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Abstract Previous studies have shown that the percep-

tion of the earth-based visual horizon, also named Gravity

Referenced Eye Level (GREL), is modified by body tilt

around a trans-ocular axis. Here, we investigated whether

estimates of the elevation of a luminous horizontal line

presented on a screen in otherwise darkness and estimates

of the possibility of passing under are identically related to

body tilt in absence of motion. Results showed that subjects

overestimated the elevation of the projected line, whatever

their body orientation. In the same way, subjects also

overestimated their capacity of passing under the line. Both

estimates appeared as a linear function of body tilt, that is,

forward body tilt yielded increased overestimations, and

backward body tilt yielded decreased overestimations.

More strikingly, the linear effect of body tilt upon these

estimates is comparable to that previously observed for

direct GREL judgements. Overall, these data strongly

suggest that the perception of the elevation of a visible

obstacle and the perception of the ability of passing under

in otherwise darkness shared common processes which

are intimately linked to the GREL perception. The effect

of body tilt upon these perceptions may illustrate an

egocentric influence upon the semi-geocentric frame of

reference required to perform the task. Possible interactions

between egocentric and geocentric frames of reference are

discussed.
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Introduction

Imagine you are stuck in your van, on a foggy day, waiting

to enter a car park whose entrance is height restricted. You

will probably ask yourself: ‘‘am I able to pass under the

gate?’’ Perceiving the location of static obstacles in an

impoverished visual environment is a complex task which

is then crucial for avoiding collisions. The localization of

an object in space may be achieved through different sys-

tems of coordinates named frames of reference (Howard

1982). Although visible surroundings may constitute a

frame of reference for allocentric judgements, the body

may define axes and planes relative to which egocentric

judgements can be performed (Paillard 1991). For instance,

the height of a gate may be either referred to some objects

present in the visual field or to ‘‘eye level’’ (Matin and Li

1992). Although eye level is usually defined as a central

norm for up and down egocentric localization in darkness

(Matin and Li 1995), it may evoke two distinct spatial

references, often undistinguished in the literature. One is

the plane normal to the frontal plane of the head (Head-

Referenced Eye Level or HREL) and the other is the plane

normal to the direction of gravity (Gravity Referenced Eye

Level or GREL; Stoper and Cohen 1989). Both references

coincide when the observer stands stationary and erect but

become different as soon as the observer is tilted. Although

HREL judgements can be assessed in a pure egocentric

frame of reference, GREL estimates must integrate a

geocentric component (i.e., the horizontal plane). There-

fore, GREL, also known as the earth-based visual horizon,
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can be considered a semi-geocentric reference (Bringoux

et al. 2004, 2007).

The main purpose of the present experiment is to

investigate whether the judgement of the elevation of an

object (e.g., a horizontal line) and estimate of passing

under in darkness share common mechanisms for which

GREL constitutes the fundamental spatial reference.

Until recently, it was broadly accepted that specific

sensory cues, mainly issued from vestibular and somato-

sensory inputs, were able to inform accurately about some

geocentric directions of space (Benson 1990; Pozzo et al.

1990). This assumption mainly stems from the confusion

between efficient postural control for stance conserva-

tion mediated by vestibulo-spinal pathways and higher

perceptual graviceptive functions. Several experiments

demonstrated, however, that the conscious estimation of

the gravitational direction fundamentally differs from the

perception and control of body orientation (Bringoux et al.

2003; Bronstein 1999). Nevertheless, as otolith organs and

other somatic graviceptors were thought to provide accu-

rate information about vertical and horizontal directions,

GREL was assumed to be rather correctly estimated under

normal circumstances (Schöne 1964; Tribukait and Eiken

2005).

In darkness, however, the subjective GREL appears

slightly lower than the objective physical reference

(MacDougall 1903; Stoper and Cohen 1986). It has also

been shown that GREL perception is influenced by pitch

tilts of the visual field (Li et al. 2001; Matin and Fox 1989;

Matin and Li 1992; 1995; Stoper and Cohen 1989) and by

modifications of the gravitoinertial force field strength

(Cohen 1973; DiZio et al. 1997; Lackner and Graybiel

1980; Schöne 1964; Tribukait and Eiken 2005; Welch et al.

1996). More recently, GREL judgements in normogravity

have been found linearly deviated towards body tilts

ranging from 30� backward to 20� forward (Bringoux et al.

2004, 2007). The quantity of this deviation reached 20% of

the body tilt magnitude. This phenomenon, named ‘‘ego-

centric attraction’’, has been interpreted as a perceptual

shift, in line with the idiotropic vector hypothesis stated for

vertical estimation (Mittelstaedt 1983). The latter postu-

lates the existence of a central tendency to bias the

subjective vertical towards the direction of the observer’s

body Z-axis. Similarly, the tendency to shift GREL esti-

mates towards HREL may illustrate an egocentric influence

upon the semi-geocentric frame of reference required to

perform the task. Subjects with bilateral vestibular deficit

exhibit a comparable effect (Bringoux et al. 2007), sug-

gesting that vestibular inputs are not determinant in

counteracting this egocentric attraction. Comparable shifts

when tilted have been reported for judgements of hand

orientation relative to earth-fixed horizontal (Chelette et al.

1995) or judgements of the forearm orientation relative to

earth-fixed vertical (Darling and Hondzinski 1999). How-

ever, as shifts in GREL estimates correspond to a

modification of the perceived visual space (Schöne 1964),

this may yield important consequences in the manner to

which observers visually localize objects in an otherwise

dark environment.

Several studies have shown that the localization of

objects with respect to head-centric fixed planes (e.g., the

transverse plane or the mid-sagittal plane of the head) was

influenced by eye position, in the direction opposite to the

eccentric gaze (Bock 1993; Lewald and Ehrenstein 2000).

Alternatively, Poljac et al. (2005) demonstrated that the

perceived elevation of objects relative to the ‘‘plane of

regard’’ (defined by the interocular axis and the fixation

point) is accurate, irrespective of eye and head orientation.

Moreover, the gaze orientation was also found correctly

estimated (Poljac and van den Berg 2005). This strongly

suggests that the plane of regard constitutes a useful ref-

erence for accurate egocentric perception of objects’

elevation. Therefore, it may be stated that a correct rep-

resentation of the objects’ location relative to the plane of

regard is necessary for the transformation into a geocentric

reference frame (Poljac and van den Berg 2005).

Within the general reference frame research area, the

present study aims firstly at investigating whether the

perception of objects’ elevation into a geocentric reference

frame is referred to GREL in absence of visual allocentric

cues. In such a case, one would expect that the perceived

elevation of an obstacle is modified by whole-body orien-

tation, because the related reference (i.e., GREL) is linearly

influenced by pitch tilts.

Secondly, this work aims at determining whether the

perceived possibility of passing under a visible obstacle is

also related to GREL perception in otherwise darkness.

Such projective judgements would encounter the same

dependency on body orientation as elevation estimates if

one considers that: (1) the distance separating the obstacle

from the observer (i.e., depth cue) is correctly estimated,

(2) the observer internally represents the virtual displace-

ment as horizontal (i.e., perpendicular to gravity), and (3)

that body scheme—and specifically the perceived distance

separating the eyes from the top of the head—is unmodi-

fied during body tilt.

Methods

Subjects

Twelve subjects (six males and six females; mean age

28 ± 4.6 years) with normal or corrected to normal vision

participated in the experiments. They had no previous

history of vestibular or other neurological symptoms. All
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gave informed consent, in compliance with the ethical laws

which govern and regulate human experimentation in

France.

Apparatus

The subjects were seated and firmly secured on a padded

tilting chair by means of a shoulder harness (Fig. 1). The

subjects’ head, restrained with a headrest, was positioned

such that the naso-occipital axis was orthogonal to the

direction of gravity when the chair was vertically oriented.

The axis of rotation of the tilting chair was coincident with

the trans-ocular axis. This allowed in keeping eye level at

the same height independently of the tilt magnitude. The

chair could be tilted in pitch through a range extending

from +20� backward to -20� forward. The random patterns

of tilt induced angular accelerations well above the semi-

circular canals’ threshold for tilt perception (defined at

0.3�/s2 by Benson 1990).

A laser pointer mounted on a fixed structure, positioned

above the tilting chair was used to project a thin horizontal

beam on a mirror. The pitch orientation of the mirror was

adjustable by means of a servo-controlled galvanometer.

The reflected beam was projected on a flat vertical screen

of 2 m in height 9 2.5 m in width, placed in front of the

subjects, 2.28 m away from their eyes. The height of the

luminous horizontal line, 2 m in width and 0.001 m in

thickness, could be adjusted with a precision of 0.001 m.

Subjects held in hands a push button box for judgement

settings. Galvanometer control and response recordings

were performed by the ADwin-Pro system (Keithley1)

piloted via the Docometre� software.

Procedure

The present experiment was divided into two counterbal-

anced sessions, lasting 45 min each. The first session

required the subjects to judge the height of a luminous

horizontal line relative to their earth-based visual horizon,

presented as ‘‘where the sky meets the sea’’. Drawings and

illustrations were also shown to avoid any confusion about

the nature of the reference. In the second session, the

subjects were asked to estimate whether they would be able

to pass under the projected luminous line with their current

body orientation. During this session, subjects were not

told about any reference such as eye level or visual horizon

for making their judgement. This clearly distinguishes the

second perceptual task with respect to the former. For both

sessions, five sagittal body orientations were randomly

adjusted (0�; forward tilts: -10�, -20�; backward tilts:

+10�, +20�). For each of these orientations, 10 luminous

line elevations were randomly presented, ranging from

+20 cm upward to -35 cm downward relative to eye level

for session 1 and from +35 cm upward to -20 cm down-

ward relative to eye level for session 2.

A typical sequence of judgements unrolled as follows:

The subjects were first rotated to the desired angle of ori-

entation. This was followed by a 15 s period of rest,

allowing the post-rotational effects issued from the semi-

circular canals stimulation to fade away (Benson 1990).

Then, the luminous line was projected at a set height in the

otherwise dark room, and the subjects were allowed to

open their eyes and stare at it for 4 s. Following this period

of observation, subjects were asked to give a forced-choice

response in a 3 s interval via the push buttons (‘‘above the

earth-based horizon’’ or ‘‘able to pass’’ with the right hand-

held button and ‘‘below the earth-based horizon’’ or ‘‘not

able to pass’’ with the left hand-held button). Then, the

subjects were requested to close their eyes for about 5 s

while the luminous line was adjusted to a new height. Ten

judgements (corresponding to 10 line elevations) were

collected within a sequence executed at a given body ori-

entation. Each sequence ended by a rotation of the tilting

chair back to the vertical position, and the room was turned

on for 5 s before a new sequence was launched. Four

similar sequences, for a total of 200 judgements, were

recorded in each session.

Data processing

Judgements were converted in binary values. A score of 1

was attributed to positive estimates, that is, when a line

elevation was perceived higher than the earth-based hori-

zon (session 1) or higher than the minimal height for

passing under (session 2). Conversely, a score of 0 was

Fig. 1 Experimental set-up. The angular position of the platform

could be set from +20� backward to -20� forward by rotation around

the subjects’ trans-ocular axis. The screen on which the thin luminous

horizontal line was projected at different elevations was 2.28 m away

from the observer’s eyes
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attributed to negative estimates. A Probit model, using a

non-linear regression analysis for dichotomic variables,

enabled us to determine the probability P that a line ele-

vation be judged higher or lower than the considered

reference. The Probit function (Eq. 1) was characterized by

the following relation:

pi ¼ 1= 1þ C i;j

� �
=C0

� �n� �
ð1Þ

where ‘‘pi’’ is the probability of perceiving a line elevation

higher than the related reference, ‘‘i’’ corresponds to the

line number in the sequence, ‘‘j’’ to the trial number, ‘‘C0’’

the line number for P = 0.5 and ‘‘n’’ the slope of the tan-

gent at the inflection point of the curve. The latter

coefficient constitutes an estimation of the discrimination

sensibility relative to the chosen increments. A repeated

measures Analysis of Variance (ANOVA) was performed

on ‘‘n’’ values, to test any differences between sessions and

body orientation conditions.

Line elevations obtained at P = 0.5 via the psychometric

function define thresholds for the perceived earth-based

horizon, that is, the subjective GREL (session 1), and for

the minimal height required for passing under obstacles

(session 2). A repeated measures ANOVA was applied to

these thresholds, calculated for each subject at each body

orientation, to test any differences between sessions and

body orientations. For convenience, thresholds were

expressed as a vertical elevation (in cm) relative to eye

level. Finally, a linear regression analysis was conducted

on the mean thresholds relative to the magnitude of body

tilt, to establish the presence of a linear effect of body

orientation upon estimates.

Results

Probit analysis

A non-linear regression analysis (Probit function) applied

to raw judgements was used on each subject’s data to

specify the thresholds around which a line elevation was

perceived higher or lower than the related reference (see

Methods). Figure 2 shows the psychometric functions

obtained for a subject at different body orientations.

To assess the discrimination sensibility of the Probit

processing, a 2 session 9 5 body orientation (-20�; -10�;

0�, +10�; +20�) ANOVA was applied to the ‘‘n’’ values

(i.e., the slopes calculated at the inflection point of each

function). Results showed that the discrimination sensi-

bility did not differ, whatever the session (F(1,11) = 0.45,

P = 0.52) or the body orientation (F(4,44) = 2.99,

P = 0.11). The interaction between both factors was also

non-significant ((F(4,44) = 0.36, P = 0.84).

Mean threshold comparisons

The thresholds obtained via the Probit analysis were found

notably lower than true eye level. In session 1, the mean

line elevation perceived at earth-based horizon (i.e., the

subjective GREL) was -10.5 cm relative to eye level, that

is, subjects consistently overestimated the elevation of

the projected line with respect to eye level. In session 2,

the mean minimal height for passing under the line was

-1.12 cm relative to eye level. This means, for instance,

Fig. 2 Typical psychometric functions from a subject obtained via

Probit non-linear regression analysis for the different body orienta-

tions in the two experimental sessions. The mean subjective responses

corresponded to the mean perceptual scores obtained when the subject

had to estimate that a particular line elevation was either higher

(score = 1) or lower (score = 0) than Earth-based horizon (Session 1:

a) or than the minimal height for passing under (Session 2: b). The

values of subjective responses extracted at P = 0.5 from each Probit

function correspond to the thresholds for Subjective GREL (session 1)

and the perceived minimal height for passing under the line

(session 2)
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that subjects judged they could pass under a line projected

at eye level. In other words, they overestimated their

capacity of passing under an obstacle, whatever their body

orientation.

A 2 session 9 5 body orientation (-20�; -10�; 0�,

+10�; +20�) ANOVA conducted on the calculated thresh-

olds revealed a significant difference between sessions

(F(1,11) = 20.56; P \ 0.01). The mean threshold corre-

sponding to the perceived minimal height required for

passing under obstacles was unsurprisingly higher than the

subjective GREL. The mean difference between both

thresholds (9.5 cm) was close to the physiological distance

between eyes and upper head (11 cm).

The ANOVA also yielded a significant effect of body

orientation (F(4,44) = 8.06; P \ 0.01). A post hoc analysis

(Newman–Keuls test) showed that the thresholds obtained

at +20� of body tilt were significantly higher than those

calculated at 0, -10� and -20� (P \ 0.01). In the same

way, thresholds obtained at +10� were significantly higher

than those calculated at -20� (P \ 0.05). The interaction

between both factors was non-significant (F(4,44) = 0.21;

P = 0.93), that is, the effect of body orientation was not

different between sessions (Fig. 3).

Linear regression analysis on threshold estimates

The linear regression analysis applied to the thresholds

obtained in both sessions with respect to body orientation

(Fig. 3) showed a significant effect of body tilt upon the

subjective GREL (F(1,3) = 22.11; P \ 0.05) and upon the

perceived minimal height for passing under obstacles

(F(1,3) = 65.85; P \ 0.01). The more the subjects were tilted

forward (up to -20�), the lower the thresholds, that is, the

more the subjects overestimated the elevation of an obstacle

and their capacity of passing under. Conversely, the more

the subjects were tilted backward (up to +20�), the higher the

thresholds, that is, the less the subjects overestimated the

elevation of an obstacle and their capacity of passing under.

Non-significant individual linear regressions observed in

three subjects unauthorized the statistical comparison of

slopes calculated for each regression line between sessions.

Nevertheless, observation of the data and absence of sig-

nificant interaction in the threshold comparison ANOVA

strongly suggest that the linear effect of body orientation

was similar in both sessions.

Discussion

The present study aimed at investigating whether the per-

ceived elevation of a luminous obstacle in otherwise

darkness and judgements of the capacity of passing under are

identically influenced by body tilt. Both types of estimates

were found inaccurate with respect to the true elevations—

that is, subjects overestimated the elevations of the projected

line relative to GREL and their ability of passing under,

whatever their body orientation. More strikingly, we showed

that body tilt exerted a comparable linear influence on both

estimates. The latter observation may indicate the existence

of a common reference for judging the elevation of obstacles

in a dark environment and the capacity of passing under in

absence of any displacement.

The GREL as a key reference

The main finding of the present experiment is that body tilt

yields a comparable influence on the perceived ability of

passing under a luminous horizontal line as on elevation

judgements relative to GREL. This strongly suggests that

GREL constitutes a fundamental reference for estimating,

without motion, the possibility of avoiding above-head

obstacles when allocentric cues are not available. Changes

observed on the subjective GREL during body tilt may then

have a direct effect on the perceived ability of passing under

obstacles, even when GREL is not explicitly specified as the

reference to be used for the judgement (e.g., as in session 2).

Former results discussed in the frame of the ecological

theory of affordances (Gibson 1979; Warren 1984) already

suggested that intrinsic information about object’s elevation

is scaled with reference to the perceivers’ eyeheight (Mark

1987; Van Der Meer 1997). Specifically, when manipulat-

ing the optical texture convergence which led to illusory

rising of the floor, a decrease in subjective eyeheight was

observed, that in turn yielded a modification of ‘‘passabil-

ity’’ judgements of apertures (Warren and Whang 1987).

Fig. 3 Linear regression lines applied to the mean thresholds (plotted

with ± SE) obtained for the different body orientations in the two

experimental sessions. Subjective GREL and the perceived minimal

height for passing under the line were found to be similarly and

linearly related to body tilt
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Similar eyeheight-scaled information was also found in the

affordance of passing under a barrier for children and adults

(Van Der Meer 1997).

However, such models of affordance were developed in

presence of a structured visual field where information

about environmental properties is naturally scaled in terms

of some body dimensions of the observers (Mark 1987).

Here, we demonstrate a similar effect of body tilt upon

GREL judgements and estimations of the possibility of

passing under obstacles without changing eyeheight-scaled

information and in absence of structured visual field.

The fact that GREL perception is probably involved in the

perceived ability of passing under obstacles implies three

conditions to be fulfilled. The first one is that the distance

separating the obstacle from the observer (i.e., depth cue) be

correctly estimated. This is important, as an object located at a

given angle above GREL will be perceived higher if its dis-

tance is overestimated. If fusional vergence (based on

binocular disparity) is probably not a salient distance cue in

the present study (involving a thin horizontal line projected on

a screen), accommodation, in addition to the prior knowledge

of the distance between the screen and the tilting chair, are

good candidates to enable the perception of depth of the

projected visual scene (Büttner and Büttner-Ennever 2005).

The second required condition is that the observer internally

represents the virtual displacement as horizontal. Once again,

prior knowledge of the room configuration (e.g., horizontal

floor) may facilitate the access to this information. A third

condition implicitly underlies the direct link between the

subjective GREL and the perceived ability of passing under

obstacles. It requires that the perceived distance separating

the eyes from the upper head be kept stable during body tilt.

This assumption is supported by the constant gap between the

two mean thresholds whatever body orientation, as illustrated

by the parallel regression lines in Fig. 3. In addition, the

mean difference between thresholds (9.42 ± 0.83 cm) is

close to the mean physiological distance between eyes

and upper head, calculated at various body orientations

(11.3 ± 0.86 cm), suggesting an accurate and stable repre-

sentation of body scheme for different body orientations or

gravitational environments (Gurfinkel et al. 1993).

The idea that GREL may be regarded as a key reference

in the perceived possibility of passing under obstacles is

then mainly supported by the existence of a body tilt effect

comparable to that observed for direct GREL estimates.

The following part will discuss the potential origins of this

body tilt effect.

Origins of the body tilt influence

Mittelstaedt (1983) postulates the existence of a central and

idiosyncrasic tendency to shift the estimates towards the

observer’s own Z axis, named ‘‘idiotropic vector’’. This is

obviously the expression of an egocentric influence upon a

geocentric judgement, close to the effect observed in the

present study. The remaining question is which body part

constitutes the predominant source of this egocentric

attraction.

A first candidate could be the retinal meridian planes of

the eyes (Poljac et al. 2005). Following this interpretation,

such a geocentric estimate could be drawn towards the

longitudinal retinal meridian (Wade and Curthoys 1997). In

the pitch dimension, Poljac et al. (2005) showed that the

plane of regard, containing the interocular axis and the line

of sight, is a fundamental reference for egocentrically

judging the elevation of objects, irrespective of head ori-

entation. Further experiments need to be carried out to

investigate whether the plane of regard is also predomi-

nantly involved in earth-based elevation judgements.

As a second candidate, the head may also play a major

role in the reported egocentric attraction. Head stabilization

relative to gravity while walking is thought to provide a

stable egocentric reference for spatial perception (Pozzo

et al. 1990). In the sagittal plane, several studies empha-

sized the involvement of the transverse plane of the head at

eye level (HREL) as a reference for egocentric judgements

(Stoper and Cohen 1989; Matin and Li 1992; 1995).

Nevertheless, the specific role of this reference remains to

be investigated for geocentric estimates collected in the

pitch dimension.

At a higher level, the longitudinal whole-body axis has

often been evoked as the main reference for egocentric

attraction in earth-based judgements (Mittelstaedt 1983).

Observations in microgravity strongly suggest that astro-

nauts rely on the virtual line running from the head to the

feet to determine the direction of up and down and orien-

tations of objects in the spacecraft (Clément et al. 2007).

Ito and Gresty (1996) demonstrated that a rostrocaudal

trunk-and-leg axis is predominantly used as a reference for

SVV settings in the sagittal plane when the body is tilted

backward. Changing the posture of a seated human subject

(e.g., extended or bended legs) would help determine the

relative weight of this reference in the perceptual process

yielding earth-based spatial orientation and localization.

Whatever the main body axes involved in the body tilt

effect, our results support the hypothesis of an interaction

between egocentric and geocentric frames of reference. In

this context, tasks and/or environmental requirements

could not only produce switches between frames of refer-

ences (Ghafouri et al. 2002), but also mutual influences and

partial overlapping. Several studies indeed suggest the

existence of an intermediate state where the frame of ref-

erence normally required to adequately perform the task is

distorted by a concurrent one (Heath et al. 2007; Neggers

et al. 2005). Neural correlates of interactions between
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egocentric and allocentric frames of reference have been

found in the right posterior parietal and right ventral pre-

motor cortex (Fink et al. 2003; Committeri et al. 2004).

Still, further experiments need to be conducted to isolate

the neurophysiological locus of the interaction between

egocentric and geocentric frames of reference emphasized

in the present work.

Conclusion

Our study strongly supports the idea of common perceptual

processes for judging, without motion, the elevation of a

luminous object in otherwise darkness and the possibility

of passing under. Both estimates may be based on the

perception of the subjective GREL, a semi-geocentric

reference whose perception may be biased towards some

egocentric components, as attested by the linear influence

of body tilt upon these judgements. Overall, our results

may be of value for preventing misperceptions regarding

the judged elevation of objects one is to pass under. For

instance, the global—and potentially damaging—overesti-

mation of the perceived possibility of passing under

obstacles reported in the present experiment may be

reduced when tilting observers backward. At least, one

must be aware of the influence of postural orientation when

one is required to pass under a gate at the entrance of a car

park in deteriorated weather conditions.
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