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In a series of psychophysical experiments, we altered the perceived speed of a spot (target) using a grayscale tex-
ture moving in the same (iso-motion) or opposite (anti-motion) direction of the target. In Experiment 1, using a
velocity discrimination task (2IFC), the target moved in front of the texture and was perceived faster with anti-
motion than iso-motion texture. The integration and segregation of motion signals in high-level motion areas
may have accounted for the illusion. In Experiment 2, by asking observers to estimate the time-to-contact
(TTC) with a bar indicating the end of the invisible trajectory, we showed that this illusory visible speed, due
to anti- (iso-) texture, reduced (increased) the subsequent estimated duration of occluded target trajectory.
However, in Experiment 3, when the target disappeared behind the iso-motion texture, the TTC was estimated
shorter than anti- and static textures. In Experiment 4, using an interruption paradigm, we found negative
Point of Subjective Equalities (PSEs) with iso-motion but not static texture, suggesting that iso-motion led
to overestimation of the hidden speed. However, sensitivity to target speed differences, as assessed by JNDs
and d′values was not affected. Results of Experiments 3 and 4 indicate that only the iso-texture affected the es-
timated target speed, but with opposite polarity compared to visible motion, suggesting a different origin of
speed bias. Because our results show that visuospatial trackingwas facilitated by the fast iso-motion,we conclude
that motion of the occluded target was tracked by shifting visuospatial attention.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Many objects continuously cross our visual field. At times, their tra-
jectory becomes hidden by other objects for a brief period. In the 20th
century, authors focussed on the perception of continuity (Burke,
1952; Michotte, 1946; Michotte, Thinès, & Crabbé, 1964, 1991;
Sampaio, 1943), referring to the period of occlusion in which themove-
ment is “seen” by the observer's mind's eye as an “amodal phase”
(Burke, 1952). As opposed to the modal phase, during which the mov-
ing object is visible, the motion of the object is invisible during the
amodal phase. Previous studies have investigated the “amodal phase”
with a prediction-motion task in which observers were required to
judge when a moving object reappeared from behind an occluder; the
time to contact (TTC) between the target and the further edge of the
occluder was estimated (Benguigui & Bennett, 2010; DeLucia &
Liddell, 1998; Makin & Poliakoff, 2011; Makin, Poliakoff, Chen, &
Stewart, 2008; Makin, Poliakoff & El-Deredy, 2009; Peterken, Brown, &
Bowman, 1991; Rosenbaum, 1975). Other studies used an interruption
paradigm to investigate motion extrapolation, in which observers had
.

to report whether the target reappeared at the correct position (assum-
ing a constant velocity during the occlusion) or not, instead of the time
of contact (Cooper, 1989; DeLucia & Liddell, 1998; Makin et al., 2008;
Makin & Poliakoff, 2011).

Several studies have investigated the similarities between visible
and invisible motion. It has been shown that the relationship between
the physical arrival time (actual TTC) and TTC (estimated) depends on
different parameters, such as the target's speed, the size of the target
(Battaglini, Campana, & Casco, 2013; Sokolov & Pavlova, 2003), the du-
ration of the occlusion (Bennett, Baures, Hecht, & Benguigui, 2010), and
the presence of distractors (Horswill, Helman, Ardiles, & Wann, 2005;
Lyon & Waag, 1995; Oberfeld & Hecht, 2008; Reynolds, 1968). More-
over, several studies have shown that adapting the specific retinal
zone in which the target will be occluded produces a shift in the TTC es-
timation; the estimated TTC was longer after motion adaptation in the
same direction of the moving target, and shorter after adaptation in
the opposite direction (Gilden, Blake, & Hurst, 1995), which was also
true for a rapid form of motion adaptation (Battaglini, Campana,
Camilleri, & Casco, 2015).

Here, we want to investigate the similarities between visible and in-
visible motion in a novel way. We ask how a moving texture can influ-
ence the perceived speed of a moving object that is either visible or
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invisible. Experiment 1 aims to replicate the compelling effect by which
a moving visible target appears to move faster when a texture back-
ground moves in the opposite direction (Baker & Graf, 2008; Baker &
Graf, 2010) and slower when a texture background moves in the same
direction (Baker & Graf, 2008; Loomis & Nakayama, 1973). Both
lower-level motion computation (Baker & Graf, 2010) and motion pro-
cessing in area MT may account for these illusory phenomena. Indeed,
MT neurons are selective for the direction and speed of a moving stim-
ulus, and play an important role in reducing noise, integrating different
motion signals, and segregating target signals from noise (Born &
Bradley, 2005).

In the remaining three experiments, we ask whether similar contex-
tual effects on motion processing occur during occlusion. This hypothe-
sis is supported by the finding that visible motion and invisible
(occluded) motion involve common neural mechanisms in the human
brain (Olson, Gatenby, Leung, Skudlarski, & Gore, 2004). However, a dif-
ferent scenario may occur, when considering that the estimated speed
of the occluded target relies on (covert or overt) visuospatial attentive
tracking (Makin & Poliakoff, 2011), guided by memory of velocity
(Battaglini et al., 2013). If memory of velocity is affected by the faster
texture speed, then the speed of the invisible target may be
overestimated when it moves in the same direction of the texture.

Experiments 2, 3 and 4 aim to investigatewhether the speed illusion
due to the texture is also present when motion is invisible and is
reflected in the judgement of either the TTC values (prediction-motion
task) or whether the target reappeared early or late (interruption
paradigm).

2. Experiment 1

A moving target appears to move faster when textured background
elementsmove in the opposite direction, and slowerwhen theymove in
the same direction (Baker & Graf, 2008; Baker & Graf, 2010). However,
there are exceptions; for example, Norman, Norman, Todd, and
Lindsey (1996) found that the speed of a cloud of dots seen through a
circular aperture (target) is seen as being slower when an annular sur-
rounding region of moving dots was added, regardless of whether the
direction of the dots was in the same or opposite direction (Norman
et al., 1996). In this experiment, we then probe the role of a directionally
moving texture on the perceived speed of a targetmoving in front of the
texture. We asked participants to determine which of two targets pre-
sented in a two-interval forced-choice paradigm (2IFC) was moving
faster. One target was the standard stimulus (SS) with fixed speed,
and the other one was the comparison stimulus (CS), whose speed var-
ied to different levels.

2.1. Method

2.1.1. Participants
Seven students from theUniversity of Padova took part in this exper-

iment. They were three males and four females aged between 23 and
26; all were right handed and had normal or corrected-to-normal vi-
sion. All of the participants in this and the following experiments were
naive with respect to the purpose of the experiment and gave written
informed consent according to the Declaration of Helsinki prior to
their inclusion in the experiment. They all had normal or corrected-to-
normal visual acuity.

2.1.2. Apparatus
The participants were seated in a dark room, 57 cm from the display

screen. The viewing was binocular. Stimuli were generated with
MATLAB and the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997),
andwere displayed on a 19-in. CTXCRT Trinitronmonitorwith a refresh
rate of 100 Hz. We used a gamma-corrected lookup table (LUT) so that
luminance was a linear function of the digital representation of the
image. The screen resolution was 1024 × 768 pixels. Each pixel
subtended ~1.9′. The maximum luminance was 125 cd/m2, and the
minimum luminance was 0.9 cd/m2. Luminance was measured using a
Minolta LS-100 photometer.

2.1.3. Stimulus
The target consisted of a bright spotmoving against a texture, either

static ormoving, with a constant position on the screen (Fig. 1). The tex-
ture was made of a random array of pixels with different values of grey
(the pixels' colour varied between white and black with 256 levels of
grey) and a mean luminance of 28 cd/m2. Motion of the texture pixels
in the same direction (iso-motion) and in the opposite direction (anti-
motion) with respect to the target motion was obtained by shifting
the position of the pixels rightwards or leftwards within a rectangular
window of 8 × 3 deg centred on the screen. The texture speed was
16 deg/s. In the first frame, the bright spot target (0.5 deg in diameter,
125 cd/m2) appeared abruptly on the texture, 4 deg to the left or right
from the centre of the screen, with equal probabilities (to avoid the
buildup of directional aftereffects). The spot was moved along a hori-
zontal trajectory either to the left or to the right, with equal probability,
randomly, towards the opposite side of the texture by shifting its posi-
tion by a fixed amount from frame to frame. The spot's speedwas either
fixed at 3 deg/s, for the standard stimulus (SS) or it varied from trial to
trial in five levels for the comparison stimulus (CS): 2.8, 2.9, 3.02, 3.1,
3.2 deg/s. The SS and CS always moved in the same direction (Fig. 1).
The spot disappeared abruptly when it reached the end of the texture
(after 8 deg). A red dot (0.1 in diameter, 24 cd/m2) placed 0.2 deg
above the centre of the texture was the fixation mark.

2.1.4. Experimental procedure
Participants were tested with a two-interval forced-choice (2IFC)

velocity discrimination task in which they had to report whether the
moving spot was faster in the first or second interval. In each trial, SS
(the spot with fixed speed) and CS (the spot with variable speed)
were randomly presented in sequence, separated by an interval of
500 ms. The participants were instructed to maintain fixation on a red
spot in the centre of the screen and to respondby pressing the appropri-
ate key at the end of the trial. The next trial started 1000ms after the re-
sponse. No feedback was given. The experiment consisted of four
blocks; one for each condition with 60 randomly presented trials (12
repetitions × 5 speed levels). In the four blocks, the CS and SS moved
in the same direction and trajectory in two different intervals, at
speed that was either fixed (SS) or variable (CS). In the first condition,
CSanti/SSiso, the interval containing the SS had the target and texture
moving in the same direction, whereas in the other interval, the direc-
tion of the texturewas reversedwith respect to that of the CS. In the sec-
ond condition CSiso/SSanti, CS had the same direction as the texture in
one interval, whereas in the second interval, the direction of the texture
was reversed with respect to that of the SS. In the other two conditions,
the interval with SS had a static texture instead, whereas the interval
with CS had a texture moving in either the same direction (CSiso/
SSstatic) or in the opposite direction of the target (CSanti/SSstatic).

2.2. Results

Fig. 2 represents the proportion of “CS is faster” responses as a func-
tion of Δspeed in deg/s. There were more “CS is faster” responses with
CS moving in front of an anti-motion texture, regardless of whether
the SS moved against an iso- or static texture. The proportions of CS
seen as faster were analysed using an ANOVA with Condition and
Speed level (2.8, 2.9, 3, 3.1, 3.2 deg/s) as factors. The Greenhouse-
Geisser correction for degrees of freedom was applied here and in the
following ANOVAs, where appropriate, i.e. when the sphericity of the
data was violated, as indicated by a significant Mauchly's test. The
ANOVA revealed a significant effect of Speed level (F(3,18) = 60.88,
p b 0.001, η2

p = 0.91), meaning (Fig. 2) that the CS was seen as being
faster when it was actually faster and vice versa. Most importantly,



Fig. 1. Examples of intervals in which the target moved above a texture moving in the same direction (top) or in the opposite direction (bottom) inside a rectangular windowwith fixed
position on the screen. In two conditions, the CS and texture moved in the same direction, with the SS moving against either an oppositely moving or a static texture. In the other two
conditions, the SC and texture had opposite directions, whereas the SS had either the same direction as the target or was static.
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the effect of Condition was significant (F(3,18) = 110.69, p b 0.001,
η2

p = 0.94), whereas the interaction was not significant. Post-hoc com-
parisons (Bonferroni correction) showed that the proportion of “CS is
faster” responses was significantly higher in CSanti/SSstatic than
CSiso/SSstatic (p b 0.001). Moreover, CSanti/SSiso was perceived as
faster than CSiso/SSanti (p b 0.001). There were no significant differ-
ences between CSanti/SSiso and CSanti/SSstatic (p= 0.99). Also, no dif-
ferences were found between CSiso/SSanti and CSiso/SSstatic (p =
0.81). One-sample t-tests revealed that when the CS and SSwere equal-
ly fast, the proportions of “faster” responses were N0.5 in the two anti-
motion conditions (CSanti/SSiso, p= 0.002; CSanti/SSstatic, p= 0.001)
and lower than 0.5 in the two iso-motion conditions (CSiso/SSanti, p =
0.012; CSiso/SSstatic, p = 0.08).

These results indicate that the anti-motion texture sped up the per-
ceived speed of the CS, whereas the iso-motion texture slowed it down.
Fig. 2. The proportion of CS seen as faster is plotted as a function of Δspeed levels for the
four conditions of background texture above which the SC moved. In the legend, the
letters within brackets indicate whether the SC and the SS moved above a texture in iso-
(i) or anti-moving (a) textures. The filled circles indicate that the SC was moving above
an iso-motion texture and the SS was moving above an anti-motion one. The empty
circles indicate the opposite. The filled squares represent the condition in which the CS
was moving above an iso-texture and the SS above a static one, while the empty
squares represent the condition in which the CS was moving above an anti-texture and
SS above a static one.
3. Experiment 2

The results of Experiment 1 showed that anti-motion texture speed
up the visible target motion, while the iso-motion produced the oppo-
site effect. In Experiment 2, we askedwhether this speed bias would af-
fect a subsequent estimation of the time to contact (TTC) of an occluded
moving target in a prediction motion task. Therefore, in this experi-
ment, the spot moved in front of an iso-, anti-, or static texture during
the visible trajectory, and then disappeared behind an invisible
occluder, and the participants had to estimate the time to contact be-
tween the occluded spot and a visible bar that indicated the end of
the occlusion.
3.1. Method

3.1.1. Participants
Sixteen observers with normal or corrected-to-normal vision (eight

females and eightmales between 19 and 34 years of age) participated in
this experiment.
3.1.2. Apparatus and stimuli
The apparatus was the same as in Experiment 1. The stimulus

consisted of one single spot trajectory. The texture was made as in Ex-
periment 1;whenmoving in either the same direction as or opposite di-
rection to the target, its speed was 16 deg/s (as in Experiment 1). The
spot (Fig. 5) appeared 10 deg to the left or right from the centre of the
screen, with equal probability, and moved in front of the texture
(8× 3 deg) along a 6 deg trajectory; then, it disappeared under an invis-
ible occluder (same colour as the background) with the same size of the
texture. A grey bar (50 cd/m2) indicated the end of the invisible trajec-
tory. Fig. 3 shows a schematic representation of the stimuli.
3.1.3. Experimental procedure
Participants were tested on a prediction-motion task with estima-

tion of time-to-contact (TTC), i.e. the time between moving behind
the occluder and reaching the bar (Fig. 3). Observers were instructed
to maintain fixation on the red spot and to press the spacebar when
they estimated the leading edge of the moving target reached a grey
bar indicating the end of the invisible trajectory. No feedback was
given. The experimental block consisted of 120 randomly presented tri-
als resulting from 20 repetitions of each combination of speed (3 vs
6 deg/s) and texturemotion (iso-, anti-, and static). The inter-trial inter-
val was 1000 ms. The participants were told that the target maintained
constant speed and direction behind the occluder.



Fig. 3. Illustration of a trial. Amoving target travels in front of either an iso- or anti-texture, and then disappears behind an invisible occluder, positioned inside a rectangularwindowwith a
fixed position on the screen. The observers were instructed to press a key when they thought that the leading edge of the moving target reached the grey bar.
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3.2. Results

Fig. 4 shows the TTCs and implied speed (as derived by the ratio be-
tween TTC and occluded trajectory length) obtained in the anti-, iso-,
and static motion conditions. The TTCs were estimated as being shorter
with the anti-texture than iso-texture, whereas the TTCs obtained with
static textures are in between.

We analysed the mean estimated TTC of the invisible trajectory du-
ration with a two-way repeated measures ANOVA, with Speed (low vs
high), and Texture motion (iso-, anti-, and static) as the factors. The re-
sults revealed a significant effect of Speed (F(1,15) = 140.23, p b 0.001,
η2

p = 0.96), the mean estimated TTCs were faster with a high target
speed (4.63 vs 2.65 s). Most importantly, the effect of Texture motion
was significant (F(1.285,19,272) = 12.579, p = 0.001, η2

p = 0.46, ε =
0,64). Bonferroni-corrected post-hoc t-tests indicated that the TTCs
were estimated as being longer when the visible spot moved in front
of an iso-texture compared to anti-motion (p = 0.002) and static tex-
tures (p = 0.035). Moreover, the TTC was significantly shorter with
anti-motion than static texture (p = 0.036). The Speed × Texture mo-
tion interaction was significant (F(2,30) = 13.68, p b 0.001, η2

p =
0.47). Bonferroni-corrected post-hoc t-tests revealed shorter TTCs
with anti- than iso- (p = 0.02) and static textures (p = 0.034), but
Fig. 4. TTC values (and implied speed) for low and high speed (calculated from the point of disap
there was no difference between the static and iso-textures (p =
0.73) at low speed. Instead, at high speed, the TTC was longer with an
iso- compared to an anti-motion (p=0.001) and static (p=0.002) tex-
ture, but there was no difference between the static and anti-textures
(p = 0.46).

Thus, increasing (reducing) the perceived speed during the visible
trajectory resulted in a shorter (longer) TTC.

4. Experiment 3

The results of Experiment 1 showed that a texture in anti-motion
speeds up the visible motion of the target, whereas a texture in iso-mo-
tion slows it down. The effect was compelling, as reported in previous
works (Baker & Graf, 2008; Baker & Graf, 2010). Experiment 2 showed
that this speed bias influenced a subsequent TTC that was estimated
as being shorter with the anti- compared to the static texture, and lon-
gerwith the iso- compared to the anti- and static textures. Experiment 3
probed the role of texturemotion presented over the occluder on the in-
visible target's motion. After its visible trajectory on the grey back-
ground, the disk disappeared behind an iso-motion, anti-motion, or
static texture. Predictions of target motion were assessed using a TTC
task (TTC with the further edge of the texture; see fig. 5).
pearance) are shown for the three texture conditions: anti-motion, iso-motion, and static.



Fig. 5. Illustration of a trial. A moving target travels for 6 deg and then disappears behind either an iso- or anti-texture, positioned inside a rectangular windowwith fixed position on the
screen. The observers were instructed to press a key when they thought that the leading edge of the moving target reached the final edge of the texture.

Fig. 6. TTC values averaged across speeds (calculated from the point of disappearance) are
shown for the three texture conditions: anti-motion, iso-motion, and static.
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We considered two hypotheses. The first was that visible and invis-
ible motion would be similarly affected by the moving texture. Indeed,
fMRI data indicate that visible motion and invisible (occluded) motion
activate similar cortical regions in humans (Olson et al., 2004). There-
fore, we expected shorter TTCs when spot and texture had opposite di-
rections than when they had the same direction of motion. The second
hypothesis stemmed from the suggestion that mechanism underlying
prediction-motion task operates on the basis of memory of pre-occlud-
ed target speed (Battaglini et al., 2013; Makin & Poliakoff, 2011). If
memory of velocity is affected by texture speed visible during occlusion,
then estimated speed of the invisible target may be biased towards tex-
ture speed.

4.1. Method

4.1.1. Participants
Sixteen observers with normal or corrected-to-normal vision (eight

females and eight males aged between 21 and 35 years of age) partici-
pated in this experiment.

4.1.2. Apparatus, stimuli and procedure
The apparatus was the same as in Experiment 1. The texture size,

motion type, fixation spot, extent of the visible motion trajectory, tex-
ture and target speeds were the same as in Experiment 2. In this exper-
iment, the spot appeared 13 deg to the left or the right from the centre
of the screen, with equal probabilities (to avoid the build-up of direc-
tional aftereffects), and travelled with a horizontal trajectory towards
the opposite side of the screen. Note that the target did not reappear
from behind the texture. Fig. 5 shows a schematic representation of
the stimuli. The procedure was the same as in Experiment 2.

4.2. Results

Fig. 6 shows the TTCs obtained in the anti-, iso-, and static motion
conditions. TTCs were estimated as shorter with the iso-motion texture
than the anti- and static textures. We analysed the mean TTC, i.e. the
mean estimated TTC of the invisible trajectory duration, with a two-
way repeatedmeasures ANOVA, with Speed (low vs high), and Texture
Motion (iso, anti and static) as the factors. The ANOVA showed a signif-
icant effect of Speed (F(1,15) = 140.23, p b 0.001, η2

p = 0.9), indicating
that faster targets produced shorter TTC estimates. Most importantly,
the effect of Texture motion was significant (F(2,30) = 6.98, p = 0.003,
η2

p = 0.32). Bonferroni-corrected post-hoc t-tests indicated that the
TTC estimation with the iso texture is significantly shorter than the
TTC estimation with the anti (p = 0.012) and with the static texture
(p = 0.03). The interaction of Speed × Texture motion was not signifi-
cant (F(2,30) = 1.23, p = 0.3, η2

p = 0.08).
The results are not compatible with the hypothesis that visible mo-

tion and invisible motion are similarly affected by the moving texture.
Instead, based on the assumption that the motion of occluded target is
tracked by shifting visuospatial attention guided by memory of speed
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(Makin& Poliakoff, 2011), our results support thehypothesis thatmem-
ory of speed is biased towards texture speed, when texture and target
have the same direction.

5. Experiment 4

In this experiment, we used an interruption paradigm (IP), in which
the target reappeared either at the correct position or at a position ei-
ther ahead or behind with respect to the correct one (DeLucia &
Liddell, 1998). The participants performed a discrimination task in
which they had to report whether the target reappeared early or late,
assuming it had travelled at a constant velocity across the occlusion in-
terval. Note that the target reappeared on the background texture; this
way the participants could not infer the point where the target would
reappear (Fig. 5).Moreover, the occlusion duration and position of reap-
pearance were unpredictable, so that there was no information about
the relationship between velocity and occlusion duration. Only the
target's velocity could be used to guide judgments. Based on the results
of Experiment 3, we predicted that the target will be perceived as faster
when occluded by the iso-motion texture compared to the static
texture.

5.1. Method

5.1.1. Participants
Twenty-two volunteers, 10 males and 12 females, aged between 23

and 36,whowere all right handed, took part in this experiment. They all
had normal or corrected-to-normal vision.

5.1.2. Apparatus and stimuli
The apparatus was the same as in Experiment 1. The stimulus

consisted of a single-spot trajectory. A schematic illustration of the stim-
ulus is shown in Fig. 7. The target and fixation spot were as in Experi-
ment 3. The length of the invisible trajectory was 4, 8, or 12 deg,
whereas the length of the background texture was always 18 deg.
Note that the target reappeared in front of the texture. As in previous
experiments three types of textures were used as in the previous exper-
iment: iso-, anti-, and static, when in motion was 16 deg/s. The target
speed was always 3 deg/s. The visible trajectory (6.3 deg) started
10.3 deg from the centre (Fig. 7). Without altering the length of each
Fig. 7. Illustration of a trial. Within a block, a moving target travelled for 6.3 deg, disappeared
texture inside a rectangular window with a fixed position on the screen was either iso- or an
instructed to indicate whether the target reappeared late or early, assuming it maintained a co
invisible trajectory, a reappearance error of ±0, 150, and 300 ms was
added. After the reappearance, the target stopped and remained visible
until the response.

5.1.3. Procedure
Participants were tested on an interruption paradigm in a motion

extrapolation task (Cooper, 1989; DeLucia & Liddel, 1998). After the
spot trajectory ended, participants were instructed to press the appro-
priate key to indicate whether the target had reappeared earlier or
later, even when the target reappeared in time. We used the psycho-
physical method of constant stimuli. Each block consisted of 300 ran-
domly presented trials: 2 textures (static and moving) × 3 invisible
trajectory lengths × 5 levels of reappearance errors × 10 repetitions.
The inter-trial interval was 1000 ms from key-press. No feedback was
given. The participants performed two blocks, one devoted to compar-
ing the static vs iso-textures and the other one devoted to comparing
the static vs anti-textures. Each experimental block was preceded by
30 practice trials in which the target always reappeared in time (static
texture × 3 occluder lengths × 10 repetitions). In each trial, the texture
motionwas either static or moving, in iso-motion in one block and anti-
motion in the other, with respect to the target's motion.

5.2. Results

The results of Experiment 4 are shown in Fig. 8 and Tables 1 and 2.
Table 1 reports, proportion of response “late” obtained in the five reap-
pearance errors conditions, for each invisible trajectory length andnoise
condition. Only for the short invisible trajectory length and iso-motion
condition there was an effect of noise. Fig. 8 shows psychometric func-
tions fitted to average proportion of responses “late” obtained as a func-
tion of reappearance error in the short invisible trajectory length
condition. Iso-motion speeded up invisible motion whereas anti-mo-
tion had no effect. Sensitivity to reappearance errors was not affected
by either noise, indicating that discrimination of invisible speed differ-
ences is unaffected by noise. Table 2 reports the d′values (sensitivity
index) and criterion C obtained by averaging the accuracy obtained
with positive and negative reappearance errors (hits) and incorrect re-
sponses (FA) obtained with no reappearance errors. Both the d′values
and criterion C were unaffected by whether the texture was static or
moving.
behind a static or moving texture, and reappeared after 4, 8, or 12 deg. The motion of the
ti-motion with respect to the target motion, in independent blocks. The observers were
nstant speed behind the texture.



Fig. 8. Psychometric function and the proportions of “late” responses are shown for the short invisible trajectory lengths, separately for the iso- vs static (left) and anti- vs static texture
conditions (right).
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In order to test the effect of noise on proportion of responses “late”,
we conducted a four-way repeated-measures ANOVAwith texture mo-
tion direction (iso-motion vs anti-motion) texture type (nose vs static),
invisible trajectory length (4, 8, and 12 deg) and reappearance error
(−300, 150, 0, 150, 300) as factors. Significant effects were: texture di-
rection (F(1,21) = 4.54, p = 0.045, η2

p = 0.18), invisible trajectory
(F(2,42) = 5.3, p = 0.009, η2

p = 0.2), reappearance error
(F(1.621,34.041) = 53.6, p = 0.0001, η2

p = 0.72), texture type (F(2,42) =
4.2, p = 0.022, η2

p = 0.17), texture direction × reappearance error
(F(4,84) = 5.03, p b 0.001, η2

p = 0.19), invisible trajectory × reappear-
ance error (F(4.423,92.891)=4.7, p=0.001, η2

p= 0.18) and, most impor-
tantly, texture direction × texture type × invisible trajectory (F(2,42) =
6.4, p = 0.004, η2

p = 0.23). Post hoc comparison (Bonferroni corrected
t-test) revealed that in the iso-motion and short invisible trajectory con-
dition, proportion of response “late”was higher withmoving than static
texture (p = 0.01; see Table 1).

Speed overestimation (Point of Subjective Equality, or PSE) and sen-
sitivity to speed differences (just noticeable difference, JND) were ob-
tained by fitting Probit psychometric functions (Finney, 1971) to
individual proportion of response “CS late” obtained as a function of re-
appearance error in the short invisible trajectory condition. Chi-square
returned good fits for 18 participants. The JND, indicates the reappear-
ance error value associated to 0.75 correct delay discrimination proba-
bility. The PSE indicates the reappearance error value at which the
target was judged to reappear in time. A PSE≤ or N0 indicates overesti-
mation, no speed bias and underestimation of speed, respectively. Two-
way ANOVAs were conducted to compare PSEs and JNDs, obtained with
static and moving texture in the iso-motion and anti-motion condition.
ANOVA on PSEs revealed a significant interaction of direction × texture
type (F(1,17) = 8.5, p = 0.01, η2

p = 0.33) whereas the main factors did
not resulted significant: motion direction (F(1,17)= 2.6, p= 0.12, η2

p=
0.13), texture type (F(1,17)=1.9, p=0.19, η2

p=0.1). Post-hoc compar-
ison (Bonferroni corrected t-test) revealed a significant difference be-
tween static and moving texture in the iso-motion condition (p =
0.002); in addition the PSE obtained with moving texture (t(17) = 3.2
p = 0.005) but not in the static texture (t(17) = 1.48 p = 0.16) was
lower than 0. In the anti-motion condition there was no difference in
Table 1
This table reports, for each invisible trajectory length and noise condition, response “late” obta

Invisible trajectory length

Short Medium

Reappearance errors Reappearance errors

−300 −150 0 150 300 −300 −150

Iso 0.30 0.40 0,56 0,65 0.77 0.38 0.40
Static 0.19 0.37 0.40 0.59 0.70 0.24 0.38
Anti 0.22 0.32 0.46 0.59 0.67 0.22 0.27
Static 0.20 0.37 0.40 0.60 0.62 0.24 0.38
the PSE obtained with moving and static texture (p = 0.79). The
ANOVA comparing JNDs did not show any significant effect: texture di-
rection (F(1,17) = 0.22, p = 0.65, η2

p = 0.13), texture type (F(1,17) =
0.35, p = 0.56, η2

p = 0.02), texture direction × texture type
(F(1,17) = 0.12, p = 0.73, η2

p = 0.007).
With the aim of assessingwhether the PSE effect was associated to a

more liberal ormore conservative response criterionwe checked for dif-
ferences in either sensitivity (d′) or response criterion (C) obtained
from hits (obtained by excluding trials where the target reappeared in
time and averaging correct responses “early” and “late” for 300 and
150 ms reappearance errors) and FA (referring from the difference
from chance of the proportion “late” obtained in the no-delay condi-
tion). Two four-way repeated measures ANOVA were conducted, with
congruency (iso vs anti), texture (moving vs static), invisible trajectory
length (4, 8, 12 deg), and the average of positive and negative delays
(150 vs 300ms) as factors. The ANOVA on d′ only revealed a significant
effect of delay (F(1,21) = 12.7, p = 0.002, η2

p = 0.38) and a significant
interaction of delay × invisible trajectory (F(2,42) = 3.5, p = 0.04,
η2

p = 0.14), indicating (with Bonferroni correction) an effect of delay
with short (p = 0.001) and long invisible trajectory (p = 0.005). The
ANOVA on criterion C only revealed a significant effect of reappearance
error (F(1,21) = 21.8, p = 0.0001, η2

p = 0.51).

6. Discussion

Experiment 1 showed that a spot in anti-motion to the texture mo-
tionwas perceived as being faster thanwhen it moved against an iso- or
static texture. Moreover, when the observers compared two stimuli of
equal speed, the one in anti-motionwas perceived as being faster. Addi-
tionally, the increased perceived speed of the visible target moving in
front of a texture moving in the opposite direction reduced the subse-
quent estimated TTC (Experiment 2), and the decrement of the target's
perceived speed due to a texture moving in the same direction length-
ened the estimated TTC. However, when the textures became the
occluder (Experiment 3), we found an opposite pattern of results, but
only with the iso-texture: the estimated TTC was shorter when the
spot moved behind an iso-texture than an anti- or static texture, as if
ined in the five reappearance errors conditions.

Long

Reappearance errors

0 150 300 −300 −150 0 150 300

0.50 0.56 0.58 0.29 0.33 0.34 0.41 0.48
0.45 0.58 0.62 0.24 0.34 0.44 0.47 0.53
0.40 0.53 0.60 0.22 0.27 0.41 0.46 0.55
0.49 0.61 0.61 0.24 0.29 0.45 0.45 0.53



Table 2
Sensitivity, d′, and criterion, C,were derived according to signal detection theory fromhits,
obtained by averaging “early” and “late” correct reappearance errors and false alarms (FA),
referring to incorrect responses obtained with 0 delay. The table report d′values and Cs
were obtainedwith iso-motion and anti-motion textures (and static texture, respectively)
separately for the different occluder lengths and reappearance errors.

Reappearance error 150 ms Reappearance error 300 ms

Short Medium Long Short Medium Long

d′ C d′ C d′ C d′ C d′ C d′ C

Iso 1.22 0.27 1.32 0.48 1.01 0.43 1.55 0.22 1.38 0.45 1.2 0.34
Static 1.30 0.22 1.37 0.46 1.13 0.41 1.65 0.09 1.44 0.28 1.32 0.3
Anti 1.51 0.5 1.47 0.48 1.07 0.34 1.79 0.29 1.63 0.37 1.27 0.22
Static 1.45 0.35 1.5 0.47 1.29 0.5 1.68 0.29 1.49 0.32 1.46 0.38
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the iso-texture sped up the occluded target. Experiment 4 showed that
the participants only reported that the target reappeared late more
often with a short iso-texture compared to a control condition (static
texture), indicating that they tended to see the occluded target as mov-
ing faster with iso- compared to static texture. This illusory speed bias
was not associated with a difference in sensitivity or response criterion.

A possible neural account for the speed effect in Experiment 1 is the
response of motion detectors with centre-surround receptive fields in
motion processing area MT (Born, Groh, Zhao, & Lukasewycz, 2000;
Tadin, Lappin, Gilroy, & Blake, 2003). Indeed, it was shown thatMT neu-
rons stopped to respond to a moving target when surrounding motion
in the same direction as the target was added (Born, Groh, Zhao, &
Lukasewycz, 2000), whereas their response to the preferred motion di-
rection increased when the surroundingmotion was in the opposite di-
rection (Eifuku&Wurtz, 1998). However, different explanationsmay be
suggested. Baker and Graf (2010) suggested that direction-tuned sup-
pressive and facilitatory interactions in the primary visual cortex (V1)
may account for the speed illusion. Considering that our texture was
larger than the classical moving surrounding motion used in previous
works, long-range interactions in the near periphery may have contrib-
uted to modulating the strength of the speed illusion (Casco, Battaglini,
Bossi, Porracin, & Pavan, 2015). An interesting result is that speed over-
estimation during visiblemotion reduced TTCs,whereas speed underes-
timation increased TTCs. These results confirm the previous results that
visible illusory speed affects invisible motion (Battaglini et al., 2013)
and support the suggestion that illusory speed is retained in memory
during “invisible motion”.

We interpret the effect of iso-texture directionally on invisible
(amodal) motion, as found in Experiment 3, as a confirmation of
Makin and Poliakoff's (2011) model, stating that the occluded target's
spatial position is updated thanks to the stored velocity memory that
guide the shift of visuospatial attention. Indeed, shorter TTCs are expect-
ed when the target and texture have the same direction, assuming that
memory of speed is affected by texture speedwhen in iso-motion. How-
ever, anti-motion did not increase the TTC, indicating that interference
between visible texture speed and memory of target speed occurs
when they have the same direction. Oberfeld, Hecht, and Landwehr
(2011) obtained a similar asymmetry (but with opposite polarity) in a
TTC estimation with approaching motion objects. They found that a
contracting spiral caused an overestimation of TTC compared to a static
one, but an expanding spiral did not result in a relative underestimation
(Oberfeld et al., 2011).

The paradigm of Experiment 4 rules out the possibility of spurious
effects in occluded motion judgments, due to timing mechanisms such
as counting or changing the update of the internal clock (see Coull,
Cheng, &Meck, 2011, for a review); indeed, when we used an interrup-
tion paradigm, the participants could not calculate a priori the duration
of the occlusion because they did not know where the target will reap-
pear. Therefore, a timing strategy was not viable (DeLucia & Liddell,
1998), and the observers could not use cues other than target velocity.
The results of Experiment 4 confirm those obtained from the TTC task
used in Experiment 3. Indeed, when the target reappeared in time, the
participants responded “late” more often with the short iso-texture
thanwith the short static texture. Thismeans that they judged occluded
targetmotion as being faster than it really was. As in Experiment 3, with
anti-motion,we did not find speed underestimation or effects of texture
on accuracy, indicating that amodal motion is affected by real motion
vectors of the same but not opposite direction.

The speed overestimation with iso-motion was lost at medium
(8 deg) and long (Cooper, 1989) occluder lengths, probably because
the working memory system was saturated, thus impeding the conser-
vation of object speed and its speed illusion. The difficulty of keeping the
object speed behind the occluder may also explain the result that the
participants were more accurate with short occluders compared to
with long occluderswhen the target reappeared early or late. Moreover,
the difficulty of keeping the object speed behind the occluder may have
also slowed down the visuospatial update of the object, thus increasing
the probability of “early” responses, evenwhen the target reappeared in
time or late.
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