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Retinal motion can modulate visual sensitivity. For instance, low contrast drifting waveforms (targets)
can be easier to detect when abutting the leading edges of movement in adjacent high contrast wave-
forms (inducers), rather than the trailing edges. This target-inducer interaction is contingent on the adja-
cent waveforms being consistent with one another – in-phase as opposed to out-of-phase. It has been
suggested that this happens because there is a perceptually explicit predictive signal at leading edges
of motion that summates with low contrast physical input – a ‘predictive summation’. Another possible
explanation is a phase sensitive ‘spatial summation’, a summation of physical inputs spread across the
retina (not predictive signals). This should be non-selective in terms of position – it should be evident
at leading, adjacent, and at trailing edges of motion. To tease these possibilities apart, we examined target
sensitivity at leading, adjacent, and trailing edges of motion. We also examined target sensitivity adjacent
to flicker, and for a stimulus that is less susceptible to spatial summation, as it sums to grey across a small
retinal expanse. We found evidence for spatial summation in all but the last condition. Finally, we exam-
ined sensitivity to an absence of signal at leading and trailing edges of motion, finding greater sensitivity
at leading edges. These results are inconsistent with the existence of a perceptually explicit predictive
signal in advance of drifting waveforms. Instead, we suggest that phase-contingent target-inducer mod-
ulations of sensitivity are explicable in terms of a directionally modulated spatial summation.

� 2014 Published by Elsevier Ltd.
1. Introduction

Signals encoded in the human visual system necessarily lag the
physical events to which they relate (Roufs, 1963; Wilson & Anstis,
1969). Consequently, when we reach to catch a flying ball we must
reach to a predicted position, rather than to a position suggested by
the instantaneous mapping of retinal activity (McIntyre et al.,
2001; de Rugy, Marinovic, & Wallis, 2012; Marinovic & Arnold,
2012, 2013; Marinovic, Plooy, & Arnold, 2012; Diaz et al., 2013).
These statements are uncontroversial. What is controversial is
the functional substrate for such predictions. These could be
mediated by mechanisms responsible for motor programming,
leaving visual perception to be an on-line monitor of the visual
scene as sampled by the retina (Moutoussis & Zeki, 1997; Bartels
& Zeki, 1998; Whitney & Murakami, 1998; Arnold, Clifford, &
Wenderoth, 2001; Arnold & Clifford, 2002). Alternatively, these
predictions could be implemented, at least in part, by visual
processing. Accordingly, moving stimuli might be seen in an
extrapolated position relative to contemporary retinal input
(Ramachandran & Anstis, 1990; De Valois & De Valois, 1991; Maus
& Nijhawan, 2009; Nijhawan, 1994, 2008; Nijhawan & Wu, 2009;
Roach, McGraw, & Johnston, 2011).

Early evidence for perceptual extrapolation was based on sev-
eral visual illusions in which the location of a moving pattern ap-
pears shifted forward, in the direction of its motion (De Valois &
De Valois, 1991; Ramachandran & Anstis, 1990; reviewed in Whitney,
2002). More recent evidence was revealed by an interaction
between adjacent moving gratings (Roach, McGraw, & Johnston,
2011). If a low contrast target grating is placed at the leading edge
of a drifting high contrast inducer grating, target sensitivity can be
enhanced when the target is in-phase with the inducer, relative to
when it is out-of-phase (see Fig. 1). No such effect was reported at
trailing edges of motion (Roach, McGraw, & Johnston, 2011). This
‘phase-contingent’ interaction at leading edges of motion was
attributed to there being a perceptually explicit predictive signal
in advance of moving patterns that summates with physical input,
thereby modulating target sensitivity. Hence, when the predictive
signal and the physical target are in accord (the in-phase condition,
see Fig. 1a), predictive-summation would result in the target being
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http://dx.doi.org/10.1016/j.visres.2014.03.003
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Fig. 1. Space time plots depicting high contrast inducing waveforms (above) and
low-contrast targets (below). When the target is positioned at the leading edge of
inducer movement, and the target and inducer waveforms are in-phase (a) it is
easier to detect the target relative to when the target and inducer are out-of-phase
(b).
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Fig. 2. Experiment 1 Stimuli. A fixation cross hair was positioned in the centre of
the display. A low-contrast target was presented either to the left or right of fixation
(here the left). High contrast inducing waveforms were positioned either above or
below fixation (here above), with one inducer abutting the target. Both the target
and inducing waveforms contained movement drifting in the same direction.
Inducing motion could be toward the target position (a – leading edge condition) or
away (b – trailing edge condition).
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more visible. Summating out-of-phase predictions and target sig-
nals (see Fig. 1b) would result in the two cancelling one another,
and consequently in the physical target being less visible. This
interpretation depends on there being no such interaction at trail-
ing edges of motion, as there should be no predictive signal trailing
behind a moving pattern.

Phase-contingent sensitivity modulations at leading edges of
motion, coupled with the absence of such interactions at trailing
edges, are generally consistent with the possibility of a perceptu-
ally explicit predictive signal in advance of moving patterns (De
Valois & De Valois, 1991; Nijhawan, 2008; Roach, McGraw, &
Johnston, 2011). However, these results are equally consistent with
the idea that there is a non-predictive phase contingent spatial
summation process (Anderson & Burr, 1991; Meese, 2010) every-
where except at the trailing edge. Perhaps there is an absence, or
a suppression, of such interactions at trailing edges of moving
patterns (see Arnold, Thompson, & Johnston, 2007; Marinovic &
Arnold, 2013; Whitney et al., 2003). Accordingly, the remarkable
observation would not be the presence of phase contingent pat-
terns of summation at leading edges of motion, but the absence
of such interactions at trailing edges.

We conducted a series of experiments to assess whether phase-
contingent target-inducer interactions reflect on a summation
involving a perceptually explicit predictive signal at leading edges
of motion (Roach, McGraw, & Johnston, 2011), or a phase-
contingent spatial summation (Anderson & Burr, 1991; Meese,
2010; Ringach, 2002; Hubel & Wiesel, 1959) that is reduced at
trailing edges of motion (Arnold, Thompson, & Johnston, 2007;
Marinovic & Arnold, 2013; Whitney et al., 2003). To foreshadow
our results, we find evidence for summation at both the leading
and trailing edges of motion, though the effect is reduced at trailing
edges. We also find evidence for summation involving adjacent
flicker (which contains no net motion energy) and for waveforms
at the side edge of motion. All of these observations are consistent
with a spatial summation that modulates target sensitivity and is
reduced at trailing edges of motion. We also examine summation
at leading and trailing edges of motion using a checkerboard-like
stimulus, which sums to grey across a small retinal expanse. Con-
sequently we would not predict target sensitivity for this stimulus
to benefit from spatial summation, which is consistent with our re-
sults. Finally, we assess sensitivity to an absence of signal at leading
and trailing edges of motion, and find higher sensitivity at leading
edges. In sum, our data are inconsistent with the existence of a per-
ceptually explicit predictive signal at leading edges of motion, but
are consistent with target sensitivity being modulated via a spatial
summation of physical inputs, which is reduced at trailing edges.
2. General methods – Experiments 1–5

Stimuli and the experimental protocol were closely matched to
those used in two previous, closely related, studies (Arnold,
Thompson, & Johnston, 2007; Roach, McGraw, & Johnston, 2011).
Participants were asked to fixate a cross in the centre of the screen
and indicate where a faint ‘target’ grating had been presented. In
these experiments targets were centred either 2 degrees of visual
angle (dva) to the left or right of fixation, determined at random
on a trial-by-trial basis. The target had a width and height subtend-
ing 1 dva and a spatial frequency of 1 cycle/dva (see Fig. 2).

Two inducing gratings were positioned either above or below
the target grating. Inducer positions, above or below fixation, were
determined at random on a trial-by-trial basis. Inducing gratings
were centered ±2 dva to the left and right of fixation, had a width
subtending 1 dva, a height of 7 dva, a spatial frequency of 1 cycle/
dva, and were presented at a Michelson contrast of 100%.

Inducing and target gratings were animated, such that they had
a common direction and drifted at a frequency of 5 Hz. In Experi-
ments 1, 2 and 5 inducing waveforms either drifted toward the tar-
get (leading edge condition) or away from the target (trailing edge
condition), and in both cases the test was displayed for 1 s.

During a block of trials the phase of the target waveform was
varied relative to that of the inducer. Four values were sampled.
Target waveforms could be in phase with inducers (0� shift), one-
quarter cycle advanced (90� shift), out of phase (180� shift) or ad-
vanced by three-quarters of a cycle (270� shift).
3. Experiment 1 – Phase contingent sensitivity modulations at
leading and trailing edges of motion

3.1. Methods

Target and inducing gratings were abutting. There were 11 par-
ticipants, including the first two authors, an undergraduate re-
search student and 8 additional participants who were naïve as
to the purpose of the experiment. Participants completed blocks
of trials, each sampling a single phase relationship. Each partici-
pant completed 4 blocks of trials sampling different target-inducer
phase relationships, with target waveforms in phase with inducers
(0� shift), one-quarter cycle advanced (90� shift), out of phase (180�
shift) or advanced by three-quarters of a cycle (270� shift).
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During a run of trials the luminance contrast of target gratings
was adjusted (Michelson contrasts 0%, 0.2%, 0.4%, 0.6%, 0.8%, 1.2%
and 4.0%) according to the method of constant stimuli. On each
trial, targets were presented at leading or trailing edges of the
inducing gratings. During a block of trials each contrast level was
sampled 20 times for targets in each test location, so a block of
trials consisted of 280 individual trials, all completed in a pseudo
random order. Four blocks of trials were completed by each partic-
ipant, also in a pseudo random order.

3.2. Results and discussion

Logistic functions were fitted to individual distributions of cor-
rect target localisation as a function of target contrast, for each
combination of target location and target-inducer phase, and 75%
points were taken as estimates of the participants’ target detection
threshold for that condition.

A 2 (edge) � 4 (phase) repeated measures ANOVA was con-
ducted to assess how target visibility had been impacted by target
position and target/inducer phase relationship. There was a signif-
icant interaction between phase and target position (F3,30 = 4.16,
p = 0.014, p

2 = 0.29). As can be seen in Fig. 3, while targets at lead-
ing edges were more visible than targets at trailing edges when
target and inducing waveforms were in phase (a phase relationship
of 0�), this situation was reversed when target and inducing wave-
forms were out of phase (a phase relationship of 180�).

There was a robust interaction between phase and target posi-
tion, replicating a key feature of Roach, McGraw, and Johnston’s
(2011) data. But closer inspection of our data reveals an important
inconsistency. The prior study reported that only targets at leading
edges of motion were impacted by target/inducer phase. A re-
peated measures ANOVA involving data for leading edge targets
confirmed that sensitivity to leading edge targets was similarly
impacted by target/inducer phase in our study (F3,30 = 17.24,
p < 0.001, gp

2 = 0.63). However, the results of Experiment 1 also re-
vealed a smaller, but still significant, modulation of target sensitiv-
ity as a function of target/inducer phase at trailing edges
(F3,30 = 8.46, p = 0.016, gp

2 = 0.46). Note, however, that there is a
hint of a similar trend in data for sensitivity at trailing edges of mo-
tion reported by Roach, McGraw, and Johnston (2011) – sensitivity
for out-of-phase targets at training edges in their data was less
than sensitivity to in-phase-targets, although this difference was
apparently not associated with a statistically significant difference.

Having reported a relationship between target sensitivity and
target/inducer phase at leading edges of motion, Roach, McGraw,
and Johnston (2011) went onto demonstrate that this was driven
by a tightly localised operation – it did not survive even small tar-
get/inducer gaps. However, this relationship was only tested at
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Fig. 3. Results of Experiment 1. Target detection thresholds are plotted as a
function of the phase relationship between target and inducing waveforms.
Functions are plotted for targets at leading (black) and trailing (grey) edges of
motion in abutting inducing gratings. Note that data for a phase relationship of 0�
are plotted twice, to reflect the cyclical nature of phase relationships.
leading edges of motion, presumably because the relationship
was not as clearly evident at the trailing edges in their initial
experiment. The results of our Experiment 1 suggest that target/in-
ducer interactions at trailing edges merit further investigation.
Experiment 2 was therefore conducted both to see if we could rep-
licate the results of Experiment 1 in matched conditions, and to see
if target/inducer interactions at leading and trailing edges of mo-
tion were similarly tightly localised.

4. Experiment 2 – Phase contingent sensitivity modulations
across spatial gaps

4.1. Methods

Details for Experiment 2 were as for Experiment 1, with the fol-
lowing exceptions. There were 6 participants, including the first
two authors, an undergraduate research student and 3 others
who were naïve as to the purpose of the experiment. All had nor-
mal, or corrected to normal, visual acuity.

Only phase relationships of 0� and 180� were sampled for
inducing gratings that either abutted targets (a gap of 0 dva), or
were vertically separated by 0.2, 0.3, 0.5 or by 1.0 dva. Each tar-
get/inducer gap was sampled in different blocks of trials. In total,
each participant completed 10 blocks of trials in a pseudo random
order, one for each of the 5 target/inducer gaps for phase relation-
ships of 0� and 180�.

4.2. Results and discussion

Logistic functions were fitted to each individual’s distributions
of correct target localisation as a function of target contrast, and
75% points were taken as estimates of the target detection thresh-
old. Thresholds were determined for targets at leading and trailing
edges of inducer motion for each target/inducer phase relationship
(0� and 180�) at each of the 5 sampled spatial offsets (see Fig. 4).

A 2 (phase) � 5 (target/inducer offset) repeated measures ANO-
VA involving data for targets at leading edges of motion revealed
significant main effects for target/inducer offset (F4,20 = 12.48,
p < 0.001, gp

2 = 0.71), target/inducer phase (F1,5 = 60.03, p = 0.001,
gp

2 = 0.92), and a significant interaction between offset and phase
(F4,20 = 12.05, p < 0.001, gp

2 = 0.71). These data show that targets
Fig. 4. Results of Experiment 2. Target detection thresholds are plotted as a
function of the spatial gap between target and inducing waveforms. Functions are
plotted for targets abutting or proximate to leading (a) and trailing (b) edges of
movement in inducing gratings. Data are plotted separately for thresholds obtained
at a target/inducer phase relationship of 0� (in-phase, black) and 180� (out-of-
phase, grey).
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at leading edges of motion were easier to detect when they were
in-phase with inducing waveforms, and that this effect diminished
as the gap between inducing motion and the target diminished.

Another repeated measures ANOVA was conducted for data
relating to targets at trailing edges of motion. This also revealed
significant main effects for target/inducer offset (F4,20 = 16.99,
p < 0.001, gp

2 = 0.77) and target/inducer phase (F1,5 = 6.9,
p = 0.047, gp

2 = 0.58). The interaction between target/inducer offset
and phase was not statistically significant, but displayed the same
trend as data for leading edges of motion, with the advantage for
in-phase targets diminishing with increasing separation
(F4,20 = 2.1, p = 0.13, gp

2 = 0.29). We attribute the non-significance
of this interaction to the in-phase advantage at trailing edges being
less than that at leading edges, and consequently more easily lost
in measurement error.

An important question is whether the in-phase advantage at
trailing edges of motion reflects a similar, albeit suppressed, pro-
cess as that which is responsible for the in-phase advantage at
leading edges. The data in Fig. 4 are ambiguous on this point. If
the in-phase advantages reflect a common process that is reduced
at trailing edges, one might expect an interaction between these
two measures to show a linear trend – with the difference between
in-phase advantages greatest with no target/inducer gap and then
reducing with increasing gap size until no advantage is discernable
at either edge (see Fig. 5). A polynomial trend analysis was consis-
tent with this (Linear Trend F1,5 = 30.4, p = 0.003, gp

2 = 0.99), but
we would not regard this evidence as conclusive.

Data from Experiments 1 and 2 suggest that target/inducer
phase-contingent sensitivity modulations are evident at both
leading and trailing edges of motion. This suggests a role for a
non-directional spatial summation in generating the in-phase
advantage. Accordingly, we should be able to find evidence for this
summation using abutting gratings with waveforms that are mod-
ulated over time to create directionless flicker. We assessed this
hypothesis in Experiment 3.
5. Experiment 3 – Phase contingent sensitivity modulations
with flicker

5.1. Methods

Details for Experiment 3 were as for Experiment 1, with the fol-
lowing exceptions. There were 8 participants, including the first
two authors and 6 others who were naïve as to the purpose of
the experiment. All had normal, or corrected to normal, visual
acuity. Instead of drifting, the polarity of target and inducer wave-
forms was sinusoidally counter-phased at a rate of 5 Hz, generating
flicker.
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Fig. 5. Differences between Target detection thresholds measured for target/
inducer phases of 180� (out-of-phase) and 0� (in-phase) plotted as a function of the
gap between target and inducing waveforms. Data are shown for threshold
differences at leading (black) and trailing (grey) edges of motion.
5.2. Results and discussion

Logistic functions were fitted to individual distributions of cor-
rect target localisation as a function of target contrast, and 75%
points were taken as estimates of the participants’ target detection
threshold for that target-inducer phase relationship. Thresholds
were determined for each of the 4 sampled target/inducer phase
relationships.

A repeated measures ANOVA revealed a significant main effect
for target/inducer phase (F3,21 = 8.92, p = 0.001, gp

2 = 0.56). Target
sensitivity was maximal when the target and inducer waveforms
were in-phase and minimal when target and inducer waveforms
were out-of-phase. This shows that directionless flicker can induce
target/inducer phase-contingent sensitivity modulations.

Data from Experiments 1 to 3 are consistent with target sensi-
tivity being modulated by a non-predictive spatial summation pro-
cess. Target sensitivity was modulated by target-inducer phase at
both leading and trailing edges of motion (Experiments 1 and 2),
and adjacent to directionless flicker (Experiment 3). If such interac-
tions reflect a non-predictive spatial summation of signals con-
cerning proximate physical inputs, they should be evident not
only at leading and trailing edges of motion, but also at side edges
of motion. We assessed this possibility in Experiment 4.

6. Experiment 4 – Phase contingent sensitivity modulations at
side edges of motion

6.1. Methods

Details for Experiment 4 were as for Experiment 1, with the fol-
lowing exceptions.

There were 8 participants, including the first two authors, an
undergraduate research student and 5 others who were naïve as
to the purpose of the experiment. All had normal, or corrected to
normal, visual acuity.

The orientation of inducing and target waveforms was vertical
(as opposed to horizontal), dictating that direction was left/right
(as opposed to up/down). Direction (left/right) was randomised
on a trial-by-trial basis. Inducing waveforms were positioned such
that they either abutted targets, or were displaced vertically (above
or below, determined at random on a trial-by-trial basis) to create
a 0.5dva gap in between target and inducer. These offsets were
sampled in different blocks of trials.

6.2. Results and discussion

Logistic functions were fitted to individual distributions of cor-
rect target localisation as a function of target contrast, and 75%
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Fig. 6. Results of Experiment 3 – Target detection adjacent to flicker. Target
detection thresholds are plotted as a function of target/inducer phase relationship
for flickering target and inducing waveforms. Error bars depict ±1 SEM between 8
individual threshold estimates.
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points were taken as estimates of the participants’ target detection
threshold for that target-inducer phase relationship. Individual
thresholds were determined for each of 4 target/inducer phase
relationships for targets that either abutted inducers (black data
in Fig. 7) or were separated by a 0.5 dva gap (grey data in Fig. 7).

Data were subjected to a 2 (gap/no gap) � 4 (target/inducer
offset) repeated measures ANOVA. This revealed a significant main
effect for target/inducer gap (F1,7 = 87, p < 0.001, gp

2 = 0.93), a non-
significant main effect for target/inducer phase (F3,21 = 2.44,
p = 0.09, gp

2 = 0.26), and a significant interaction between gap
and phase (F3,21 = 7.42, p < 0.001, gp

2 = 0.52). Note that the qualita-
tive pattern of data obtained with a gap between target and induc-
ers (grey data in Fig. 7) was matched to the results of Experiment 1,
with lowest thresholds for in-phase targets and highest for out-of-
phase targets. However, this pattern was reversed for abutting
waveforms (see Fig. 7).

We believe the reversal in the pattern of target sensitivity, for
targets abutting inducers in this, relative to earlier experiments,
is due to participants being sensitive to points of high luminance
contrast in abutting out-of-phase waveforms (where lightest sec-
tions of one waveform abut the darkest sections of the other, and
vice versa) which do not exist in abutting in-phase waveforms
(where lightest and darkest sections of each waveform are
aligned). Given the size of targets (1 dva2) and the spatial fre-
quency of waveforms (1 cycle/dva), these high contrast points
are persistently present in out-of-phase waveforms that abut the
side-edge of motion (Experiment 4), but are only intermittently
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Fig. 8. Experiment 5 stimuli. A fixation cross hair was positioned in the centre of
the display. A low-contrast target was presented either to the left or right of fixation
(here the right). High contrast inducing checkerboard patterns were positioned
either above or below fixation (here above), with one inducer abutting the target.
Both the target and inducing waveforms contained movement drifting in the same
direction at the same rate. Inducing motion could be toward the target position
(left, leading edge conditions) or away (right, trailing edge conditions).
present (twice a second) in earlier experiments at leading and
trailing edges of motion.

In combination, the results of Experiments 1–4 are consistent
with target sensitivity being modulated via a spatial summation
that encompasses both the target and an inducing waveform.
Evidence for this can be observed at leading and trailing edges of
motion (Experiments 1 and 2), adjacent to non-directional flicker
(Experiment 3), and at the side edge of motion (Experiment 4).
According to this explanation, summation should not aid target
sensitivity if the target and inducing waveforms sum to grey across
a relatively small retinal expanse, say 0.2 dva – approximating the
area of linear summation for high contrast drifting waveforms (see
Anderson & Burr, 1991; but note that summation for low-contrast
signals might spread across a greater retinal expanse – Sceniak
et al., 1999). If, however, target/inducer phase-contingent modula-
tions reflect the summation of a predictive pattern specific signal
with physical input, we would expect the process to be measurable
whenever one can clearly discern a moving pattern. We tested
these propositions in Experiment 5.
7. Experiment 5 – Phase contingent sensitivity modulations
when luminance sums to grey across a small retinal expanse

7.1. Methods

Details for Experiment 5 were as for Experiment 1, with the fol-
lowing exceptions. There were 4 participants, including the first
two authors and 2 others who were naïve as to the purpose of
the experiment. All had normal, or corrected to normal, visual
acuity.

We ensured that the stimulus summed to grey across a small
retinal expanse by splitting target and inducer waveforms into
11 strips. Each subtended 0.9 dva in width, and adjacent strips
were phase reversed, creating a checker-board like pattern. This
allowed us to investigate phase contingent modulations at leading
and trailing edges of motion, with a stimulus that summed to grey
across a small retinal expanse, but which was still clearly visible
and in which direction could easily be discerned.
7.2. Results

Logistic functions were fitted to individual distributions of cor-
rect target localisation as a function of target contrast, and 75%
points were taken as estimates of the participants’ target detection
threshold for that target-inducer phase relationship. Thresholds
were determined for targets at leading and trailing edges of indu-
cer motion for each of the 4 sampled phase relationships between
inducer and target waveforms.

Experiment 4 results were markedly different from Experiment
1. A 2 (edge) � 4 (phase) repeated measures ANOVA revealed a
non-significant interaction between phase and target position
(F3,9 = 0.47, p = 0.71, gp

2 = 0.14). The main effects for target
position (F1,3 = 0.52, p = 0.52, gp

2 = 0.15) and target/inducer phase
(F3,9 = 0.18, p = 0.91, gp

2 = 0.06) was also non-significant. In sum,
for this stimulus, there was no evidence of phase-contingent mod-
ulations of target sensitivity (see Fig. 9). In combination with the
results of previous experiments, this suggests that target/inducer
phase-contingent sensitivity modulations might depend on a spa-
tial summation of physical signals, which is eliminated when those
signals sum to grey across a small retinal expanse.

One prediction of the hypothesis that drifting motion causes
the brain to form a perceptually explicit predictive signal at lead-
ing edges of motion is that it should be hard to detect an absence
of signal at that location. Even if no physical stimulus is pre-
sented, participants should see one. If, instead, phase-contingent
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Fig. 9. Results of Experiment 5. Target detection thresholds are plotted as a
function of the phase relationship between target and inducing waveforms.
Thresholds are plotted for targets at leading (black) and trailing (grey) edges of
movement. Note that data for a phase relationship of 0� are plotted twice, to reflect
the cyclical nature of phase relationships. Error bars depict ±1 SEM.
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target-inducer modulations of sensitivity reflect a summation of
physical inputs, there should be no such difficulty. We assessed
this prediction in Experiment 6.

8. Experiment 6 – Sensitivity to an absence of signal at leading
and trailing edges of motion

8.1. Methods

There were 5 participants, including the first two authors and 3
others who were naïve as to the purpose of the experiment. All had
normal, or corrected to normal, visual acuity.

Stimuli consisted of 1d Gabors, a sinusoidal luminance-
modulated waveform multiplied by a Guassian contrast envelope
along the horizontal axis (see Fig. 10). The spatial frequency of
waveforms was 1 cycle/dva and their height subtended 0.7 dva.
The unclipped width of waveforms was 3.6 dva, which was also
the width of the Guassian contrast envelope. These configurations
were centred 1.44 dva above and below a central fixation point,
and 1.8 dva to the left or right (determined at random on a
trial-by-trial basis, see Fig. 10).

On each trial one of the two Gabors was clipped at the edge
nearest fixation, by an amount (0.29, 0.43, 0.58, 0.72, 0.86, 1.01
or 1.15 dva) that was varied during a block of trials according to
(a)

(b)

Fig. 10. Depiction of 1d Gabor stimuli with vertical (a) and horizontal (b)
waveforms, used to assess sensitivity to an absence of signal at leading and trailing
edges, respectively (a) and beside (b) the direction of motion. On each trial one of
the two Gabors was clipped (here the Gabors positioned above fixation) and
participants had to identify which Gabor extended closer toward fixation.
the method of constant stimuli. In different blocks of trials wave-
forms were animated to generate 0.5, 1, 2.5, 5 or 10 Hz drift. Also
in different blocks of trials, waveforms were either vertical or hor-
izontal. For vertical waveforms drift direction was manipulated to
place the clipped edge at either the leading or trailing edge of mo-
tion. For these blocks of trials each of the 7 magnitudes of clipping
were presented 16 times at both the leading and trailing edges of
motion – a total of 224 individual trials. For horizontal waveforms
drift direction was either up or down, determined at random on a
trial by-trial basis. These blocks consisted of 112 individual trials
(each clipping magnitude sampled 16 times). Each participant
completed 10 blocks of trials in a pseudo random order, one for
each of the 5 TFs using vertical or horizontal waveforms. On each
trial test presentations persisted until the participant indicated
which Gabor, above or below fixation, had a clipped edge.
8.2. Results

Logistic functions were fitted to individual distributions of cor-
rect target localisation as a function of clipping magnitude, and
75% points were taken as estimates of the participants’ spatial
detection threshold for an absence of signal (the magnitude of clip-
ping at which they could detect which test stimulus was clipped).
Individual thresholds were determined for clipping at leading and
trailing edges of motion in vertical waveforms, and for clipping at
the side of motion in horizontal gratings, for each of the 5 sampled
temporal frequencies.

The side edge condition can be thought of as a baseline for com-
parison with the leading and trailing edge conditions. For ease of
comparison, we therefore conducted two repeated measures ANO-
VAS, comparing side edge data with leading and trailing edge data.
Analysis involving leading edge data revealed a significant main ef-
fect of temporal frequency (F4,16 = 9.46, p < 0.001, gp

2 = 0.7), but
there was no main effect of clipped edge position (F1,4 = 2.37,
p = 0.2, gp

2 = 0.37) or interaction between temporal frequency
and edge position (F4,16 = 0.49, p = 0.74, gp

2 = 0.11). These results
show that while sensitivity to clipping (an absence of signal) varies
as a function of temporal frequency (enhanced in these conditions
for intermediate temporal frequencies), there was no other sub-
stantive difference between sensitivity to clipping at leading and
side edges of motion.
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The pattern of results for trailing edge data was markedly differ-
ent. For the analysis involving trailing edge data, the main effects
of temporal frequency (F4,16 = 2.5, p = 0.084, gp

2 = 0.38) and clipped
edge position (F1,4 = 7.1, p = 0.056, gp

2 = 0.64) could only be de-
scribed as marginally significant. This is explained by the robust
interaction between temporal frequency and edge position
(F4,16 = 4.02, p = 0.019, gp

2 = 0.5). This interaction ensues because
while sensitivity to clipping at trailing and side edges of motion
was similar at temporal frequencies of 0.5 and 10 Hz, sensitivity
for intermediate temporal frequencies was markedly different,
worse at trailing edges of motion.

In combination, these results suggest that the remarkable
observation concerning sensitivity at leading and trailing edges
of motion, relative to sensitivity to one side of motion, is a relative
insensitivity at trailing edges of motion at intermediate temporal
frequencies. This is consistent with a suppressive interaction at
trailing edges of motion, but is fundamentally inconsistent with
there being a perceptually explicit signal at leading edges of
motion.
9. General discussion

Our data suggest that target sensitivity adjacent to motion is
modulated, not because of a perceptually explicit predictive signal
(Roach, McGraw, & Johnston, 2011), but because signals concern-
ing proximate physical inputs summate. This process seems to be
reduced at trailing edges of motion, relative to leading and side
edges. Our evidence is as follows.

First, we found phase-contingent modulations of sensitivity at
both leading and trailing edges of motion (see Figs. 4 and 5). While
this is consistent with a summation of signals that relate to prox-
imate physical inputs, we would not expect a perceptually explicit
predictive signal to be extrapolated in a direction opposite motion
perception. Second, we found target/inducer phase-contingent
sensitivity modulations using a non-directional flicker (see
Fig. 6), for which we would not anticipate a directional prediction.
We also found evidence for target/inducer phase-contingent sensi-
tivity modulations at the side edge of motion, where no predictive
signal would be expected (although this depended on there being a
small gap between target and inducer, see Fig. 7). However, we did
not find evidence for target/inducer phase-contingent sensitivity
modulations using a luminance-defined motion which sums to
grey across a small retinal expanse (see Figs. 8 and 9). Our results
are consistent with target sensitivity being modulated by a spatial
summation of signals relating to proximate physical inputs, but are
at odds with the idea that retinal motion generates perceptually
explicit predictive signals selectively at leading edges of motion.

We would like to point out that the drifting sinusoidal checker-
board stimulus used in Experiment 5 was clearly visible and its
direction of drift was unambiguous. Consequently, we do not be-
lieve the lack of phase-contingency for this stimulus can be attrib-
uted to unstable fixation or to a weak motion signal. Sufficient
retinal slip from unstable fixation might reduce the visibility of
the stimulus, or make its direction indiscernible, but this did not
happen in our experiment.

It should also be noted that the results of our Experiment 5 are
in accord with those of a Supplemental experiment reported by
Roach, McGraw, and Johnston (2011). They used a 2nd order
stimulus, a contrast modulation of white noise, to investigate
phase-contingent modulations of target sensitivity, and found no
evidence for this happening. An important distinction between
their 2nd order stimulus and the sinusoidal checker-board we used
in Experiment 5 is that our stimulus generated a luminance-de-
fined 1st order motion signal (see Georgeson & Scott-Samuel,
2000). Our results thus demonstrate that 1st order motion is not
sufficient to generate a phase contingent modulation of target sen-
sitivity at leading edges of motion. The two stimuli in question
were somewhat similar, though, in that both sum to grey across
a small spatial extent. Thus the results of both experiments are
consistent with a non-predictive spatial summation of physical sig-
nals, which is eliminated when stimuli sum to grey across a small
retinal expanse.

Perhaps our strongest evidence concerns sensitivity to an
absence of signal. If retinal motion causes the visual system to gen-
erate perceptually explicit predictive signals, it should be harder to
detect an absence of signal at leading edges of motion than at trail-
ing (or side) edges. We, however, found no such evidence. Sensitiv-
ity to an absence of signal tended to be higher at leading, relative to
side, edges of motion (see Fig. 11). This contrasts with sensitivity at
trailing edges, which was reduced relative to sensitivity at side
edges for intermediate temporal frequencies.

A summation of sinusoidal modulations of luminance contrast
across space is predictable based on the characteristics of V1 sim-
ple cells, which are phase sensitive and have spatially extended
receptive fields (Ringach, 2002; Hubel & Wiesel, 1959). From this
perspective it would not be the presence of spatial summation
for sinusoidal waveforms that is remarkable, but its absence. Our
data are broadly consistent with this premise. We have observed
evidence for target-inducer phase-contingent sensitivity modula-
tions at both leading and trailing edges of motion, for flickering
inputs, and for targets proximate to the side edge of motion.
Phase-contingent sensitivity modulations for dynamic stimuli
would thus seem to be more a rule than an exceptional situation
at leading edges of motion. The fact that such modulations are less
pronounced at trailing edges of motion could result from a process
of spatial summation being modulated via a directionally selective
suppression of neural gain at trailing edges of motion (see Arnold,
Thompson, & Johnston, 2007; Whitney et al., 2003). This would in-
volve a direction-tuned modulation of neural responses to physical
inputs at trailing edges of motion, rather than a perceptually expli-
cit predictive signal that causes people to see signals where none
exist.
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