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ABSTRACT
The remembered vanishing location of a moving target has been found to be displaced
downward in the direction of gravity (representational gravity) and more so with
increasing retention intervals, suggesting that the visual spatial updating recruits an
internal model of gravity. Despite being consistently linked with gravity, few
inquiries have been made about the role of vestibular information in these trends.
Previous experiments with static tilting of observers’ bodies suggest that under
conflicting cues between the idiotropic vector and vestibular signals, the dynamic
drift in memory is reduced to a constant displacement along the body’s main axis.
The present experiment aims to replicate and extend these outcomes while keeping
the observers’ bodies unchanged in relation to physical gravity by varying the
gravito-inertial acceleration using a short-radius centrifuge. Observers were shown,
while accelerated to varying degrees, targets moving along several directions and
were required to indicate the perceived vanishing location after a variable interval.
Increases of the gravito-inertial force (up to 1.4G), orthogonal to the idiotropic
vector, did not affect the direction of representational gravity, but significantly
disrupted its time course. The role and functioning of an internal model of gravity
for spatial perception and orientation are discussed in light of the results.
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Introduction

Owing to the inherent ambiguities in sensory proces-
sing, due to noise, under-determination of stimuli
(Marr, 1982), and sizeable neural delays (see Nijhawan,
1994, 2008; Nijhawan & Kirschfeld, 2003), several scho-
lars have claimed that neural structures capitalize on
environmental regularities. Ever since Helmholtz
(1867) laid down the foundations for the notion that
perceptual mechanisms require some sort of inferen-
tial mechanisms (but see Gibson, 1979, for an oppos-
ing view), many theoretical concepts have taken the
notion of internal representation for granted. In the
visual perception of space and motion, this idea has
been embodied, to varying degrees, in concepts
such as dynamic representations (Freyd, 1987),

second-order isomorphism (Shepard, 1984), and
internal models (e.g., Angelaki, Shaikh, Green, &
Dickman, 2004; Grush, 2005; La Scaleia, Lacquaniti, &
Zago, 2014; La Scaleia, Zago, & Lacquaniti, 2015; Lac-
quaniti et al., 2014; Poon & Merfeld, 2005; Snyder,
1999; Tin & Poon, 2005; Zago, McIntyre, Senot, & Lac-
quaniti, 2008), just to name a few. Gravity, being one
of the most pervasive physical constraints in our
natural environment, has been recurrently implicated
in providing a privileged spatial and temporal refer-
ence for motor, perceptual, and cognitive processes
(see, for example, the following reviews: Angelaki &
Cullen, 2008; Berthoz, 2000; Bosco et al., 2015; Harris,
Jenkin, Dyde, & Jenkin, 2011; Lackner & DiZio, 2005;
Lacquaniti et al., 2015; Lacquaniti et al., 2013; Young,
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1983). Accordingly, numerous empirical phenomena
have been hypothesized to reveal such internalization.
The study of spatial localization errors of previously
seen moving objects, such as representational momen-
tum and representational gravity, constitutes one such
body of evidence.

Originally reported by Freyd and Finke (1984), rep-
resentational momentum refers to a mnesic distortion
where the last seen position of a moving object is per-
ceptually displaced forward, in the direction of its
motion—as if the visual representation had an ana-
logue of inertia. In the original study, observers saw a
rectangle undergoing an implied rotational motion.
After the end of the motion sequence, participants
were shown a rectangle that could be displaced
either forward or backward in relation to the implied
direction of motion. When required to provide a
same–different forced choice, observers were more
prone to accept as same a rectangle that was actually
rotated forward in relation to the last seen orientation
of the inducing sequence. The notion of represen-
tational momentum holds errors in the mental rep-
resentation of motion responsible for the effect. It
describes both an empirical phenomenon (memory
error) and a theoretical framework (internal laws of
motion causing the error). Representational momen-
tum has been investigated at length (for a review see
Hubbard, 2005). For instance, the mnesic error was
found to be proportional with implied velocity (Freyd
& Finke, 1985) and to increase with time until peaking
at about 300 ms (Freyd & Johnson, 1987). Objects
that were conceptually labelled as a building or a
rocket led to errors that reflected motion expectations
(e.g., increased errors upward for a rocket-like object;
Reed &Vinson, 1996), suggesting a high-level cognitive
influence on the phenomenon. Also, similar errors were
reported for static photographs (Freyd, 1983) or sche-
matic pictures (Freyd, Pantzer, & Cheng, 1988) that
implied motion, in particular when in agreement with
an expected effect of gravity (Bertamini, 1993).

A considerable extension of the inquiries into such
representational displacements occurred when the
basic phenomenon was combined with a behavioural
localization task (e.g., using a computer mouse to indi-
cate the remembered vanishing location). Due to the
inherent bidimensionality of the resulting responses
(with spatial errors possessing both a horizontal and a
vertical coordinate), and so as to provide a purely
descriptive (that is, theory-free) report of the empirical
findings, it is common in the literature to refer to
errors along the axis of motion (where representational

momentum would be observed) as M-displacements
and to errors orthogonal to the axis of motion as
O-displacements (cf. Hubbard, 2005).

The behavioural localization paradigm not only
replicated previous findings (e.g., the proportional
increase of forward displacement with the object’s vel-
ocity), it also revealed new phenomena, such as a sys-
tematic tendency to mislocalize the remembered
locations downward in the direction of gravity
(Hubbard, 1990, 1995, 1997; Hubbard & Bharucha,
1988). At the same time, the paradigm has received
strong opposition from critics claiming that most, if
not all, the phenomena could just as well be explained
by eye movements (Kerzel, 2000, 2002, 2003, 2006;
Kerzel, Jordan, & Müsseler, 2001). It is known that
observers tend to smoothly track a moving object
with their eyes, engaging in smooth pursuit eye move-
ments. The eyes usually overshoot the vanishing
location of a moving object for about 300 to 500 ms
after the tracked object halts. Moreover, human obser-
vers usually mislocalize the spatial position of targets
towards their gaze location (foveal bias). These facts,
taken together, could account for several trends that
were reported in the literature as empirical support
for the claim that spatial displacements revealed cog-
nitive analogues of physical and environmental invar-
iants (see Kerzel, 2006; and Hubbard, 2006, for a reply).
In fact, when the gaze of observers is constrained, rep-
resentational momentum ceases to emerge while a
mislocalization towards the fovea is instead observed
(see Kerzel, 2006). Several other phenomena, pre-
viously interpreted as cognitive analogues of physical
properties, have been since discarded as perceptual
effects due to eye movements or related effects (De
Sá Teixeira & Oliveira, 2014; Kerzel, 2000, 2002, 2006;
Kerzel et al., 2001). Notice that the argument is not
against the idea that some physically relevant vari-
ables might have internal analogues that affect per-
ceptual phenomena—in fact, there is plenty of
evidence from various research lines that speak
favourably to this claim, as seen above. Rather, the
issue is that, as usual in scientific reasoning, and in
order to provide substantive evidence that internal
analogues might play a role in spatial mislocalizations,
one should first ensure that the observed outcomes
are not explained by competing accounts, such as a
role of eye movements.

In any case, and besides the mnesic forward displa-
cement, the behavioural localization paradigm has
established that above and beyond possible eye-
movement effects, the memory for the vanishing
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location of a horizontally moving object was displaced
downward (as evidenced with a significant O-displace-
ment downward; Hubbard, 1990, 1995; Hubbard &
Bharucha, 1988). This outcome seemed to favour
that a model of gravity pull was also internalized,
thus indicating representational gravity. In support of
this hypothesis, it was found that objects moving
downward, in the direction of gravity, led to an
increased error forward along the direction of
motion, while objects moving upward (against
gravity) resulted in reduced errors forward (M-displa-
cement; Hubbard, 1990, 1997; Hubbard & Bharucha,
1988). Interestingly, if a retention interval is imposed
after the disappearance of the object and before the
participant’s response, the spatial error downward
increases with time, as if the visual representation of
the object was “falling”, a trend referred to as represen-
tational trajectory (De Sá Teixeira, Hecht, & Oliveira,
2013). Importantly enough, and although eye move-
ments were found to follow a course similar to the
behavioural findings when left unconstrained (Exper-
iment 2), the pattern of spatial mislocalization did
not change when observers were forced to keep
their gaze steady (Experiments 3a and 3b). These
results have been interpreted as resulting from an
internal model of gravity that modulates the spatial
updating in memory of the remembered vanishing
location (De Sá Teixeira, 2016b; De Sá Teixeira & Oli-
veira, 2014).

An error downward in the direction of gravity, as
usually described (cf. e.g., Hubbard, 2005), seems to
imply that representational gravity is rooted in a
world-centred reference frame. However, the percep-
tion of the vertical direction, and hence gravity, has
been found to be dependent on multiple cues, such
as the vestibular input, signals from bodily gravicep-
tors, and visual polarizing cues, as well as an a priori
tendency to assume that the vertical direction is
aligned with the main body axis (idiotropic vector; Mit-
telstaedt, 1983, 1986; Oman, 2003; see also De Vrijer,
Medendorp, & Van Gisbergen, 2008).

In the current study, we take a closer look at the
reference frames that might modulate represen-
tational gravity and representational trajectory. To
start with, it should be noticed that the usual pro-
cedures to measure spatial localization errors, based
upon M- and O-displacements, are ill suited to
detect variations in the orientation reference. Thus,
for instance, O-displacement stands for a measure of
representational gravity only when it happens to
coincide with an unambiguous vertical reference,

limited to the case where the observer is upright,
and the object moves horizontally. Conversely, M-dis-
placement is modulated by representational gravity
only when an observer is upright, and the target
moves vertically. In the next section we present a
Fourier decomposition approach, which allows for an
independent estimation of representational momen-
tum, representational gravity, and the perceived verti-
cal reference frame in behavioural localization tasks.

The measurement of mnesic spatial
displacements through Fourier decomposition

To start with, one should notice that any spatial local-
ization error of a moving target is determined by two
independent phenomena (see De Sá Teixeira, 2014,
2016b; De Sá Teixeira & Hecht, 2014; Motes,
Hubbard, Courtney, & Rypma, 2008), each linked
with its own reference direction. On the one hand,
representational momentum, predicting an error
forward, should depend solely on the target’s
motion direction. On the other hand, representational
gravity predicts an error “downward”, implying that its
effect should not co-vary with the target’s kinematics
but rather with a privileged direction within the visual
scene. These independent phenomena are simul-
taneously present and are hypothesized to combine
akin to a vector sum (De Sá Teixeira, 2014, 2016b;
Hubbard, 1995). When the target’s motion direction
is perpendicular to the perceived vertical (e.g., when
a target moves horizontally in relation to an upright
observer), both phenomena are thought to be unre-
lated, by virtue of the orthogonality of their reference
direction. Therefore, the standard M- and O-displace-
ments (respectively along the axis of motion and
orthogonal to it; see e.g., Hubbard, 2005) are measures
of representational momentum and representational
gravity. However, when the target moves along a
direction other than the horizontal, both phenomena
interact (to a greater or lesser extent, depending on
the alignment of target’s motion relative to the per-
ceived vertical). M- and O-displacements cease to be
useful measures. The interaction is all the more rel-
evant when the cues to the subjective vertical are
ambiguous.

One way to shed light on the interaction is to sys-
tematically vary the target’s motion direction and
measure the spatial localization errors along that
same vector—M-displacement. Under the assumption
that representational momentum and represen-
tational gravity are independent phenomena, it is to
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be expected that the former will result in a constant
M-displacement, invariant with respect to the
target’s motion direction. Representational gravity, in
contrast, should unfold along or against the perceived
vertical (see Figure 1, Panel A), in accordance with the
vectorial sum hypothesis (for a full discussion of this
reasoning, see De Sá Teixeira, 2016b). It is trivial to
demonstrate that representational gravity should
thus be proportional to a combination of a sine and
cosine function of the target’s motion direction θ

(the projection of the perceived vertical vector on
the axis defined by the variable motion direction),
which adds to a constant value (c), proportional to rep-
resentational momentum, in determining M-displace-
ment (see Figure 1, Panel B; cf. also Figure 2, Row A) for
each motion direction (Mθ):

Mu = c + a1/2p cos(u)+ b1/2p sin(u) (1)

The coefficients a1/2π and b1/2π (the subscript 1/2π
denotes that representational gravity acts along a
single direction in the visual bidimensional plane)
index the horizontal and vertical coordinates of the
centroid for the set of M-displacements. Thus, these
parameters indicate direction and magnitude of rep-
resentational gravity.

In an empirical setting, where M-displacements are
observed, the challenge is to independently estimate
representational momentum (c) and representational
gravity (a1/2π and b1/2π). Such can be done by taking
advantage of the logic of Fourier decomposition (for
details cf. Sekuler & Armstrong, 1978; for a previous
application to behavioural localization responses see
De Sá Teixeira, 2014, 2016), which allows an estimation
of the c, a1/2π, and b1/2π parameters.

The present experiment

We have previously found that the temporal profile of
representational gravity, where the remembered
location of a moving object drifts “downward” with
time, is reduced to a constant error, made along the
main body axis, when the observers’ body is tilted
sideways in relation to Earth’s gravity—idiotropic dom-
inance (De Sá Teixeira, 2014; see also De Sá Teixeira &
Hecht, 2014). For an internal model of gravity, this
could reflect an increased uncertainty about the
“downward” direction when vestibular cues are at
odds with the idiotropic vector. The present exper-
iment aims to further test this hypothesis by varying
the vestibular stimulation without changing obser-
vers’ orientation relative to earth’s gravity. In order

to do so, participants were positioned in a centrifuge,
1.7 metres away from the centre of rotation while
seated upright, and rotated so as to produce varying
magnitudes of artificial gravity, acting sideways in
relation to their head and body (see Figure 3). Under
these conditions, an observer feels an illusory tilt side-
ways—somatogravic illusion (cf. Clément, Moore,
Raphan, & Cohen, 2001; Clément & Reschke, 2008)—
as well as an increase in the gravito-inertial force.
During rotation, observers were required to perform
a spatial localization task directed to the vanishing
positions of moving objects. Errors along the object’s
motion direction (M-displacement) were measured
and were subjected to a Fourier decomposition.

Three scenarios with regard to possible outcomes
are conceivable. For the first scenario, let us consider
the established outcome in the standard condition
where an observer performs a spatial localization
task while upright in relation to earth’s gravity. The
magnitude of representational momentum (i.e., the
c parameter in Equation 1) first increases with reten-
tion time, then it stabilizes (Kerzel, 2000) or decreases
(Freyd & Johnson, 1987). For simplicity, we consider
that the latter is the case, taking for illustration three
hypothetical retention intervals (see “Representational
Momentum” column in Figure 2). As for represen-
tational gravity, its magnitude increases downwards
with time (De Sá Teixeira et al., 2013), which translates
to a null a1/2π parameter and a significant and increas-
ing b1/2π parameter (rightward columns in Figure 2).
Both phenomena coupled, in accordance with
Equation 1, would result in a set of M-displacements
increasingly elongated downwards when depicted as
polar plots (left panel).1 If vestibular stimulation, oper-
ationalized through an artificial gravity force applied
sideways, orthogonal to the idiotropic vector, mimics
the results found when observers were tilted (De Sá
Teixeira, 2014; see Figure 2, Row B), no significant
change in the direction of representational gravity
would be expected (null a1/2π parameter). However,
a disruption of its time course would emerge (null
effect of retention time on the b1/2π parameter,
which would otherwise be above 0). This pattern of
results would be compatible with a vestibular interfer-
ence on the time course of representational gravity
and stands as a weak or partial version of idiotropic
dominance (unchanged direction but disrupted time
course).

In contrast, according to the second scenario, if rep-
resentational gravity, as assessed with behaviour local-
ization measures, is based primarily upon the sensed
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gravitational force (e.g., Hubbard, 2005; see also Nagai,
Kazai, & Yagi, 2002), one would expect its direction to
be significantly affected by the artificial gravity force,
either along its vector (Figure 2, Row C) or along the
resulting gravito-intertial force (Figure 2, Row D).
Either way, these scenarios would entail, respectively,
a significant increase in a1/2π alone or along with a like-
wise significant b1/2π parameter, both being compati-
ble with a vestibular dominance on representational
gravity (allegedly with a still increasing relation with
retention interval).

Finally, a third scenario could argue for represen-
tational gravity to be immune to vestibular stimu-
lation, being unaffected by changes in the spatial
reference frames caused by an artificial gravity
environment (Figure 2, Row E). This would be a
strong and absolute version of an idiotropic domi-
nance (neither the direction nor the time course of
representational gravity is affected by vestibular
stimulation).

These three scenarios, obtained according to a
rather simple scheme (employing the vectorial sum

Figure 1. Panel A: Schematic depiction of mnesic spatial displacements, with indication of the resulting M-displacement, taking into account
representational momentum (dashed arrows) and representational gravity (solid arrows) for five possible motion directions (white arrows).
The black circles refer to the objective vanishing location, and grey circles to the remembered vanishing location (for clarification, magnitudes
of the displacements are here exaggerated in relation to the ones empirically found). Panel B: Theoretically derived predictions for how represen-
tational momentum and representational gravity additively determine M-displacement.
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Figure 2. Possible scenarios for M-displacement, as a function of retention interval (Times 1, 2, and 3), in an artificial gravity environment. Panels
depict, in each row, (a) expected polar plot, (b) representational momentum (c parameter), (c) representational gravity along the artificial gravity
direction (a1/2π parameter), and (d) representational gravity along the idiotropic vector (b1/2π parameter). Row A: Results found when observers
are upright, following previous research. Row B: Expected results if vestibular stimulation interferes with an internal model of gravity. Rows C and
D: Expected results if the privileged “downward” direction for representational gravity is determined by artificial gravity (AG) or the resultant
gravito-intertial force (GIF), respectively. Panel E: Null effect scenario where artificial gravity has no significant impact on mnesic spatial
displacements.
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hypothesis; Equation 1) allow for a clear and unique
test that can decide among them with regard to the
reference frame for representational gravity.

Experimental study

Method

Participants
Eighteen participants (8 females, 10 males), between
20 and 33 years old (M = 25.9; SD = 3.55), including
four authors (N.D.S.T., A.D.A., K.S., and D.S.) volun-
teered for the experiment. At the time of the testing,
except for the mentioned authors, participants were
unaware of the purposes of the experiment or specific
hypothesis concerning the outcomes. There was no
evidence that the authors who volunteered for the
experiment provided localization responses that dif-
fered from those of the remaining observers. All par-
ticipants had normal or corrected-to-normal vision
and no known vestibular deficits or history of vestibu-
lar disorders. Prior to the experiment, all participants
were familiarized with the experimental protocol and
procedures. They were informed of potential motion
sickness symptoms and were advised how to mini-
mize them (keeping the head steady and closing the
eyes during the deceleration periods; see Young
et al., 2001; Young, Sienko, Lyne, Hecht, & Natapoff,

2003). Participants were also instructed on how to
use the stop button and that they were free to termi-
nate the experiment at any time. The weight of each
participant was recorded to enable proper positioning
of counterweights on the centrifuge. Each participant
signed a consent form, and the study’s protocol was
approved by the Massachusetts Institute of Technol-
ogy (MIT) Committee on the Use of Humans as Exper-
imental Subjects (COUHES).

Apparatus and equipment
The MIT short-radius centrifuge generated an artificial
gravity environment. The centrifuge had a radius of
2.13 m and was set to rotate one participant clock-
wise (as seen from above), sitting upright and
facing the wind, such that her or his head and torso
were at 1.7 m from the centre of rotation. In this con-
figuration the artificial gravity vector is perpendicular
and acts leftward in relation to the participant’s body
(aligned with Earth’s gravity; see Figure 3). The par-
ticipant was safely and comfortably secured with a
three-point harness and with belts. We stabilized
the head with a pillow positioned above the partici-
pant’s left shoulder. The centrifuge was driven by a
one-hp electric motor through a 50:1 gear reduction,
and its velocity profile was controlled with a 300-MHz
personal computer running Labview software

Figure 3. Panel A: Image sequence depicting the operating centrifuge. Panel B: Photograph of the centrifuge and indications of the equipment
used. Panel C: Pictogram representing the centrifuge, its rotation axis, artificial gravity vector and direction of earth’s gravity.
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(Version 5.1), operated from a different room adja-
cent to the centrifuge room. Each participant com-
pleted the task (see below) three times, with orders
balanced, varying only the artificial gravity magni-
tude. The centrifuge was operated at 2.3, 16.0, and
23.6 rpm, creating a 0.01-g (control condition, hence-
forth referred to as 0-g condition—although for all
purposes this condition corresponds to null artificial
gravity, running the centrifuge was deemed necess-
ary to ensure that everything else, including the
noise from the centrifuge’s motor, was the same),
0.5-g, and 1.0-g force, respectively, at the participant’s
head and torso. The last two levels are well above the
estimated absolute threshold for detection of accel-
eration (about 0.02 g; Gianna, Heimbrand, & Gresty,
1996), as well as above the minimum gravity magni-
tude required for a human observer to establish the
perceptual upright (about 0.15 g; Harris, Herpers, Hof-
hammer, & Jenkin, 2014). Preliminary tests conducted
before the collection of experimental data revealed
the somatogravic illusion to be unambiguously felt
under these conditions, resulting in a clear sensation
of being tilted and more so with increasing accelera-
tions. Moreover, verbal reports from the experimental
participants, collected during debriefing, revealed
that the tilt sensation was clear and strong for the
1-g condition and in the directions predicted by the
resultant gravito-intertial force (GIF; subjects felt
tilted sideways away from the centre of rotation).
The subjective tilt was of intermediate magnitude
but still unambiguous for the 0.5-g condition, and
no change in body orientation was reported for the
0-g condition (ordinal relation). Artificial gravity
levels were monitored online with a three-axis accel-
erometer (Vernier Software & Technology) located at
the same distance from the centre of rotation as the
participant’s head and torso. A 2.5-GHz laptop,
mounted on the centrifuge, equipped with a head-
mounted display (HMD; eMagin Z800 3D Visor; resol-
ution 800 × 600 pixels and 40° diagonal field of view)
and a 1.8 inch trackball (Adesso iMouse T1), con-
trolled stimuli presentation, randomization, and
response collection (see Figure 3, Panel B). Prior to
the experimental trials, the door of the centrifuge
room was closed, and the monitors of the on-board
computers and all lights were switched off, such
that the only source of light was the HMD display
used for stimulus presentation (see below), attached
to the participants’ heads and thus covering most
of their field of view. Participants’ wellbeing was
monitored at all times with an infra-red (IR) video

camera (Foscam Digital Technologies LLC) mounted
on the centrifuge structure.

Stimuli
An animation portraying a black circle, with a diameter
of 20 px (pixels; ≈ 0.8°), henceforth referred to as
target, moving linearly at a constant speed of 146
px s–1 (pixels per second; ≈ 5.83°/s), was used as stimu-
lus. The target was visible within a circular white
window with a diameter of 600 px (≈ 24°; presentation
window) on an otherwise black background. The
target emerged from the edge of the presentation
window and disappeared unexpectedly at a random
position in an area of 50 × 50 px beyond the centre
of the screen. The target’s trajectory could be oriented
at 0° (rightward), 22.5°, 45°, 67.5°, 90° (downward),
112.5°, 135°, 157.5°, 180° (leftward), 202.5°, 225°,
247.5°, 270° (upward), 292.5°, 315°, or 337.5°. A circular
black cursor (5 px diameter), controllable with the
trackball, appeared at the centre of the presentation
window 0, 300, 600, 900, or 1200 ms (retention time)
after the target vanished, signalling to the participant
that a spatial location response was to be provided
(see below). The task was programmed in Python
using the PsychoPy routines (Peirce, 2007, 2009).

Procedure and design
Upon arrival at the laboratory, after task and pro-
cedure had been explained, both the participant and
experimenter signed the informed consent form. The
participant was then weighted and positioned inside
the centrifuge. The harness, HMD, trackball, and stop
button were all adjusted, and the required counter
weights were positioned in place on the centrifuge.
Before the centrifuge was run, it was rotated manually
360° to ensure that no obstacles were present. After-
wards, the on-board monitor screens and room
lights were switched off. The door of the centrifuge
room was closed, and the centrifuge, operated from
the adjacent room, accelerated until it reached the
desired speed, which was kept steady for 2 min
before the experimental task, ensuring the complete
dissipation of residual signals from the semi-circular
canals. The participants were instructed to observe
the target’s motion and, as soon as the cursor
appeared, to position it, using the trackball, at the
location on screen where they had seen the target
vanish, as precisely as possible and referring to its geo-
metrical centre. The objective vanishing position coor-
dinates, the location indicated by the participant (both
in pixels), and the response times (in milliseconds)
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were recorded. A new trial started 500 ms after a
response was confirmed. Each participant completed
the task three times, varying only the magnitude of
artificial gravity (0.0, 0.5, or 1.0 g). A rest period of
about 5 min was imposed between each of the suc-
cessive artificial gravity blocks. The order of centrifu-
gation levels was counterbalanced such that each of
the six possible orders was present twice in the
whole sample. The experiment thus followed a 3 (arti-
ficial gravity; blocked) × 16 (target’s trajectory) × 5
(retention time) design with each stimulus combi-
nation being presented twice per participant.

Results

M-displacements were calculated for each trial and
were averaged across replications. Polar plots of the
mean M-displacement are depicted in Figure 4 for
the 0-g (Panel A), 0.5-g (Panel B), and 1-g (Panel C) arti-
ficial gravity conditions. It can be seen that spatial
localization errors were increased for targets moving
“downward” along the body main vertical axis and

Earth’s gravity, but not in the direction of artificial
gravity or the resulting gravito-inertial force vector.
Also, there is some evidence that the overall magni-
tude of the “downward” errors (along the idiotropic
and Earth’s gravity axes) is somewhat increased for
the higher artificial gravity conditions. Finally, there
seems to be some effect of retention interval in the
0-g as compared with the remaining artificial gravity
conditions, as evidenced by the spread of the lines
in the polar plots.

Fourier decomposition of M-displacements was
performed for each participant, and artificial gravity
condition and the resulting parameters were sub-
jected to repeated measures analyses of variance
(ANOVAs). Figure 4 shows the mean c (represen-
tational momentum; Panel D), a1/2π (artificial gravity,
AG, aligned representational gravity; Panel E), and
b1/2π (idiotropically aligned representational gravity;
Panel F) obtained values. Artificial gravity, F(2, 34) =
4.9, p = .013, η²p = .28, retention interval, F(4, 68) =
11.57, p < .001, η²p = .4, and the interaction between
both, F(8, 136) = 2.56, p = .012, η² = .13, were found

Figure 4. Top row: Polar plots of the mean mnesic displacements in the direction of target’s motion (M-displacement) in pixels, for the 0-g
(Panel A), 0.5-g (Panel B), and 1-g (Panel C) artificial gravity conditions and each retention interval (line parameter). Bottom row: Mean
values of parameters c (representational momentum; Panel D), a1/2π (horizontal biases on representational gravity; Panel E), and b1/2π (vertical
biases on representational gravity; Panel F) obtained from M-displacements, as a function of retention intervals (abscissas) and artificial gravity
conditions (line parameter).
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to statistically determine the c parameter (represen-
tational momentum; Figure 4, Panel D). Errors made
along the direction of motion increased with time
until about 300 ms, decreasing slightly for longer
times but less so for higher artificial gravity levels.

No evidence was found that localization errors
varied in the direction of artificial gravity, as neither
the magnitude of artificial gravity, F(2, 34) < 1, nor
retention time, F(4, 68) < 1, significantly determined
the mean a1/2π parameter (Figure 4, Panel E).

Conversely, b1/2π (representational gravity) signifi-
cantly increased with time, F(4, 68) = 2.69, p = .038,
η²p = .14, but less so for higher artificial gravity levels,
as evidenced with a significant interaction, F(8, 136)
= 2.13, p = .037, η²p = .11. Moreover, the overall b1/2π
parameter was significantly increased for the higher
artificial gravity conditions, F(2, 34) = 5.16, p = .01,
η²p = .23. That is, with larger levels of artificial gravity,
the mean spatial localization errors made “downward”
along the idiotropic vector were larger, although less
dependent on the retention interval. Thus, the result-
ing pattern is that for the longest retention intervals,
no difference seems to exist between the artificial
gravity conditions.

In order to further explore the temporal course of
the “downward” mnesic displacement, the slopes of
the best linear fits between retention time and the
b1/2π parameter were calculated on an individual
basis. These slopes provide an index of the rate (in
pixels per second, px s–1) at which the remembered
vanishing location drifts “downward”. Figure 5 shows
the mean slopes found for each artificial gravity con-
dition. It can be seen that at higher levels of artificial
gravity, the downward drift rate is reduced propor-
tionally, F(2, 34) = 3.78, p = .03, being null for the 1-g
condition. Accordingly, mean slopes were found to
be significantly different from 0 for the 0-g condition,
t(17) = 2.75, p = .014, d = 0.65, marginally different
from 0 for the 0.5-g condition, t(17) = 1.942, p = .069,
d = 0.46, and not significantly different from 0 for the
1-g condition, t(17) < 1.

General discussion

In the present experiment, participants performed a
spatial localization task, directed to the remembered
vanishing position of targets moving along several
directions. This task was carried out while seated on
a centrifuge providing lateral acceleration at various
degrees. We obtained three important findings. First,
the remembered locations were systematically

displaced “downward” along the participants’ main
body axis, with no evidence of a bias toward the arti-
ficial gravity vector or the resulting gravito-intertial
force vector—idiotropic dominance (weaker or partial
version) on representational gravity. Second, the
“downward” displacement was found to increase
with larger retention intervals, at an estimated rate
of about 1.5 px s–1, but only when participants were
not exposed to an artificial gravity vector. At higher
artificial gravity levels, the “downward” drift with
time was found to be reduced, being virtually null
for the highest artificial gravity condition (1 g)—vestib-
ular interference on the time-course of represen-
tational gravity. Finally, the mean “downward” errors
were found to be significantly larger when artificial
gravity was increased and for the shortest retention
intervals; for longer retention intervals, the differences
in the “downward” errors between the different artifi-
cial gravity conditions lessened, being virtually null for
the longest interval (1200 ms). In other words, the
increases in the magnitude of representational
gravity with longer temporal lapses was masked by
an already increased displacement “downward”
along the idiotropic vector, with higher accelerations
acting orthogonally to the body’s longitudinal axis.

The idiotropic dominance essentially replicates
results previously reported (De Sá Teixeira, 2014; De

Figure 5. Mean individual slopes (in px s–1) of the linear fits between
b1/2π (indexing representational gravity) and retention interval for the
0-, 0.5-, and 1-g artificial gravity conditions.
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Sá Teixeira & Hecht, 2014). Similarly, the effect of reten-
tion interval on the “downward” errors, reduced for
increases in artificial gravity, mimics, perhaps not sur-
prisingly (cf. Howard & Templeton, 1966), what was
found when participants performed a similar task
while tilted sideways in relation to Earth’s gravity (De
Sá Teixeira, 2014). It should be noticed, however, that
under the conditions employed in the present exper-
iment, participants felt an illusory tilt sideways, in the
direction of the artificial gravity vector, even though
they were kept aligned with earth’s gravity—somato-
gravic illusion (e.g., Clément et al., 2001; Clément &
Reschke, 2008). Thus, both a real sideways tilt (with a
variation of the body’s orientation) and the somatogra-
vic illusion (where the body posture is kept erect) lead
to similar patterns of spatial mnesic displacements. The
“downward” drift with time along the idiotropic vector
was found to be significantly reduced for higher accel-
erations, to a point where only a constant error was
made with no dynamic evolution.

We surmise that these outcomes can best be
explained by the role of a putative internal model of
gravity, which takes into account the vestibular proces-
sing (mainly from the otoliths), in the memory for the
spatial location of amoving object. Inputs from the ves-
tibular organs do not, however, determine the direc-
tion of the spatial localization errors, which remain
attached to an idiotropic frame of reference. Instead,
vestibular stimulation, when conflicting with the idio-
tropic vector, disrupts the dynamic updating in
memory of the vanishing locations, whichwould other-
wise (that is, without conflicting verticality cues) result
in a timely ordered relation, drifting downwards. Given
the motor nature of the response required from the
participants, it might be argued, concurrently, that per-
turbations of behavioural actions, rather than vestibu-
lar processing, might instead explain the outcomes.
In the following paragraphs we attempt to rebut poss-
ible versions of this argument.

Prominently, one might argue that in a rotating
environment, motor performance is compromised,
thus making the movements to indicate the remem-
bered vanishing location of a moving target more dif-
ficult. This explanation would entail that increased
uncertainty in behavioural responses, rather than in
the computations of an internal model of gravity,
should be found for the higher artificial gravity con-
ditions. In fact, it has been reported that motor pertur-
bations (e.g., when pointing to a target) are common
in artificial gravity environments where gravity gradi-
ents are present (DiZio & Lackner, 2002). These

motor issues are mostly due to the Coriolis forces gen-
erated in such conditions (particularly relevant for
motions performed toward or away from the rotation
axis; see, e.g., Clément, 2011; Young, 1999). We argue,
however, that Coriolis motor perturbations, if relevant
at all in the present task, can be safely discarded as an
intervening variable. First and foremost, the motor
movements required to perform the spatial localiz-
ation task were of low amplitude, at most of about
4.5 cm (diameter of the trackball). At this range, Corio-
lis perturbations are negligible and should not inter-
fere with the required motor actions, made mostly
with the fingers while the hand is resting on the track-
ball. Secondly, no participant complained, during the
debriefing, of an increased difficulty in performing
the task while being accelerated. Finally, the disrup-
tion of representational gravity’s time course was pre-
viously reported when participants were merely tilted
with respect to Earth’s gravity, where relevant Coriolis
forces are absent (De Sá Teixeira, 2014).

A more subtle argument, likewise related to the
behavioural responses in this task, might also be
raised in interpreting the results. As participants
necessarily take some time to provide their answers,
the total time until response, not just the imposed
retention intervals, should be considered when asses-
sing the temporal course of the “downward” errors. In
accordance with this view, it was recently reported
(De Sá Teixeira, 2016a) that the spatial updating of
spatial locations in memory might extend into the
time during which a response is being made—that
is, with longer times to respond, the remembered van-
ishing locations drift further downward. Moreover,
with longer times until response completion (consid-
ering the sum of retention interval and response
times), the rate at which the remembered vanishing
location drifts downward is reduced, eventually stabi-
lizing (see also De Sá Teixeira et al., 2013). In the
present experiment, if participants took longer to
respond at the higher centrifuge accelerations, it
would be expected that (a) the “downward” errors to
be generally larger and (b) the effect of retention inter-
val to be weaker or null. As both these predictions
have been met, the issue deserves careful consider-
ation. We hence averaged response times across repli-
cations and subjected them to a repeated measures
ANOVA with artificial gravity (3 levels), motion direc-
tion (16 levels), and retention interval (5 levels) as
factors. Replicating previous findings (e.g., De Sá Teix-
eira, 2016a; De Sá Teixeira & Hecht, 2014), response
times were found to be larger for the shorter retention
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times, F(4, 68) = 40.99, p < .001, η²p = .71, thus resulting
in a slight non-linearity in the relation between time
until response and downward displacement. Consid-
ering the entire temporal interval from the target’s
offset to response, and due to the differential effect
of retention time on response times, a non-linear
relation between time until response and downward
displacement is consequently observed. In any
instance, neither artificial gravity, F(2, 34) = 2.436,
p = .103, nor motion direction, F(5.57, 94.7) = 2,
p = .077, had a significant main effect on response
times, although the interaction between both these
variables was statistically significant, F(30, 510) =
3.09, p < .001, η²p = .15 (see Figure 6, left column).

Despite these trends, the difference cannot account
for the memory displacements. Figure 6, right
column, depicts the mean b1/2π parameters, derived
from M-displacement, plotted against retention plus
response times for each artificial gravity condition. It
can be seen that both the increased “downward”
errors for the higher artificial gravity condition as
well as the disappearance of its temporal course do
not seem in any way to be related to the increased
response times, which should have been considerably
longer than the found difference of about 200 ms to
account for the disclosed patterns.

Interestingly, the interaction between motion
direction and artificial gravity was mostly due to an

Figure 6. Left column: Polar plots of mean response times (in seconds) for the 0-, 0.5-, and 1-g artificial gravity conditions (rows) and retention
intervals (line parameters). Right column: Mean b1/2π parameter (representational gravity) as a function of retention plus response times for each
artificial gravity condition (rows).
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increase in response times for localizations directed to
targets that moved along the artificial gravity vector. It
might be the case that the heightened times to locate
targets that moved in the direction of artificial gravity
reveal an increased uncertainty when the target’s kin-
ematics happens to be congruent with a conflicting
vestibular cue in relation to one’s body orientation.
Be that as it may, we can safely discard a difference
in response times as an explanation for the trends dis-
closed in the measurement of representational
gravity.

Oculomotor torsional nystagmus, resulting from
the experienced body tilt (see e.g., Howard & Temple-
ton, 1966), could account at least in part for the
results. However, this is unlikely, given that the centri-
fuge was rotated for at least 2 min before the begin-
ning of the task. Thus all signals from the semi-
circular canal (on itself only partially stimulated
given the off-axis positioning of the participants)
that could cause nystagmic reflexes, had dissipated
during the experimental task. Moreover, vestibularly
induced nystagmus is known to be strongly sup-
pressed by visual stimulation (see Howard & Temple-
ton, 1966; Mowrer, 1937), a factor that was
conspicuously present in the task performed.

Finally, it might be the case that the conflicting ves-
tibular stimulation was mediated by the contingent
ocular countertorsion reflex, which is observed when
an observer is tilted. This phenomenon is due to
otolith stimulation (of the utricule, in particular; cf.
Howard & Templeton, 1966) and is known to be
enhanced in a centrifuge (Schöne, 1962; Woellner &
Graybiel, 1959) up to a maximum of about 10°.
Given that the purpose of countertorsion seems to
be a stabilization of the visual field in relation
to gravity (but see below), it would seem paradoxical
to assume that it would result in a loss of visual accu-
racy accounting for the found patterns. Countertor-
sion has been linked with the shift of the perceived
vertical opposed to the direction of body’s tilt (E
effect; see, e.g., Wade & Curthoys, 1997), but not with
the Aubert effect (bias of the perceived vertical
towards the tilting direction). Our results are compati-
ble with neither, as no change on the direction of rep-
resentational gravity was found. Furthermore, there is
some evidence that countertorsion is a transient
phenomenon that accompanies head tilt, but tends
to dissipate once the head stabilizes (Jampel & Shi,
2002). Overall, it does not seem likely that our results
can be significantly linked with any oculomotor
phenomenon due to centrifugation.

In what refers to representational momentum, and
again replicating previous findings (see e.g., Freyd &
Johnson, 1987; Kerzel, 2000), the mnesic spatial displa-
cement forward in the direction of motion—that is,
representational momentum—was found to increase
with retention intervals up until a peak at about
300 ms, decreasing for longer times in the 0-g con-
dition but to stabilize in the 0.5- and 1-g conditions.
This finding was unexpected albeit not entirely sur-
prising. In fact, the temporal course of represen-
tational momentum beyond 300 ms, and when
employing a mnesic probe methodology, has been
reported to either decrease (Freyd & Johnson, 1987)
or to asymptote (Kerzel, 2000). Likewise, with behav-
ioural responses (e.g., De Sá Teixeira, 2014; De Sá Teix-
eira et al., 2013; De Sá Teixeira & Oliveira, 2014) both
trends have been found equally often. An account of
this result, even if entirely speculative, is still far to
be guessed upon, although it might suggest that rep-
resentational momentum is not altogether impervious
to concurrent and conflicting frames of reference (e.g.,
body’s orientation, vestibular stimulation, target’s
motion direction, etc.), especially when a certain
time has passed since the object’s offset, and, argu-
ably, the mnesic spatial trace has decayed.

Conclusion

Given gravity’s relentless pervasiveness in ecological
terrestrial environments, it is not surprising that
human perception seems to take its effects into
account. A being that capitalizes on such an invariant
regularity of its surroundings, made manifest through
various sensory mechanisms (visual, vestibular, and
somatosensory information, as well as statistical corre-
lations with the own body structure, etc.) would cer-
tainly be at an evolutionary advantage.

The results we report here support the idea that a
spatial localization task reveals the functioning of a
mechanism that iteratively updates and outputs an
estimate of the remembered location. This dynamic
updating of the object’s remembered location seems
to rely on a putative internal model of gravity, the
model’s reference of “down” being mostly defined
with respect to the idiotropic or retinotopic standard
(see also Baker, Harper, & Snyder, 2003, Van Barneveld,
Kiemeneij, & Van Opstal, 2011). Under conditions
where the sensed gravito-inertial cues do agree with
the favoured idiotropic orientation, the internal
model provides spatial localization estimates compati-
ble with a predicted falling trajectory. Otherwise, and
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arguably due to increased uncertainty when weight-
ing conflicting reference frames, the spatial updating
fails to produce localization estimates conforming
with an anticipated course and, instead, produces pre-
dictions “downward” along the idiotropic vector. In
face of the known high variability and hence relative
unreliability of the otolith signals (e.g., Angelaki,
Klier, & Snyder, 2009; De Vrijer et al., 2008), it might
come as no surprise that its signalled “vertical” direc-
tion does not alter representational gravity’s direction
vis-à-vis the body’s orientation. However, that vestibu-
lar stimulation does disrupt the time-course of rep-
resentational gravity speaks favourably to the notion
that perceptual mechanisms are so built as to
extract the state and dynamics of the outside world.

Other researchers have likewise emphasized that
the perception of the vertical direction is neither
fixed nor objective, co-varying with the available refer-
ence frames weighted by different amounts. For
instance, depending on the task and/or the type of
stimuli, the perceived “down” (or “up”) direction
might be modulated more or less and often with
different combinations of vestibular, bodily, and
visual cues (for a few varied examples see Gaunet &
Berthoz, 2000; Jenkin, Dyde, Jenkin, Harris, &
Howard, 2003; Jenkin, Jenkin, Dyde, & Harris, 2004;
Lobmaier & Mast, 2007; Lopez, Bachofner, Mercier, &
Blanke, 2009). Furthermore, many of these results
have been interpreted in terms of neural implemen-
tations of optimal Bayesian estimation (see, e.g., Ange-
laki et al., 2009; Butler, Smith, Campos, & Bülthoff,
2010; MacNeilage, Banks, Berger, & Bülthoff, 2007;
Prsa, Jimenez-Rezende, & Blanke, 2015). It remains to
be determined the degree to which a similar frame-
work can fruitfully be extended in order to account
for the found regularities of representational gravity.

Note

1. Notice that the particular combination of the chosen
magnitudes of representational momentum and rep-
resentational gravity in this illustration leads to a non-
monotonic relation of M-displacement and time when
the target moves upwards—this reflects the opposing
tendencies of representational momentum to increase
along the motion direction (upward) with the downward
trend implied by representational gravity, coupled with
their respective and disparate dynamic trends. A similar
outcome has been empirically reported (De Sá Teixeira
& Hecht, 2014), albeit not as evident as depicted here,
suggesting that the magnitude of representational
gravity, even considering its increase with time, is
weaker than that of representational momentum.
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