objects from standing and lying prone posture as long
as the visual scene was observed from a similar viewpoint, as was the case in our study.

Administration of antinaupathique drugs commonly used to combat motion sickness in
parabolic flight could conceivably have affected the orientation of the eyes in the orbit, through
its actions on the inner ear, and thus the perception of sVEH within the visual scene. Although
we did not explicitly control for such effects, other studies performed under the influence of
antinaupathique drugs showed no effects of these medications on eye position [62] (reflecting
a normal, physiological change in otolithic inputs brought about by the head orientation),
visual side effects (visual acuity, and eye accommodation) [63], cognitive performance [64],
and even the state of mood of the participants [65]. Furthermore, from our own study, weight-
lessness had no effect on sVEH measured in the neutral visual condition, even though subjects
were under the influence of the same medications, if any, during these tests as well.

Why use VEH in weightlessness?

One possible explanation for the persistence of VEH scaling in weightlessness is that the visual
scene, which presented a well-defined floor, led the participants to imagine acting in a more
usual ground context because it suggested a natural bipedal locomotion toward the door. Fur-
thermore, it could be possible that the orientation of the visual scene, (which was perpendicular
to the participant’s cephalo-caudal axis), would also lead the participants to judge actions in a
terrestrial context. Regarding these previous concerns, one can legitimately ask whether the
postural context may have contributed to the perception of passability in weightlessness. Our
second control experiment addressed this issue. Here, subjects performed the passability task
only in a prone position and the viewpoint into the visual scene was constantly moving in the
fronto-parallel plane to give the visual impression of floating in the virtual environment. Sub-
jects were explicitly instructed to take into account their prone position when making the pas-
sability judgment, which implicitly encouraged a behavioral context of floating horizontally
and head-first through the doorway, rather than a context of upright, bipedal locomotion.
Despite these manipulations to reduce potential effects of priming, we observed a robust effect
of VEH on passability judgments and we found no difference between the moving viewpoint
and a static presentation of the visual scene. This strongly suggests that a VEH strategy is uni-
versally applied regardless of the physical context. While we cannot exclude the possibility that
weightlessness plus a floating visual context, or that more prolonged exposure to weightlessness
could lead to a reduction in the reliance on VEH (the subject of ongoing experiments in lower
Earth orbit), the bulk of existing evidence indicates that VEH influences on the perception of
affordances is robust, being applied by human observers in a wide range of both common and
unusual physical contexts. Preliminary results show that VEH effect persists during 6 month
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exposure to weightlessness [66]. From the experiments reported here, one can clearly conclude
that physically standing on a support surface is not a necessary condition for the use of VEH as
a cue to aperture size and passability.

Practical Implications

Our study is interesting from a practical point of view in that visual sensorial substitution
could be used to limit spatial disorientations for travelers during space flight [67] and perhaps
in other disorienting conditions (e.g. scuba diving in enclosed spaces). Enhancing visual cues
to orientation to provide a ground-like visual context could be a beneficial addition to the ergo-
nomic design of spacecraft. For instance, it would be particularly valuable to consider the addi-
tion of visual directions such as static walls, floor, ceiling, and other fixed aspects of the
immediate environment in module shuttles to restore a visual polarity. Furthermore, displaying
visual landmarks such as the sky and ground, as well as the presence of an artificial horizon
could also be considered in in-helmets visual display for extra-vehicular activities, since the
observer would perceive the artificial horizon as the projection of his own eye-height [61].

Conclusion

Taken together, our results demonstrate that visual eye-height is a robust cue which continues
to be used for the perception of affordances during short exposure to weightlessness where the
feet and the aperture do no longer share the same stable support surface. Moreover, our results
also showed that the critical aperture is set as a fixed percentage of the subjective visual eye-
height whatever the gravity or floor conditions. This suggest that in our experiment, the judg-
ment of passability was not based solely on purely visual cues (e.g. the VEH), but could rely on
more complex information (e.g. sVEH) integrating subjective metrics of the body.

Supporting Information

S1 File. Raw Data. Data used for statistics and figures.
(XLS)

Acknowledgments

Aurore Bourrelly was supported by a post-doctoral research fellowship from the Centre
National d’Etudes Spatiale (CNES). The authors are grateful to the Centre National d’Etudes
Spatiale (CNES) and the Centre National pour la Recherche Scientifique (CNRS) for the finan-
cial support of this study. They also wish to thank the many people at CNES/CADMOS, Nove-
space, ESA and the University of Caen who have supported this investigation. We thank in
particular Prof. Pierre Denise, M.D., Ph.D. for providing support for the medical monitoring
and ethics approvals required for human experiments in parabolic flight. We also thank Fran-
gois Gabrielli, Ph.D. for the programming assistance during the control experiments.

Author Contributions

Conceived and designed the experiments: AB JM PD ML CM. Performed the experiments: AB
JM ML CM. Analyzed the data: AB JM ML. Contributed reagents/materials/analysis tools: PD
CM. Wrote the paper: AB JM ML.

References
1. Gibson JJ (1979) The ecological approach to visual perception. Houghton Mifflin. Boston: Houghton
Mifflin.

PLOS ONE | DOI:10.1371/journal.pone.0153598 April 20,2016 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153598.s001

@’PLOS ‘ ONE

Perception of Affordance in Weightlessness

10.

11.

12

13.

14.

15.

16.

17.

18.
19.

20.

21,

22,

23.

24.

25.

26.

27.

Mark LS (1987) Eyeheight-scaled information about affordances: a study of sitting and stair climbing. J
Exp Psychol Hum Percept Perform 13: 361-370. doi: 10.1037/0096-1523.13.3.361 PMID: 2958585

Fajen BR, Turvey MT (2003) Perception, categories, and possibilities for action. Adapt Behav 11: 276—
278.doi: 10.1177/1059712303114004

Warren WH (2007) Action-Scaled Information for the Visual Control of Locomotion. Closing the Gap
The Scientific Writings of David N. Lee. Mahwah, New-Jersey. pp. 253—-268.

Wraga M (1999) The role of eye height in perceiving affordances and object dimensions. Percept Psy-
chophys 61:490-507. PMID: 10334096

Warren WH (1984) Perceiving affordances: Visual guidance of stair climbing. J Exp Psychol Hum Per-
cept Perform 10: 683-703. doi: 10.1037/0096-15283.10.5.683 PMID: 6238127

Warren WH, Whang S (1987) Visual guidance of walking through apertures: Body-scaled information
for affordances. J Exp Psychol Hum Percept Perform 13: 371-383. doi: 10.1037/0096-15283.13.3.371
PMID: 2958586

Luyat M, Regia-Corte T (2009) Les affordances: de James Jerome Gibson aux formalisations récentes
du concept. Année psy 109: 297-332. doi: 10.4074/S000350330900205X

Howard IP (1986) The perception of posture, self-motion, and vertical vertical. Handbook of perception
and human performance. New-York. pp. 1-62.

Stoper AE, Cohen MM (1989) Effect of structured visual environments on apparent eye level. Percept
Psychophys 46: 469—-475. doi: 10.3758/BF03210862 PMID: 2813032

Matin L, Li W (1995) Multimodal basis for egocentric spatial localization and orientation. J Vest Res 5:
499-518.

Bertamini M, Yang TL, Proffitt DR (1998) Relative size perception at a distance is best at eye level. Per-
cept Psychophys 60: 673-682. doi: 10.3758/BF03206054 PMID: 9628998

Fath AJ, Fajen BR (2011) Static and dynamic visual information about the size and passability of an
aperture. Perception 40: 887-904. PMID: 22132505

Sedgwick HA (1980) The geometry of spatial layout in pictorial representation. The perception of pic-
tures VI. New-York. pp. 33—90.

Davis TJ, Riley MA, Shockley K, Cummins-Sebree S (2010) Perceiving affordances for joint actions.
Perception 39: 1624—1644. doi: 10.1068/p6712 PMID: 21425701

Wraga M (1999) Using eye height in different postures to scale the heights of objects. J Exp Psychol
Hum Percept Perform 25: 518-530. doi: 10.1037/0096-1523.25.2.518 PMID: 10205864

Marcilly R, Luyat M (2008) The role of eye height in judgment of an affordance of passage under a bar-
rier. Curr Psychol Lett 24: 12-24.

White E, Shockley K (2005) Perceiving pass-under-ability while walking and sitting. Monterey, CA.

Jiang Y, Mark LS (1994) The effect of gap depth on the perception of whether a gap is crossable. Per-
cept Psychophys 56: 691-700. doi: 10.3758/BF03208362 PMID: 7816539

Carello C, Grosofsky A, Reichel FD, Solomon HY, Turvey MT (1989) Visually Perceiving What is
Reachable. Ecological Psychology 1:27-54. doi: 10.1207/s15326969ec00101_3

Ramenzoni VC, Riley MA, Shockley K, Davis T (2008) An information-based approach to action under-
standing. Cognition 106: 1059—1070. doi: 10.1016/j.cognition.2007.04.008 PMID: 17537420

Cheung BSK, Howard IP, Money KE (1990) Visually-induced tilt during parabolic flights. Exp Brain Res
81:391-397. doi: 10.1007/BF00228131 PMID: 2397764

Young LR, Oman CM, Watt D, Money KE, Lichtenberg BK, Kenyon RV, et al. (1986) MIT/Canadian
vestibular experiments on the Spacelab-1 mission: 1. Sensory adaptation to weightlessness and read-
aptation to one-g: an overview. Exp Brain Res 64: 291-298. PMID: 3492384

Glasauer S, Mittelstaedt H (1998) Perception of spatial orientation in microgravity. Brain Research
Reviews 28: 185-193. doi: 10.1016/S0165-0173(98)00038-1 PMID: 9795210

Lackner JR, DiZio P (2000) Human orientation and movement control in weightless and artificial gravity
environments. Exp Brain Res 130: 2-26. PMID: 10638437

Jenkin HL, Dyde RT, Zacher JE, Zikovitz DC, Jenkin MR, Allison RS, et al. (2005) The relative role of
visual and non-visual cues in determining the perceived direction of “up”: experiments in parabolic flight.
Acta Astronaut 56: 1025—-1032. doi: 10.1016/j.actaastro.2005.01.030 PMID: 15838949

Massion J, Popov K, Fabre JC, Rage P, Gurfinkel V (1997) Is the erect posture in microgravity based
on the control of trunk orientation or center of mass position? Exp Brain Res 114: 384—-389. doi: 10.
1007/PL00005647 PMID: 9166928

PLOS ONE | DOI:10.1371/journal.pone.0153598 April 20,2016 19/21


http://dx.doi.org/10.1037/0096-1523.13.3.361
http://www.ncbi.nlm.nih.gov/pubmed/2958585
http://dx.doi.org/10.1177/1059712303114004
http://www.ncbi.nlm.nih.gov/pubmed/10334096
http://dx.doi.org/10.1037/0096-1523.10.5.683
http://www.ncbi.nlm.nih.gov/pubmed/6238127
http://dx.doi.org/10.1037/0096-1523.13.3.371
http://www.ncbi.nlm.nih.gov/pubmed/2958586
http://dx.doi.org/10.4074/S000350330900205X
http://dx.doi.org/10.3758/BF03210862
http://www.ncbi.nlm.nih.gov/pubmed/2813032
http://dx.doi.org/10.3758/BF03206054
http://www.ncbi.nlm.nih.gov/pubmed/9628998
http://www.ncbi.nlm.nih.gov/pubmed/22132505
http://dx.doi.org/10.1068/p6712
http://www.ncbi.nlm.nih.gov/pubmed/21425701
http://dx.doi.org/10.1037/0096-1523.25.2.518
http://www.ncbi.nlm.nih.gov/pubmed/10205864
http://dx.doi.org/10.3758/BF03208362
http://www.ncbi.nlm.nih.gov/pubmed/7816539
http://dx.doi.org/10.1207/s15326969eco0101_3
http://dx.doi.org/10.1016/j.cognition.2007.04.008
http://www.ncbi.nlm.nih.gov/pubmed/17537420
http://dx.doi.org/10.1007/BF00228131
http://www.ncbi.nlm.nih.gov/pubmed/2397764
http://www.ncbi.nlm.nih.gov/pubmed/3492384
http://dx.doi.org/10.1016/S0165-0173(98)00038-1
http://www.ncbi.nlm.nih.gov/pubmed/9795210
http://www.ncbi.nlm.nih.gov/pubmed/10638437
http://dx.doi.org/10.1016/j.actaastro.2005.01.030
http://www.ncbi.nlm.nih.gov/pubmed/15838949
http://dx.doi.org/10.1007/PL00005647
http://dx.doi.org/10.1007/PL00005647
http://www.ncbi.nlm.nih.gov/pubmed/9166928

@’PLOS ‘ ONE

Perception of Affordance in Weightlessness

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

Clément G, Demel M (2012) Perceptual reversal of bi-stable figures in microgravity and hypergravity
during parabolic flight. Neurosci Lett 507: 143—-146. doi: 10.1016/j.neulet.2011.12.006 PMID:
22188656

Clément G, Allaway HCM, Demel M, Golemis A, Kindrat AN, Melinyshyn AN, et al. (2015) Long-Dura-
tion Spaceflight Increases Depth Ambiguity of Reversible Perspective Figures. PLoS ONE 10:
e0132317-e0132321. doi: 10.1371/journal.pone.0132317 PMID: 26146839

Lipshits M, Bengoetxea A, Cheron G, Mclntyre J (2005) Two reference frames for visual perception in
two gravity conditions. Perception 34: 545-555. doi: 10.1068/p5358 PMID: 15991691

Oman CM (2006) Spatial orientation and navigation in microgravity. Spatial Processing in Navigation,
Imagery and Perception. Vol. 2006. pp. 1-40.

Leone G, de Schonen S, Lipshits M (1998) Prolonged weightlessness, reference frames and visual
symmetry detection. Acta Astronaut 42: 281-286. doi: 10.1016/S0094-5765(98)00125-8 PMID:
11541612

Leone G (1998) The effect of gravity on human recognition of disoriented objects. Brain Research
Reviews 28: 203-214. doi: 10.1016/S0165-0173(98)00040-X PMID: 9795218

Leone G, Lipshits M, Gurfinkel V, Berthoz A (1995) Influence of graviceptives cues at different level of
visual information processing: The effect of prolonged weightlessness. Acta Astronaut 36: 743-751.
doi: 10.1016/0094-5765(95)00165-4 PMID: 11541011

Leone G, Lipshits M, Mcintyre J, Gurfinkel V (1995) Independence of bilateral symmetry detection from
a gravitational reference frame. Spat Vis 9: 127-137. doi: 10.1163/156856895X00142 PMID: 7626543

De Saedeleer C, Vidal M, Lipshits M, Bengoetxea A, Cebolla A-M, Berthoz A, et al. (2013) Weightless-
ness alters up/down asymmetries in the perception of self-motion. Exp Brain Res 226: 95—106. doi: 10.
1007/s00221-013-3414-7 PMID: 23397113

Cheron G, Leroy A, Palmero-Soler E, De Saedeleer C (2014) Gravity influences top-down signals in
visual processing. PLoS ONE. doi: 10.1371/journal.pone.0082371

Clément G (2005) Fundamentals of Space Medicine. Springer. New York.

Clément G (2007) Using your head: cognition and sensorimotor functions in microgravity. Gravit Space
Res 20: 1-14.

Clément G, Bukley A (2008) Mach's square-or-diamond phenomenon in microgravity during parabolic
flight. Neurosci Lett 447: 179-182. doi: 10.1016/j.neulet.2008.10.012 PMID: 18926880

Clément G, Lathan CE, Lockerd A, Bukley A (2009) Mental representation of spatial cues in micrograv-
ity: Writing and drawing tests. Acta Astronaut 64: 678-681.

Clément G, Lathan C, Lockerd A (2008) Perception of depth in microgravity during parabolic flight. Acta
Astronaut 63: 828—832. doi: 10.1016/j.actaastro.2008.01.002

Clément G, Skinner A, Lathan C (2013) Distance and Size Perception in Astronauts during Long-Dura-
tion Spaceflight. Life 3: 524-537. doi: 10.3390/life3040524 PMID: 25369884

Carello C, Grosofsky A, Reichel FD, Solomon HY, Turvey MT (2010) Visually Perceiving What is
Reachable. Ecological Psychology 23: 894—-899. doi: 10.1207/s15326969ec00101_3

Villard E, Garcia-Moreno FT, Peter N, Clément G (2005) Geometric visual illusions in microgravity dur-
ing parabolic flight. Neuroreport 16: 1395—1398. doi: 10.1097/01.wnr.0000174060.34274.3e PMID:
16056146

Benson AJ (1990) Sensory functions and limitations of the vestibular system. Perception and Control of
Self-motion.

Clément G, Andre-Deshays C, Lathan C (1989) Effects of gravitoinertial force variations on vertical
gaze direction during oculomotor reflexes and visual fixation. Aviat Space Environ Med 60: 1194—
1198. PMID: 2604675

Ebenholtz SM, Shebilske W (1975) The doll reflex: Ocular counterrolling with head-body tilt in the
median plane. Vision Res 15: 713-717. doi: 10.1016/0042-6989(75)90289-8 PMID: 1138488

Michaels CF, Carello C (1981) Direct perception. NJ: Prentice-Hall: Englewood Cliffs.

Holmes NP, Spence C (2004) The body schema and multisensory representation(s) of peripersonal
space. Cogn Proc 5: 94-105. doi: 10.1007/s10339-004-0013-3

Clément G, Arnesen TN, Olsen MH, Sylvestre B (2007) Perception of longitudinal body axis in micro-
gravity during parabolic flight. Neurosci Lett 413: 150—153. doi: 10.1016/j.neulet.2006.11.047 PMID:
17174031

Mittelstaedt H (1983) A new solution to the problem of the subjective vertical. Naturwissenschaften 70:
272-281. PMID: 6877388

PLOS ONE | DOI:10.1371/journal.pone.0153598 April 20,2016 20/21


http://dx.doi.org/10.1016/j.neulet.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22188656
http://dx.doi.org/10.1371/journal.pone.0132317
http://www.ncbi.nlm.nih.gov/pubmed/26146839
http://dx.doi.org/10.1068/p5358
http://www.ncbi.nlm.nih.gov/pubmed/15991691
http://dx.doi.org/10.1016/S0094-5765(98)00125-8
http://www.ncbi.nlm.nih.gov/pubmed/11541612
http://dx.doi.org/10.1016/S0165-0173(98)00040-X
http://www.ncbi.nlm.nih.gov/pubmed/9795218
http://dx.doi.org/10.1016/0094-5765(95)00165-4
http://www.ncbi.nlm.nih.gov/pubmed/11541011
http://dx.doi.org/10.1163/156856895X00142
http://www.ncbi.nlm.nih.gov/pubmed/7626543
http://dx.doi.org/10.1007/s00221-013-3414-7
http://dx.doi.org/10.1007/s00221-013-3414-7
http://www.ncbi.nlm.nih.gov/pubmed/23397113
http://dx.doi.org/10.1371/journal.pone.0082371
http://dx.doi.org/10.1016/j.neulet.2008.10.012
http://www.ncbi.nlm.nih.gov/pubmed/18926880
http://dx.doi.org/10.1016/j.actaastro.2008.01.002
http://dx.doi.org/10.3390/life3040524
http://www.ncbi.nlm.nih.gov/pubmed/25369884
http://dx.doi.org/10.1207/s15326969eco0101_3
http://dx.doi.org/10.1097/01.wnr.0000174060.34274.3e
http://www.ncbi.nlm.nih.gov/pubmed/16056146
http://www.ncbi.nlm.nih.gov/pubmed/2604675
http://dx.doi.org/10.1016/0042-6989(75)90289-8
http://www.ncbi.nlm.nih.gov/pubmed/1138488
http://dx.doi.org/10.1007/s10339-004-0013-3
http://dx.doi.org/10.1016/j.neulet.2006.11.047
http://www.ncbi.nlm.nih.gov/pubmed/17174031
http://www.ncbi.nlm.nih.gov/pubmed/6877388

@’PLOS ‘ ONE

Perception of Affordance in Weightlessness

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lackner JR, DiZio P (2000) Human orientation and movement control in weightless and artificial gravity
environments. Exp Brain Res 130: 2—26. PMID: 10638437

Friederici AD, Levelt WJM (1990) Spatial reference in weightlessness: perceptual factors and mental
representations. Percept Psychophys 47: 253-266. PMID: 2326148

Viel S, Vaugoyeau M, Assaiante C (2010) Postural adaptation of the spatial reference frames to micro-
gravity: back to the egocentric reference frame. PLoS ONE 5: e10259. doi: 10.1371/journal.pone.
0010259 PMID: 20422038

Rand KM, Tarampi MR, Creem-Regehr SH, Thompson WB (2011) The importance of visual horizon for
distance judgments under severely degraded vision. Perception 40: 143—154. PMID: 21650089

Ooi TL, Wu B, He ZJ (2001) Distance determined by the angular declination below the horizon. Nature
414:197-200. doi: 10.1038/35102562 PMID: 11700556

Coelho T, de Oliveira R, Cardoso T, Rybarczyk Y (2014) Body ownership of virtual avatars: an affor-
dance approach of telepresence. Innovative and Creative Developments in Multimodal Interaction Sys-
tems. Berlin. pp. 3-19.

Lepecq J-C, Bringoux L, Pergandi J- M, Coyle T, Mestre D (2009) Afforded actions as a behavioral
assessment of physical presence in virtual environments. Virtual Reality 13: 141-151. doi: 10.1007/
s$10055-009-0118-1

Regia-Corte T, Marchal M, Cirio G, Lécuyer A (2013) Perceiving affordances in virtual reality: Influence
of person and environmental properties in perception of standing on virtual grounds. Virtual Reality 17:
17-28.

Dixon MW, Wraga M, Proffitt DR, Williams GC (2000) Eye height scaling of absolute size in immersive
and nonimmersive displays. J Exp Psychol Hum Percept Perform 26: 582-593. PMID: 10811164

Kim JI, Somers JT, Stahl JS, Bhidayasiri R, Leigh RJ (2000) Vertical nystagmus in normal subjects:
Effects of head position, nicotine and scopolamine. J Vest Res 10: 291-300.

Makowski AL, Lindgren K, Locke JP (2011) Visual Side Effects of Scopolamine/ Dextroamphetamine
Among Parabolic Fliers. Aviat Space Environ Med 82: 683-688. doi: 10.3357/ASEM.2750.2011 PMID:
21748905

Russomano T, Dos Santos MA, Andrade L, Alles MC, Marinelli LK, Triches PF, et al. (2005) The effect
of scopolamine on mental performance during microgravity simulation. Scientia Medica 15: 124—131.
Gordon C, Binah O, Attias J, Rolnick A (1986) Transdermal scopolamine: human performance and side
effects. Aviat Space Environ Med 57: 236—240. PMID: 3964152

Bourrelly A, Mclintyre J, Luyat M (2015) Perception of affordances during long-term exposure to weight-
lessness in the International Space station. Cogn Proc 16: 171-174. doi: 10.1007/s10339-015-0692-y

Harris LR, Jenkin M, Dyde RT, Jenkin H (2011) Enhancing visual cues to orientation: Suggestions for
space travelers and the elderly. Prog Brain Res 191: 133—142. doi: 10.1016/B978-0-444-53752-2.
000084 PMID: 21741549

PLOS ONE | DOI:10.1371/journal.pone.0153598 April 20,2016 21/21


http://www.ncbi.nlm.nih.gov/pubmed/10638437
http://www.ncbi.nlm.nih.gov/pubmed/2326148
http://dx.doi.org/10.1371/journal.pone.0010259
http://dx.doi.org/10.1371/journal.pone.0010259
http://www.ncbi.nlm.nih.gov/pubmed/20422038
http://www.ncbi.nlm.nih.gov/pubmed/21650089
http://dx.doi.org/10.1038/35102562
http://www.ncbi.nlm.nih.gov/pubmed/11700556
http://dx.doi.org/10.1007/s10055-009-0118-1
http://dx.doi.org/10.1007/s10055-009-0118-1
http://www.ncbi.nlm.nih.gov/pubmed/10811164
http://dx.doi.org/10.3357/ASEM.2750.2011
http://www.ncbi.nlm.nih.gov/pubmed/21748905
http://www.ncbi.nlm.nih.gov/pubmed/3964152
http://dx.doi.org/10.1007/s10339-015-0692-y
http://dx.doi.org/10.1016/B978-0-444-53752-2.00008&ndash;4
http://dx.doi.org/10.1016/B978-0-444-53752-2.00008&ndash;4
http://www.ncbi.nlm.nih.gov/pubmed/21741549

