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Abstract The memory for the vanishing location of a hori-
zontally moving target is usually displaced forward in the
direction of motion (representational momentum) and down-
ward in the direction of gravity (representational gravity).
Moreover, this downward displacement has been shown to
increase with time (representational trajectory). However, the
degree to which different kinematic events change the tempo-
ral profile of these displacements remains to be determined.
The present article attempts to fill this gap. In the first exper-
iment, we replicate the finding that representational momen-
tum for downward-moving targets is bigger than for upward
motions, showing, moreover, that it increases rapidly during
the first 300 ms, stabilizing afterward. This temporal profile,
but not the increased error for descending targets, is shown to
be disrupted when eye movements are not allowed. In the
second experiment, we show that the downward drift with
time emerges even for static targets. Finally, in the third
experiment, we report an increased error for upward-moving
targets, as compared with downward movements, when the
display is compatible with a downward ego-motion by includ-
ing vection cues. Thus, the errors in the direction of gravity are
compatible with the perceived event and do not merely reflect
a retinotopic bias. Overall, these results provide further evi-
dence for an internal model of gravity in the visual represen-
tational system.
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Over the last few decades, the role of gravity in structuring our
perception of space has come to be a major focus of several
research lines. From the classical studies on the subjective
visual vertical (see, e.g., Haji-Khamneh & Harris, 2010;
Mittelstaedt, 1983, 1986) to the timing of interceptive actions
of falling objects (Mclntyre, Zago, Berthoz & Lacquaniti,
2001) and time to contact (Baurés & Hecht, 2011), as well
as the gravito-inertial force resolution (equivalence principle;
all linear accelerometers respond to both linear acceleration
and gravity) in the vestibular system (Angelaki, Shaikh, Green
& Dickman, 2004; Hess & Angelaki, 1999; Merfeld, 1995;
Merfeld, Zupan & Peterka, 1999), the idea that gravity has
been internalized in our perceptual apparatus has been a
leading hypothesis upon which a wealth of knowledge has
been built. For the most part, these and other approaches share
the common assumption that humans possess an internal
model of gravity, used to update and complement sensorial
inputs in order to maintain reliable estimates of the spatial
environment. An internal model is thought to be a general
neural process that explicitly mimics the relationship between
physical variables in order to provide estimates of physical
quantities of both body sensors and environment (Grush,
2005; Poon & Merfeld, 2005; Snyder, 1999; Tin & Poon,
2005). The notion of internal analogues of physical variables
has been similarly emphasized by Shepard (2001) in his
concept of second-order isomorphism, on the basis of which
spatial mislocalizations have been interpreted, such as repre-
sentational momentum and representational gravity (see
below; Hubbard, 2005). The aim of the present article is to
provide further understanding of the role of an internal model
of gravity in these phenomena.

Representational momentum and gravity

When people are instructed to remember and indicate the
vanishing location of a moving target, their spatial memory
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is displaced forward, in the direction of motion, and down-
ward, in the direction of gravity (for a review, see Hubbard,
2005). These errors of spatial localization have been taken as
evidence for internal analogues of momentum and gravity,
respectively, and have been thought to reflect mental extrap-
olations that seek to supplant neural delays (see, e.g., Kerzel &
Gegenfurtner, 2003).

Representational momentum was first reported in 1984 by
Freyd and Finke. These authors presented to observers a
rectangle in a sequence of positions that implied a rotation
motion. After the sequence was presented, a similar rectangle
was shown in either the same or a different orientation than the
last one in the inducing sequence, and the observers were
asked to provide a same-different judgment. Results showed
that people were prone to accept as same a rectangle that was
actually further rotated in the direction of the implied motion.
Further experiments showed that this bias in spatial judgments
increased in magnitude with increases in the implied velocity
of the target (Freyd & Finke, 1985), that it emerged even for
static images as long as they implied motion (e.g., a boy
jumping from a wall; Freyd, 1983), that it was sensitive to
high-level information such as the identity of the target (e.g., a
rocket moving upward leads to bigger mnesic displacements
in the direction of motion than does a building; Reed &
Vinson, 1996), and that the remembered position was further
increased when the target was shown moving in the direction
of gravity (Nagai, Kazai & Yagi, 2002).

In 1988, Hubbard and Bharucha were able to replicate the
phenomenon with a behavioral localization task wherein ob-
servers were shown a target moving horizontally at a constant
velocity. Upon its disappearance, they had to indicate with a
computer mouse the location onscreen where the target had
vanished (akin to the method of adjustment). Given that both
the horizontal and vertical coordinates of the participants’ re-
sponse were measured, it was possible to analyze spatial errors
in both those axes. The obtained results, which have been since
replicated (e.g., De Sa Teixeira, Hecht & Oliveira, 2013;
Hubbard, 1990, 2001), showed not only that people made an
error in the direction of motion, but also that the remembered
location was displaced downward in the direction of gravity.
Moreover, it was reported that representational momentum (the
error along the movement axis) was significantly bigger for
descending than for ascending targets (Hubbard, 2001;
Hubbard & Bharucha, 1988); that is, when a target was shown
moving downward toward the gravity pull, the memory for its
last position was displaced in that direction by a greater amount
than for targets moving upward (i.e., against gravity). Both
these outcomes (downward displacement with horizontally
moving targets and increased representational momentum for
descending objects) were taken together as reflecting a mental
analogue of gravity (representational gravity; Hubbard, 2005).

However, these views were not without critics. On the one
hand, it is known that spatial location judgments are biased

toward the fovea (foveal bias; Kerzel, 2002; Miisseler, van der
Heijden, Mahmud, Deubel & Ertsey, 1999; Sheth & Shimojo,
2001). On the other hand, given a smoothly moving object,
the oculomotor system engages a type of eye movement
known as smooth pursuit (SP), wherein the gaze smoothly
follows the target with a gain close to 1 (cf, e.g., Land &
Tatler, 2009). Upon a sudden disappearance of a smoothly
tracked object, the gaze overshoots its vanishing location and
keeps moving in the same direction for 300-500 ms (Mitrani
& Dimitrov, 1978; Pola & Wyatt, 1997). Jointly, foveal bias
and ocular overshoot would account for the reported
mislocalizations, as was argued by Kerzel and further sup-
ported by experimental evidence (Kerzel, 2000, 2002, 2003;
but see Ashida, 2004, and Kerzel & Gegenfurtner, 2003).
Despite the discussion that ensued regarding the degree to
which low-level perceptual phenomena could fully explain
representational momentum and the degree to which oculo-
motor behavior per se could be an epiphenomenon of the same
representational structures (see, e.g., Kerzel, 2006, and
Hubbard, 2006, for a reply), the fact still remains that the
question cannot be solved without ascertaining the role played
by the oculomotor system.

In this sense, and given that the terms representational
momentum and representational gravity are theory compro-
mised, a neutral nomenclature has been adopted in the litera-
ture, as suggested by Hubbard (e.g., 2005). This notation
holds for behavioral localization tasks (as opposed to same—
different judgments) and capitalizes on the fact that one can
separately measure the localization errors along the axis of
motion and the axis orthogonal to motion. The former has
been coined M-displacement, and the latter O-displacement,
with M and O standing for motion axis and orthogonal axis,
respectively. Note that the target’s kinematics, not the world or
the participant’s body, provides the reference frame.
Depending on the motion direction, either M- or O-
displacements can be aligned with the world vertically or
horizontally (see Fig. 1). Usually, negative M-displacements
refer to locations contrary to the direction of motion, and
positive values to locations in the direction of motion (that
is, beyond the target’s vanishing position). For O-
displacements, negative values usually signal a displacement
downward for horizontally and leftward for vertically moving
targets, the inverse being true for positive values.

Recently, we showed, by imposing temporal intervals be-
tween stimulus presentation and participants’ response (for a
similar method, see Freyd & Johnson, 1987; Kerzel, 2000),
that the O-displacement of a horizontally moving target drifts
steadily downward with time at a rate of about 0.22 °/s (De Sa
Teixeira et al., 2013). We refer to this as representational
trajectory. the evolution of both M- and O-displacements
along time. It was thus possible to characterize the dynamics
for the spatial memory, obtaining an analogue of a projectile
trajectory. We surmised that representational trajectory reflects

@ Springer



1108

Atten Percept Psychophys (2014) 76:1106-1120

Leftwards

Rightwards

Horizontal motion

- +

Downwards
Vertical motion

Fig. 1 Measurement of the spatial mislocalizations. The black circles
represent the objective vanishing location of the targets, with the gray
arrows referring to its motion directions. The white dashed circles depict

Upwards

the inner mechanics of the visual representational system.
Moreover, we have shown that even though constraining eye
movements critically affects representational momentum, it
does not modulate representational gravity (despite the fact
that, when left unconstrained, gaze mimics the downward drift
found for spatial memory; see also Kerzel, Jordan & Miisseler,
2001). Notwithstanding, it is still to be seen whether a similar
pattern can be disclosed for other kinematic events.

The present experiments

The main purpose of this study was to ascertain the degree to
which representational gravity and representational trajectory
would generalize to events other than horizontally moving
targets and, if they did, to characterize their dynamic proper-
ties. The first experiment explored representational trajectory
with vertically moving targets. In the second experiment, we
investigated whether target motion is at all necessary for the
downward drift by presenting observers with static objects.
Finally, in the third experiment, we presented observers with
vertically moving targets with and without vection. When the
whole visual field moves coherently in a certain direction,
people can experience the feeling of ego-motion in the oppo-
site direction (vection). By manipulating the presence or ab-
sence of vection, we sought to determine whether the down-
ward mnesic displacement is retinotopically based or whether
it is sensitive to the implied dynamics of the visual display.
Three main parameters are relevant for the present pur-
poses: (1) the magnitude and direction of the spatial
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the usually found remembered vanishing locations. The full lines and the
dashed lines represent, respectively, the M- and O-displacement axes,
with reference to the direction of positive and negative values

displacements (representational momentum), (2) the compar-
ison between the displacements with upward- and downward-
moving targets (given a moving target; representational grav-
ity), and (3) the temporal evolution of the displacements
(representational trajectory). It is important to note that these
three parameters are independent of each other. For instance,
one can fail to obtain representational momentum (spatial
displacement opposite to the direction of motion) but still find
a significant asymmetry between upward- and downward-
moving targets (representational gravity). The joint role
played by an internal model of gravity, the oculomotor system,
and foveal bias can be clarified by establishing which param-
eters are and which are not affected across the experimental
manipulations.

Experiment 1: Representational trajectory for vertically
moving targets

The main goal of this first experiment was to characterize a
representational trajectory for vertically moving targets. These
events have the particularity that the target’s movement and,
therefore, M-displacement and SP eye movements all unfold
along the gravity axis. This provides an opportunity to explore
their joint role. Previously, Hubbard (1990; Hubbard &
Bharucha, 1988) reported a bigger displacement forward for
descending than for ascending targets. By imposing system-
atic temporal intervals between stimulus presentation and
participants’ responses (see De Sa Teixeira et al., 2013), we
sought to ascertain whether this asymmetry possesses a
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temporal evolution and, if so, its dynamic profile and the role
played by oculomotor factors, by both measuring eye move-
ments and constraining them.

We hypothesized that descending targets would lead to
larger displacements in the direction of motion, as compared
with ascending targets, irrespective of oculomotor constraints.
Also, we hypothesized that without constraining eye move-
ments, the remembered vanishing locations would drift down-
ward with time for descending targets and, possibly, for as-
cending targets. Finally, when constraining eye movements,
we expected to find either no temporal evolution of the spatial
localizations or a drift toward the gaze direction (Sheth &
Shimojo, 2001), which would signal a conflict between an
internal model of gravity and foveal bias.

Method
Participants

Eighteen students at the University of Coimbra (15 females, 3
males) participated in the experiment in exchange for partial
course credit. Their ages ranged from 18 to 29 years (M=21.3,
SD = 4.3). All participants had normal or corrected-to-normal
vision and were unaware of the purposes of the experiment.

Stimuli and design

A set of animations were used as stimuli. Each animation
depicted a black circle—the target—30 pixels (px) in diameter
(=0.9°) moving upward or downward at a constant velocity of
470 px/s (=14.3 °/s) on an otherwise white background. Each
target appeared already in motion at a position about 384 px
(=11.7°) above (for descending paths) or below (for ascending
paths) the center of the screen. The target vanished after
covering a fixed distance of 470 px (14.3°)—that is, 86 px
(2.6°) beyond the center of the screen (so as to keep constant
the vanishing location onscreen; see De Sa Teixeira &
Oliveira, 2011). The vertical trajectory of the targets was
always centered onscreen. A black fixation dot 5 px in diam-
eter (0.15°) was shown 40 px (1.2°) to the left or to the right of
the trajectory of the target and centered vertically on the
screen. That is, the fixation dot was always 86 px behind
(vertically) the vanishing location of the target with respect
to its motion direction. The fixation dot disappeared 0, 150,
300, 450, or 600 ms after the target vanished. The experiment
followed a 2 (task; see below) x 2 (direction of motion) x 2
(location of fixation point) x 5 (retention intervals) full facto-
rial design, with six replications.

Apparatus and procedure

The experiment was run on a personal computer equipped
with a flat screen, with a resolution of 1,280%1,024 px

(physical size of 33.7 x 27 cm; 37.2 x 30.2°) and a refresh
rate of 60 Hz. The participants sat in front of the screen, with
head movements constrained by a chinrest, such that their
cyclopean eye was aligned with the center of the screen and
at a fixed distance of 50 cm. An eyetracker (Arrington
Research, ViewPoint PC-60) was mounted on the chinrest,
and eye movements were recorded (glint-pupil vector method
at 30 Hz) using the same computer. Each participant complet-
ed two tasks in a counterbalanced order. For one task, the
participants were instructed to keep their gaze on the fixation
dot as long as it was present on the screen (henceforth referred
to as constrained eye movement (CM) task). For the other, they
were free to follow the target with their gaze (smooth pursuit
task, or SP), although the fixation point was present as well.
Except for the eye movement instructions, both tasks were
exactly the same. Each trial started with the presentation of the
fixation point until the participants acknowledged that they
were ready to initiate the next trial by pressing the left button
of an optical mouse. The animation started immediately after-
ward. Contingent with the vanishing of the fixation dot, a
cross-shaped cursor, controllable with the mouse, appeared
randomly in an area of 400x400 px around the center of the
screen. The participants were required to indicate, as precisely
as possible, the remembered location on the screen where the
target had vanished, referring to its geometrical center, by
positioning the cursor on the desired position and confirming
each response by pressing the left button of the mouse. Prior to
each task, the participants completed four practice trials ran-
domly chosen from the experimental set. The whole session
lasted for about 50 min, including instructions, the debriefing,
and an intertask pause.

Results

For each trial, both the horizontal (O-displacement) and ver-
tical (M-displacement) arithmetic differences (see Fig. 1, ver-
tical motion pictograms) between the participant's response
and the location of the target on the last frame of the anima-
tions was calculated and averaged across replications. A pre-
liminary analysis revealed that the location of the fixation dot
affected only O-displacement, and solely in the CM task.
Since this result can be fully accounted for by a foveal bias
(Kerzel, 2002; Miisseler et al., 1999), no further analysis was
performed on the O-displacement, and the M-displacements
were averaged across the two locations of the fixation point.
Moreover, an ANOVA performed over the entire data set with
task as a repeated measures factor revealed a main effect of the
eye movement instructions, F(1, 17)=198.07, p<.001, partial
17 = .92, as well as significant interactions between task and
motion direction, F(1, 17) = 8.5, p= 01, partial 7/ = .33, and
between task and location of the fixation dot, F{(1, 17) = 4.9,
p =041, partial 1/ = .22. The results were hence subjected to
two repeated measures ANOVAs, one for each task.
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Smooth pursuit task

Figure 2a depicts the mean M-displacements as a function of
retention times (abscissa) for both downward- and upward-
moving targets (line parameter). It can be seen that descending
targets resulted in an overall bigger displacement (M = 7.97,
SD = 4.48) in the direction of motion, as compared with
ascending targets, F(1, 17) = 30, p<.001, partial 17 = .64,
where M-displacement was negative (that is, in a direction
opposite to target’s motion; M = —13.76, SD = 3.94).
Moreover, retention time had a significant effect, F(4, 68) =
3.07, p = .02, partial 77 = .15. For descending targets, M-
displacement in the direction of motion increased with time,
stabilizing at about 10 px after 300 ms (thus evolving at a rate
of about 33.3 px/s, or 1 %s, during the first 300 ms). For
ascending targets, the negative M-displacement first increased
slightly until 300 ms, decreasing for longer times. These trends
were captured in a significant interaction between retention
time and direction, F(4, 68) = 2.6, p = .044, partial 7/ = .13.

Constrained eye movements task

For the CM task, trials where participants failed to follow the
fixation instruction were excluded—that is, whenever gaze fell
outside a region of interest of 30 px around the fixation
location during stimulus presentation and retention. These
cases amounted to less than 3 % of the total amount of trials.
Figure 2b shows the mean results for the remaining data. It can
be seen that, different from the SP task, overall M-
displacements were negative (that is, contrary to the direction
of motion and toward the location of the gaze, located at —86
px). The difference between ascending (M=-35.9, SD=2.8)
and descending (M=-23.4, SD=3.9) targets was likewise sig-
nificant, F(1, 17)=12.73, p=.002, partial 7°=.43, with
downward-moving targets resulting in a bigger displacement
in the direction of motion. Retention time was marginally

M-displacement (px)
&

10 i
a5y O N LD
-20 -o—- Downwards o

-O- Upwards

0 150 300 450 600

significant, F(4, 68) = 2.43, p= 056, partial 177" = .13, with no
evidence of an interaction with direction of motion, F(4, 68) <
1. In general, this trend seems to reflect simply a drift toward
gaze location (foveal bias).

Eye movement data

For the CM task, and after the retention interval, participants
typically made a saccade toward the remembered vanishing
location, preceded on some trials by a saccade to the location
of the cursor.

In the SP task, participants smoothly pursued the target
while it was present. The mean vertical location of gaze (in
degrees of visual angle, with 0 being the objective vanishing
location of the target) is plotted in Fig. 3 against time (with O
being the moment when the target vanished) for the 0-, 150-,
300-, 450-, and 600-ms retention intervals (panels a, c, e, g,
and 1, respectively) and for the downward-moving (continu-
ous lines) and upward-moving (dashed lines) targets. It can be
seen that participants’ eyes kept moving in the same direction
and at the same velocity as the target after its disappearance,
stabilizing at a fixed location after about 300 ms (at almost 2°
beyond the vanishing location). Importantly, this trend was
observed with no differences for both the ascending and
descending targets. It thus seems that the gaze location during
the retention intervals does not in any way mimic what was
found for the behavior localization measures (M-displace-
ment; Fig. 2a).

Panels b, d, f, h, and j of Fig. 3 present the mean vertical
location of the gaze against the time until response (normal-
ized time, with 1 being the moment when a response was
provided) after the 0-, 150-, 300-, 450-, and 600-ms retention
intervals, respectively. In contrast to what was observed dur-
ing the retention intervals, the gaze location for descending
targets during response tends to increase (beyond the target’s
vanishing location), while for ascending targets the gaze
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Fig. 2 M-displacement as a function of time (abscissa) for down-
ward-moving (full lines) and upward-moving (dashed lines) targets in
the smooth pursuit (SP) task (a) and the constrained eye movement
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(CM) task (b) in Experiment 1. Note that in the CM task, during
stimulus presentation, the gaze was directed at —86 pixels on the
ordinate axis
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location decreases toward the objective vanishing location.
These outcomes clearly suggest that the differences in the
behavioral localization measures between the downward-
and upward-moving targets are reflected in the gaze behavior
only when the response is being given. Note, however, that
despite the congruent trends between the behavior localiza-
tions and the gaze location during response, they do not
exactly correspond; for instance, while the mean M-
displacement for ascending targets was negative, signaling a
remembered location behind the vanishing position, the mean
gaze location did not drift below that same position. This
difference cannot, however, be ruled out as due to the effective
spatial-temporal resolution of the eyetracker.

Discussion

The obtained results replicate previous findings that descend-
ing targets produce larger displacements in the direction of
motion than do ascending ones (Hubbard, 1990, 2001;
Hubbard & Bharucha, 1988), although the magnitudes of the
spatial displacements found in the present study are somewhat
smaller than those reported by Hubbard and Bharucha (1988,
Experiment 1). This may be due to the presence of the fixation
dot in our study, which was located behind the vanishing
positions. It is known that the mere presence of a fixation dot
can lead to spatial biases, most probably due to attentional
mechanisms directed toward that cued location (see Sheth &
Shimojo, 2001). Importantly, with constrained eye move-
ments, larger displacements for downward-moving targets
were likewise observed, despite the fact that the remembered
vanishing location of the target was displaced toward the
fixation position, 86 pixels behind the vanishing locations
(foveal bias; e.g., Kerzel, 2002; Miisseler et al., 1999). One
can thus safely assume that oculomotor behavior does not, by
itself, account for the effects of gravity. This point is further
supported by the gaze patterns disclosed when participants
were free to move their eyes (SP condition). The SP eye
movements were shown to overshoot the vanishing location
of the target by similar amounts, irrespective of the direction of
motion (downward or upward). It thus seems that, in the
presence of the moving target, SP eye movements are not
altered as a function of whether the tracking is made toward
or against gravity. Eye movement behavior does, however,
change differently for downward- or upward-moving targets
during the positioning of the cursor in the remembered
vanishing location—that is, while the participants are provid-
ing their responses. Overall, these outcomes lend support to the
hypothesis that during the representational process, oculomo-
tor behavior mimics the representational mechanics recruited
while this task is performed. Since no external visual stimulus
(besides the cursor controlled by the participant) was present
during the response stage, we surmise that this pattern was
driven internally. Oculomotor behavior, along with the spatial

Fig. 3 Mean vertical gaze locations for the smooth pursuit task for thep
downward-moving (continuous lines) and upward-moving (dashed lines)
targets in Experiment 1. The left column depicts the gaze location from
200 ms before the vanishing of the target until the end of each retention
interval (row panels; for the 0-ms condition, the gaze locations during the
first 50 ms of the response stage are also plotted). Both time (abscissa)
and gaze location were scaled so that O corresponded to the point in space
and time when the target vanished. The right column depicts the mean
vertical gaze location after the end of the retention intervals and until a
response was given. The abscissa represents time normalized to response
times such that 1 refers to the moment when a response was given. The
gaze locations below 0.3 of normalized time are not shown, due to the
presence of saccades to the random location of the mouse cursor

mislocalizations, thus seems to be an epiphenomenon of the
internal model of gravity (see also De Sa Teixeira et al., 2013).

With regard to representational trajectory, the remembered
vanishing location for the descending targets increased down-
ward with time until a plateau was reached at about 300 ms, for
the SP condition. Conversely, for ascending targets, the re-
membered vanishing location shifted little with time, except
for a small tendency to increase upward during the first 300 ms
and to decrease downward for longer times. It is important to
emphasize that the target’s motion direction and the pull of
gravity were aligned in our stimuli. In this sense, the repre-
sentational trajectory for descending targets (which move
toward the gravity pull) closely resembles the temporal evo-
lution profile of the displacements in the direction of motion
for horizontally moving targets (Kerzel, 2000; see also De Sa
Teixeira et al., 2013; Freyd & Johnson, 1987). The signifi-
cance of this finding is further reinforced by the fact that, for
ascending targets (which move against the gravity pull), a
disparate representational trajectory was found instead, appar-
ently unveiling the conflict between the target’s own motion
direction and the gravity vector. This picture is profoundly
affected when participants’ eye movements are constrained.
When such is the case, no dynamic change of the remembered
vanishing location is found (except for a slight drift toward the
fixation location; for a similar result, see Sheth & Shimojo,
2001), and a foveal bias dominates instead.

It might be argued that, since participants necessarily take
some time to indicate the remembered vanishing locations,
this additional temporal interval could change the disclosed
dynamic profile. In fact, an analysis of the response times
revealed that participants responded faster with longer reten-
tion intervals, F(4, 68) = 3.94, p=.006, partial 7/ = .18. This
trend makes sense, since with longer retention delays, people
would have more time to plan the intended location.
Importantly, this trend did not compromise the monotonicity
of the downward drift but slightly increased its rate. Thus, our
estimate of 1 °/s might be conservative. However, by explor-
ing the correlations between spatial localizations and response
times, we found no evidence that the mislocalizations changed
differentially when people took more time to respond. This
null finding suggests that the localizations were made toward
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the spatial position intended when the motor response was
initiated.

Taken together, these results support the hypothesis that an
internal model of gravity is involved in the mnesic spatial
updating of the vanishing location of a moving target. Given
the role that eye movements seem to have in this task, gaze
does not seem to be an explanatory factor for the observed
pattern but, instead, acts either as an epiphenomenon, when
left unconstrained, or as a conflicting factor that masks repre-
sentational trajectory when constrained and due to the domi-
nance of a foveal bias.

Experiment 2: Representational trajectory for static
targets

The outcomes of Experiment 1 supported an internalized mod-
el of gravity in the visual representation system. These conclu-
sions add to previous research in representational gravity: In
general, the memory for the location of a moving target drifts
downward with time for both horizontally (cf. De Sa Teixeira
et al., 2013) and vertically moving targets (Experiment 1, and
modulated by the target’s movement direction).

Given the apparent ubiquity of this temporal profile for the
mnesic location of a target, one can question whether move-
ment is necessary at all to trigger the internal model of gravity
thought to be responsible for these displacements. Previously,
Hubbard and Ruppel (2000, Experiment 4) reported that the
remembered location of statically presented targets is signifi-
cantly displaced downward in the direction of gravity. This
outcome was taken as evidence for representational gravity.
However, it is still to be determined whether the spatial mem-
ory for static targets presents a temporal evolution in any way
similar to a representational trajectory. The aim of the present
experiment was to appraise this possibility. Our main hypoth-
esis was that the remembered location of stationary targets
would drift downward in the direction of gravity as increasing
time intervals were imposed after stimulus presentation.

Method

Participants

Twenty new participants (18 females, 2 males) volunteered
for the experiment. Their ages ranged from 18 to 28 years old
(M=19.5, SD=3.3). All of them had normal or corrected-to-
normal vision and were unaware of the purposes of the
experiment.

Stimuli and design

A black circle 30 px in diameter (=0.9°) was used as the target,
shown on an otherwise white background. No fixation point

or any other visual element was present onscreen besides the
target. The experiment followed a repeated measures design
with seven retention intervals and 20 replications.

Apparatus and procedure

The experiment was run on a personal computer equipped
with a flat screen, with a resolution of 1,280 x 1,024 px
(physical size of 33.7 x 27 c¢m; 37.2 x 30.2°) and a refresh
rate of 60 Hz and with an optical mouse. The participants sat
about 50 cm from the screen with no eye or head constraints
but were instructed to maintain a steady posture during the
task. On each trial, the target was shown for 150 ms at a
random position within an area of 200%200 px centered on
the screen. A plus-shaped cursor (+), controllable with the
mouse, appeared at the center of the screen 0, 100, 200, 300,
400, 500, or 600 ms after the stimulus disappearance.. The
participant was required to move the cursor to the remembered
location of the target, as precisely as possible, referring to its
geometrical center, and to confirm the desired position by
pressing the left button of the mouse. A random interstimulus
interval of between 1 and 3 s preceded the start of the next
trial. The task lasted between 10 and 15 min, including in-
structions and debriefing.

Results

Since M- and O-displacements are errors relative to the direc-
tion of motion (see Experiment 1 and Fig. 1), they bear no
meaning for static targets. Therefore, the horizontal and verti-
cal errors between the target’s objective position and the
location indicated by the participants were measured instead,
henceforth referred to as H- and V-displacements, respective-
ly. H-displacement, the arithmetic difference between each
target’s horizontal location onscreen and the corresponding
position indicated by each participant was calculated so that
negative numbers referred to responses displaced leftward and
positive numbers to displacements rightward. Likewise, for V-
displacement, the vertical differences between the target’s
objective location and the position indicated by the participant
were calculated so that negative numbers reflect displace-
ments downward and positive numbers displacements up-
ward. The data thus obtained were subjected to two
ANOVAs, one for each component (V and H), with retention
time as the repeated measures factor.

Retention time significantly affected V-displacement, F(6,
144) = 3, p=.009, partial 77 = .137, but not H-displacement,
F(6, 144)<1. Overall, with longer retention intervals, V-
displacement increased downward, as reflected by a significant
linear component, F(1, 24) = 5.792, p=.001, partial 17" = .45.

To further explore this effect, targets’ objective locations
were separated into the upper or lower half of the screen
(above or below the screen’s midpoint, respectively; for an
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effect of height in the picture plane with vertically moving
targets, see Hubbard, 2001), and the V-displacement data were
subjected to a repeated measures factorial ANOVA with
screen section (upper and lower) and retention times as fac-
tors. The factors of screen section, F{(1, 19) = 6.34, p = 021,
partial 772 = .25, and retention time, F(6, 114) =3, p = .009,
partial 772 =.14, and an interaction between both variables, F(6,
114)=2.19, p= 049, partial 17 = .1, were significant. Figure 4
plots the mean V-displacements as a function of retention time
for the targets located in the upper half (white circles and
dashed line) and the lower half (black circles and continuous
line). It can be seen that the displacements for targets shown in
the upper half decrease steadily with time. In contrast, targets
presented in the lower half seem to drift downward only up
until 300 ms.

The slope of the best linear fit between retention time and
V-displacement was calculated on an individual basis for
targets located in the upper and lower sections of the screen,
and the mean values were subjected to 2 one-sample #tests.
The mean slope for the upper section (M = —7.3 px/s, SD =
0.0074) was shown to be significantly different from 0, #(19) =
—4.39, p<.001, two-tailed, d= 0.98, but not the mean slope for
targets in the lower section (M= —2.5 px/s, SD = 0.008), (19)
=-1.37, p=.187, two-tailed. Separate fits to the times below
and above 300 ms for targets presented in the lower section of
the screen showed, however, that the mean individual slopes
were negative and significantly different from zero, #(19) =
—2.439, p=.025, two-tailed, d= 0.56, until 300 ms (M =—14
px/s, SD = 0.025), but not for longer times, {19) = 1.48, p =
.155. The memory for the location of the target thus drifted
downward at a rate of about 7.3 px/s (0.21 °s) when the target
was shown above the screen’s midpoint and during at least
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Fig. 4 Mean V-displacements in Experiment 2 as a function of retention
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600 ms and at about 14 px/s (0.4 */s) for targets shown in the
lower half for the first 300 ms, stabilizing afterward.

Discussion

Overall, the memory for the location of a static target was
shown to drift downward with time. This trend was modulated
by the height on the screen where the target was shown, with
the memory for targets presented in the upper half of the
monitor leading to a steady downward drift of about 7.3 px/
s, or 0.21 “/s. In contrast, targets presented in the lower half
showed only a tendency to drift downward during the first
300 ms at a rate of about 14 px/s, or 0.4 °/s, stabilizing for
longer times.

As in Experiment 1, participants showed a proneness to
respond faster with longer retention times, F(6, 144) =26.17,
p<.001, partial 77 = .52. However, we once again found no
evidence of a correlation between response times and magni-
tude of V-displacement. This suggests again that the motor
behavior is being directed toward the intended location at the
time of response initiation. Thus, the decrease of response
times with increases in retention interval would lead to an
increase in the rate of downward drift, which might thus be
underestimated, if anything.

The inclusion of retention intervals allowed us to probe the
dynamics of the remembered locations of the targets. The
results further support previous evidence for the involvement
of an internal model of gravity in the visual representation.
Importantly, the rate of the downward drift found in the
present experiment—in degrees of visual angle, between 0.4
and 0.21 °/s—is close to, albeit somewhat higher than, the rate
we found in the O-displacement for horizontally moving
targets (about 0.22 °/s for ranges of retention intervals below
300 ms; cf. De Sa Teixeira et al., 2013, Experiment 3a). In
sum, the remembered spatial location of visually shown ob-
jects drifts steadily downward with time, irrespective of their
kinematics or lack thereof; this trend is surmised to reflect an
internal model of gravity.

Experiment 3: Disentangling perceived dynamics
and retinotopic coordinates in representational trajectory

Until now, the memory for the last seen position of visually
presented targets has been shown to steadily drift downward
in the direction of gravity for horizontally moving targets
(assessed by the time course of O-displacement; De Sa
Teixeira et al., 2013), descending targets (Experiment 1),
and static targets (Experiment 2). For vertical movements,
the memory for the position of descending targets drifts
downward at a rate of about 1 °s during the first 300 ms,
stabilizing afterward. No temporal profile is evident for as-
cending movements. A target’s perceived kinematics (due to
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representational momentum) seems thus to either conflict with
or be fostered by the gravitational pull (for ascending or
descending targets, respectively). For the remaining instances
(static or horizontally moving targets), representational trajec-
tory seems to evolve at a constant rate of at least 0.21 /s, for
times up to 600 ms.

Although it seems warranted that dynamic characteristics
reflect an internal neural model of gravity, the processing level
at which such a model operates is still to be ascertained. It
might be the case that internalized gravity leads to a systematic
displacement in retinotopic coordinates, thus reflecting a per-
ceptual downward bias. That the found downward displace-
ments emerge irrespective of the target’s kinematics is certain-
ly compatible with that assertion.

The aim of the next experiment was to explore this issue by
taking advantage of the fact that objects in the environment
move upward in the visual field when the observer moves
downward and vice versa. Previous studies have shown the
reliability of measuring spatial displacements (usually repre-
sentational momentum) with ego-motion displays (see, e.g.,
Amorim et al., 2000; Bléttler, Ferrari, Didierjean &
Marmeéche, 2011). On the other hand, studies on spatial
updating and path integration (e.g., Farrell & Robertson,
1998; Klier & Angelaki, 2008; Rieser, 1989; Wan, Wang &
Crowell, 2009) have shown that people are reasonably accu-
rate at keeping track of objects in their environment as they
move around.

For our study, and in order to elicit impressions of ascend-
ing or descending ego-motion, we capitalized on vection cues.
When the visual environment moves uniformly in a given
direction (optical flow), the observer may experience illusions
of self-motion in the opposite direction (vection; see Fischer &
Kornmiiller, 1930). Optical flow seems to strongly activate
both the dorsal medial superior temporal (e.g., Duffy & Wurtz,
1991a, 1991b; Orban, Lagae, Raiguel, Xiao & Maes, 1995)
and the ventral intraparietal (e.g., Zhang & Britten, 2010;
Zhang, Heuer & Britten, 2004) cortical areas, known to be
also tuned to vestibular stimulation (Chen, Henry, DeAngelis
& Angelaki, 2007; Gu, Angelaki & DeAngelis, 2008;
Takahashi et al., 2007; but see also Chen, DeAngelis &
Angelaki, 2011).

Despite previous claims that stimulation in the retinal pe-
riphery, but not foveal stimulation, is required for vection
(Brandt, Dichgans & Koenig, 1973; Johansson, 1977), subse-
quent studies showed that motion in the center of the visual
field could be as effective as in the periphery, as long as the
optic flow was perceived as background (cf., e.g., Telford &
Frost, 1993; Telford, Spratley & Frost, 1992), or simply by
constraining eye movements with the presentation of a fixa-
tion dot (e.g., Tarita-Nistor, Gonzalez, Spigelman &
Steinbach, 2006; the presence of the fixation dot might, by
itself, induce observers to perceive the motion displays as
background, thus fostering the impression of vection;

Telford & Frost, 1993). Notwithstanding, and overall, the
wider the visual field, the more compelling the resultant self-
motion impression.

In the following experiment, by presenting ascending or
descending targets either with or without vection cues, we
sought to determine whether the downward displacement
depends only on the retinotopic path and vanishing location
of the target or whether it is responsive to the implied dynam-
ics of the event (a target moving downward as seen by a static
observer, as opposed to a static object in the environment as
seen by an observer moving upward). Eye movements were
constrained (as in the CM condition in Experiment 1) in order
to maximize the impression of ego-motion (cf. Tarita-Nistor
et al., 2006). We hypothesized that, in accordance with
Experiment 1, the remembered vanishing locations would
drift toward the gaze with time but that the asymmetry be-
tween ascending and descending targets would be reversed
when the target was accompanied by vection.

Method
Participants

Thirty-five students at the University of Coimbra (30 females,
5 males) participated in the experiment in exchange for partial
course credits. Their ages ranged from 18 to 35 years (M=
19.7, SD=3.7). All participants had normal or corrected-to-
normal vision and were unaware of the purposes of the exper-
iment. No participant had known vestibular deficits.

Stimuli and design

A set of animations were used as stimuli. These depicted a
black circle (target) 30 px in diameter (= 1.15°), traveling
upward or downward at a constant velocity of 375 px/s
(14.25 °/s). The target’s trajectory was always centered hori-
zontally. Each animation included randomly distributed gray
(RGB: 127,127, 127) blobs, with an average size of 20 px and
on an otherwise white background, which filled the entire
screen. There were two different sets of animations (see
Fig. 5a): In one of those, the target moved over the static gray
blobs background (target-only condition); in the other set,
both the target and the gray blobs background moved together
at the same velocity and in the same direction (target-plus-
vection condition). Each animation lasted about 7.8 s, with the
target emerging from the upper or lower edge of the screen
(for downward and upward motion directions, respectively)
either in the last 1.86 s, disappearing after covering 700 pixels
(100 pixels or 3.8° after the screen’s midpoint), or in the last
1.73 s, vanishing after covering a distance of 650 pixels (50
pixels or 1.9° after crossing the screen’s midpoint). That is,
prior to the emergence of the target in the visual field, partic-
ipants were exposed to 6 s of vection (on the target-plus-
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Fig.5 aStimuli used in Experiment 3. The black arrows refer to the motion of the target (black circle), and gray arrows to the motion of the blobs on the

background. b Experimental apparatus and participants’ posture

vection trials) or the static background (for target-only trials).
This duration was found to be, in preliminary studies, com-
pelling enough to induce self-motion but still sufficiently short
to keep the experimental session within reasonable durations.
Immediately after the vanishing of the target, a retention
interval of 0, 200, 400, 600, 800, or 1,000 ms was imposed.
The choice of a wider range of times was motivated by
preliminary results that suggested that the temporal dynamics
of the displacements might evolve differently for times longer
than 600 ms with these displays. During all retention intervals
except 0 ms, a neutral gray screen, resulting from the average
brightness of the blobs background, was shown in order to
minimize afterimages in the target-only condition. During the
entire animation, a 5-px black fixation dot, centered vertically
and 40 pixels (1.55°) to the left or to the right of the target’s
motion trajectory, was shown over the background. The fixa-
tion dot was always shown behind the vanishing location of
the target (50 or 100 px vertically) with respect to its motion
direction. A total of 96 animations were thus obtained, each
presented 4 times, resulting in a 2 (motion type: target only,
target+vection) x 2 (motion direction) X 2 (covered distance:
650 or 700 px) x 2 (fixation dot location: leftward or right-
ward) X 6 (retention interval) factorial design, with each
stimulus being presented 4 times per participant.

Apparatus and procedure

The experiment was run on a personal computer equipped with
a flat screen with a resolution of 1,920 x 1,200 px (physical
size of 52 x 32 cm; 66.1 x 43.6°) with a refresh rate of 60 Hz
and a 1.8-in. trackball (Adesso iMouse T1). The visual field
was restricted with a black shroud so that no other extraneous
visual stimulation besides the screen was shown (see Fig. 5b).
Also, and since the experimental room had no sound isolation,
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participants wore an earmuff that prevented potential acoustic
spatial cues (e.g., from the corridor and/or the street outside).
Participants sat in front of the screen, with head movements
constrained by a chinrest, such that their cyclopean eye was
aligned with the center of the screen and at a fixed distance of
40 cm. Participants were instructed to keep their gaze on the
fixation dot as long as it was present on the screen and were
told that they might feel a sensation of ego-motion on some of
the trials. Eye movements were not monitored, since previous
experiments had shown that participants do follow this instruc-
tion reasonably well (see Experiment 1 and De Sa Teixeira
et al., 2013, Experiment 3). Each trial started with the presen-
tation of the fixation point on the blobs background until the
participants acknowledged that they were ready to start the
trial by pressing the left button of the trackball. For the target-
only conditions, the background was kept static and, 6 s later,
the target emerged from the bottom or top (for upward or
downward directions) edge of the screen. For the vection
conditions, the blobs background started to move upward or
downward, and, 6 s later, the target emerged, respectively,
from the bottom or top edge of the screen, moving together
with the background until reaching the vanishing location.
Upon the end of the retention interval, the entire screen turned
white, the fixation dot disappeared, and a plus-shaped cursor,
controllable with the trackball, appeared on a random location
inside a 400400 px area centered on the screen. Participants
were instructed to locate the vanishing location of the target as
precisely as possible and referring to its geometrical center, by
moving the cursor to the appropriate position and confirming
the response by pressing the left button of the trackball. The
next trial started immediately afterward. Before the experi-
ment, each participant was allowed to complete eight practice
trials. The entire experimental session lasted about 50 min,
including instructions and the debriefing.
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Results

During debriefing, all but 2 participants reported that the target
plus vection stimuli elicited self-motion sensations, with the
majority (about 80 %) reporting a vivid impression. The 2
participants who reported no vection-like sensations referred,
instead, to an apparent motion of the fixation dot.
Notwithstanding, their behavioral results were in all respects
like the ones for the remaining participants, and deletion of
their data did not change the global outcomes. Therefore, their
data were included in the analyses.

Both M- and O-displacements were calculated as in
Experiment 1. Similarly, O-displacement was shown to be
modulated only by the location of the fixation dot, and thus,
no further analyses were performed on this measure.

As for M-displacement, a repeated measures factorial
ANOVA revealed a significant effect of retention interval,
F(5, 170) = 3.95, p = .002, partial 77 = .1, with only a
marginally significant interaction with the presence/absence
of vection, F(5, 170)=2.25, p=.052, partial 77 = .06. Overall,
with longer retention intervals, the displacement increased in
the direction of motion when it was accompanied by vection.
Direction of target’s motion (upward vs. downward) was not
significant, F(1, 34) < 1, but it did interact with the presence/
absence of vection, F(1, 34) = 7.05, p= 012, partial 17 = .17.
A close inspection of the results revealed that targets moving
downward without vection lead to a bigger displacement in
the direction of motion, as compared with upward-moving
targets. Conversely, when target and vection motion was
shown, upward-moving targets resulted in a bigger displace-
ment in the direction of motion, as compared with downward
motion (see Fig. 6). No other main effect or interaction
reached the statistical significance level.

Figure 6 shows the outcomes of Experiment 3. Mean M-
displacement is plotted for both downward-moving (black
circles and continuous lines) and upward-moving (white cir-
cles and dashed lines) targets as a function of retention time.
Panel a depicts the results for target motion alone, while panel
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M-displacement (px)
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Retention interval (ms)
Fig. 6 Mean M-displacements in pixels for the downward (black circles
and continuous lines) and the upward (white circles and dashed lines)
moving targets with (b) or without (a) vection as a function of the retention

800 1000

b refers to target plus vection. Note that, overall, the displace-
ments were negative, signaling a foveal bias (compare with
the CM condition in Experiment 1). It can be clearly seen that
motion direction had an opposite effect depending on the
presence or absence of vection. Note that when both target
and background move upward (vection), the stimulation is
compatible with a downward motion of the observer, the
inverse being true for target plus vection moving downward.

Discussion

On the premise that our stimuli effectively induced vection,
the inversion of the effect of motion direction when it was
present strongly suggests that the bigger downward displace-
ment is sensitive to the interpretation of the motion pattern
presented to the observer. That is, both a target moving alone
downward and an observer “moving” downward (with the
visual field moving upward in the retinotopic frame of refer-
ence) result in a bigger displacement of the remembered target
location in the direction of perceived motion. This pattern thus
seems to emerge for dynamic events in general, as long as they
unfold toward the gravitational pull.

Some known visual phenomena can, however, qualify this
conclusion. First and foremost, it could be hypothesized that,
due to the sustained presentation of vertical visual flow for 6 s,
a motion aftereffect (MAE) results and is present by the time
participants are required to provide their answers. MAEs are
rendered visible when a static image is presented to observers
previously subjected to prolonged motion stimulation; in such
cases, the static target seems to move in the opposite direction
(see Anstis, Verstraten & Mather, 1998; Mather & Harris,
1998). On the one hand, our stimuli might not have been long
enough to result in a significant MAE (Anstis et al., 1998,
refer to adaptation periods of at least 15-20 s, but periods as
long as 60 s have been used; e.g., Mather, 1980). On the other
hand, and as far as we know, MAE strength does not depend
on motion direction and, thus, cannot account for the differ-
ence between ascending and descending targets.

1B Target + Vection ,{J

—o—Downwards
=O- Upwards

0 200 400 600 800 1000
Retention interval (ms)

intervals (in milliseconds; abscissa) in Experiment 3. Note that, during
stimuli presentation, the gaze was focused behind the vanishing location
(=50 or —100 px on the ordinate, depending on the covered distance)
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It could also be hypothesized that target plus vection results
in a stronger coherent motion signal than does the target-only
condition (see, e.g., Edwards & Badcock, 1998). We surmise
that if such were the case, the overall displacements in the
vection stimuli would be significantly higher (which was not
the case) and would still not account for the difference be-
tween downward- and upward-moving targets, since the en-
suing prediction would include no anisotropy. Motion signal
strength—that is, more things moving coherently in a certain
direction—might, however, explain the time course disclosed
for the target-plus-vection condition. Contrary to the findings
of Experiment 1 (CM condition), the memory for the location
of'the target when accompanied with vection further increased
in the direction of motion with increasing retention intervals.
This trend was not observed in the target-only condition. It is
possible that strengthened motion stimulation supersedes the
previous finding of a drift toward the fixation point due to a
foveal bias. Conversely, it could be hypothesized that an ego-
motion momentum possesses more inertia in the representa-
tion of movement (see, e.g., Amorim et al., 2000, for a similar
account). Our present data do not allow disentangling between
these two alternatives.

The employed design did not measure the perceived
strength of vection impressions on a trial basis, although all
participants were queried in this respect during the debriefing,
and referring to the overall impression. On the basis of these
reports, our stimuli were efficient in inducing sensations of
ego-motion. Building on this assumption, our results provide
evidence that the internalized model of gravity responds to the
implied dynamics of the visual cues, rather than to the shown
retinotopic kinematics. At the very least, the obtained out-
comes disprove the hypothesis that the downward displace-
ments are due to a perceptual bias to systematically locate
targets below their objective vanishing locations.

Be that as it may, the outcomes of this experiment open the
prospect to further inquiries regarding the role of representa-
tional gravity and visually induced self-motion. Future studies
should build upon this result by varying the magnitude of
vection (e.g., by presenting peripheral stimulation) and the
relative velocities of target and background and by correlating
measures of self-motion (see, e.g., Carpenter-Smith, Futamura
& Parker, 1995).

General discussion and conclusion

Across three experiments, we replicated previous findings
where the memory for the spatial position of a target is
displaced downward in the direction of gravity (Hubbard,
1990, 2001).This trend does not critically depend on the
target’s kinematics or lack thereof. Moreover, we extended
these findings by showing that, even though the spatial mem-
ory is biased toward the location of the fovea (Kerzel, 2002),
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eye movements do not account for the systematic downward
displacement in memory. Instead, oculomotor behavior seems
to be an epiphenomenon of the representational process. This
point is further reinforced by the temporal profile of the
downward displacement, which extends our previous report
(De Sa Teixeira et al., 2013). For descending targets, the
downward displacement increases rapidly at a rate of about
1 °/s during the first 300 ms, stabilizing afterward; for ascend-
ing targets, in contrast, the memory for their last location
changes little with time. As for static targets, the spatial
memory tends to drift steadily downward at a rate of about
0.21 °/s during at least the first 600 ms when the target is
shown above the screen’s midpoint; a similar trend has been
previously reported for the downward drift of horizontally
moving targets (about 0.22 °/s; cf. De S& Teixeira et al.,
2013). When, on the other hand, a static target is shown below
the screen’s center, its spatial memory drifts downward at a
rate of about 0.4 /s, stabilizing after 300 ms. Finally, the
outcomes of our third experiment suggest that the downward
displacement is not purely a retinotopic downward bias but is,
instead, sensitive to the implied dynamics of the kinematic
stimulation; both an object moving downward and a perceived
descending motion of the observer lead to bigger displace-
ments than does an object or an observer moving upward,
against gravity.

Taken together, these results provide important clues as to
the representational mechanics of an internal model of gravity.
As one of the most ubiquitous environmental constraints, grav-
ity plays a paramount role in structuring our environment and
our spatial perception of it. While keeping track of the spatial
locations of ourselves and the objects around us, our visual
representational system takes into account an internalized esti-
mate of gravity, its effects, and, importantly, how events should
unfold in the near future. This is indirectly reflected in small
dynamic biases in the remembered location of moving objects.
The results reported here further strengthen this view and
highlight how the temporal dynamics may reveal the bound-
aries of the mechanics of an internal model of gravity.
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