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Transsaccadic integration is dominated by early, independent

noise
Emma E. M. Stewart

Alexander C. Schutz

Humans are able to integrate pre- and postsaccadic
percepts of an object across saccades to maintain
perceptual stability. Previous studies have used
Maximum Likelihood Estimation (MLE) to determine that
integration occurs in a near-optimal manner. Here, we
compared three different models to investigate the
mechanism of integration in more detail: an early noise
model, where noise is added to the pre- and
postsaccadic signals before integration occurs; a late-
noise model, where noise is added to the integrated
signal after integration occurs; and a temporal
summation model, where integration benefits arise from
the longer transsaccadic presentation duration
compared to pre- and postsaccadic presentation only.
We also measured spatiotemporal aspects of integration
to determine whether integration can occur for very
brief stimulus durations, across two hemifields, and in
spatiotopic and retinotopic coordinates. Pre-, post-, and
transsaccadic performance was measured at different
stimulus presentation durations, both at the saccade
target and a location where the pre- and postsaccadic
stimuli were presented in different hemifields across the
saccade. Results showed that for both within- and
between-hemifields conditions, integration could occur
when pre- and postsaccadic stimuli were presented only
briefly, and that the pattern of integration followed an
early noise model. Whereas integration occurred when
the pre- and post-saccadic stimuli were presented in the
same spatiotopic coordinates, there was no integration
when they were presented in the same retinotopic
coordinates. This contrast suggests that transsaccadic
integration is limited by early, independent, sensory
noise acting separately on pre- and postsaccadic signals.

In a visually rich environment, humans must
constantly move their eyes to sample the surrounding
world, making saccadic eye movements two to three
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times per second: areas of interest are selected with low-
resolution peripheral vision, and then brought into
higher-resolution foveal focus by the saccade. With
each saccade the visual system must then reconcile the
low-resolution presaccadic information with the high-
resolution postsaccadic information. However, despite
this constant shift of visual information across the
retina, we retain a continuous and stable percept of the
world. Transsaccadic integration provides one account
for this perceptual stability, with several studies
showing that humans can use properties from both the
pre- and postsaccadic percepts of a stimulus, for
example: color (Wittenberg, Bremmer, & Wachtler,
2008; Oostwoud Wijdenes, Marshall, & Bays, 2015;
Schut, Van der Stoep, Fabius, & Van der Stigchel,
2018), orientation (Wolf & Schiitz, 2015), shape and
form (Demeyer, De Graef, Wagemans, & Verfaillie,
2009), numerosity (Hiibner & Schiitz, 2017), and spatial
information (Prime, Niemeier, & Crawford, 2005;
Cicchini, Binda, Burr, & Morrone, 2013). Recent
studies have also used Maximum Likelihood Estima-
tion (MLE) to demonstrate that integration occurs in a
near-optimal manner (Ganmor, Landy, & Simoncelli,
2015; Wolf & Schiitz, 2015; Hiibner & Schiitz, 2017),
and that depleting potential cognitive resources such as
attention (Stewart & Schiitz, 2018a) and memory
(Stewart & Schiitz, 2018b) results in a departure from
optimal integration. Although previous work has
shown that integration can occur for many types of
stimuli of differing levels of complexity, there are still a
number of open questions as to how integration occurs.
This study aimed to investigate four aspects of trans-
saccadic integration: The first, and predominant
question is whether transsaccadic performance follows
an early noise model, a late noise model, or a model of
temporal summation. Second, we tested whether
integration can occur even when stimuli are presented
very briefly before and after the saccade. The third
aspect of the study investiated whether integration is

Citation: Stewart, E. E. M., & Schutz, A. C. (2019). Transsaccadic integration is dominated by early, independent noise. Journal of

Vision, 19(6):17, 1-19, https://doi.org/10.1167/19.6.17.

https://doi.org/10.1167/19.6.17

Received September 28, 2018; published June 17, 2019

ISSN 1534-7362 Copyright 2019 The Authors

Downloaded from jov.arvojouriéfisyefgioricepsadpgopa Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @' BY__NC_ND


mailto:emma.e.m.stewart@gmail.com
mailto:emma.e.m.stewart@gmail.com
mailto:a.schuetz@uni-marburg.de
mailto:a.schuetz@uni-marburg.de
https://www.uni-marburg.de/en/fb04/team-schuetz/team/alexander-schutz
https://www.uni-marburg.de/en/fb04/team-schuetz/team/alexander-schutz
https://creativecommons.org/licenses/by-nc-nd/4.0/

Journal of Vision (2019) 19(6):17, 1-19

limited to the saccade target, or if it can occur even
when the pre- and postsaccadic stimuli are presented in
different hemifields. Fourth and finally, we compared
transsaccadic integration in spatiotopic and retinotopic
coordinates.

Modelling noise in transsaccadic integration

Recent transsaccadic integration studies have taken
a cue from the realm of multi-sensory integration, and
have used models of cue combination to measure the
optimality of transsaccadic integration: Wolf and
Schiitz (2015), Ganmor et al. (2015), and Hiibner and
Schiitz (2017) have all used Maximum Likelihood
Estimation (MLE) to predict optimal transsaccadic
reliability from the measured reliabilities of pre- and
postsaccadic performance alone. MLE predicts that if
integration occurs, the reliability of the transsaccadic
percept should equal the summed reliabilities of the
pre- and postsaccadic percepts (Ernst & Biilthoff,
2004). These studies found that transsaccadic perfor-
mance was near-optimal based on measurements of the
single percepts, for both simple orientation stimuli
(Ganmor et al., 2015; Wolf & Schiitz, 2015), and more
complex numerosity estimates (Hiibner & Schiitz,
2017). This MLE model assumes only that sources of
noise from the separate signals will be independent and
Gaussian (Ernst & Biilthoff, 2004); however, here we
want to determine where the predominant source of
noise occurs in the integration process. Jones (2016)
outlines two models, early or late noise, each of which
has different assumptions about where this noise is
added. The early noise model assumes that in the
integration of two sensory signals, each signal is subject
to its own independent source of sensory noise, and
that any subsequent postintegration decision noise will
be negligible (Jones, 2016). In the case of transsaccadic
integration, this means that the pre- and postsaccadic
signals are each subject to independent sensory noise
before integration, and transsaccadic performance will
be limited exclusively by the amount of sensory noise
introduced by these independent signals. In the late
noise model, noise is assumed to be added after
integration occurs, so that all variability in the response
is added after the signals have been combined. This late
noise could be neuronal noise added to the post-
integration neural circuits, or even later decision or
response noise (Jones, 2016).

Determining whether integration follows the early or
late noise model may provide insight into how pre- and
postsaccadic information is represented: For example,
the early noise model may suggest that pre- and
postsaccadic signals are encoded retinotopically, with
each signal being subject to independent sensory noise
from the relevant neural populations or that saccades
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trigger a reset in the visual system (Bartlett, Ovaysikia,
Logothetis, & Hoffman, 2011; Wutz, Muschter, van
Koningsbruggen, Weisz, & Melcher, 2016; Benedetto,
& Morrone, 2017), leading to independent noise before
and after the saccade. Conversely, the late noise model
may suggest that integration occurs very early, in a
single, spatiotopic channel. By measuring the time-
course of integration, we are also able to test a third
alternative: that the increase in performance in the
transsaccadic condition is merely due to the increased
exposure time of the stimulus in the transsaccadic
condition compared to the pre- or postsaccadic
conditions alone. By comparing transsaccadic perfor-
mance at a certain duration with pre- or postsaccadic
performance for double that duration, we can estimate
whether transsaccadic benefits reflect increased tempo-
ral summation of the stimulus.

Temporal and spatial properties of integration

Most studies that have found optimal integration of
pre- and postsaccadic stimuli have presented both pre-
and postsaccadic stimuli for the approximate time of
the saccade latency in that task (Wolf & Schiitz, 2015;
Hiibner & Schiitz, 2017; Stewart & Schiitz, 2018a;
Stewart & Schiitz, 2018b), or in some cases even longer
for the presaccadic stimulus (Ganmor et al., 2015).
Fabius, Fracasso, and Van der Stigchel (2016) showed,
however, that presaccadic information can be trans-
ferred rapidly across saccades for immediate compar-
ison with a postsaccadic stimulus: An illusory jump
could be perceived after a saccade when a presaccadic
inducer was paired with a postsaccadic inducer shown
for just 16.7 ms after the saccade. Additional ERP
evidence has also shown that a presaccadic stimulus
can affect postsaccadic stimulus processing shortly
after saccade offset (Edwards, VanRullen, & Cava-
nagh, 2017), suggesting that presaccadic information
may be immediately available after the saccade, and
that integration of pre- and postsaccadic information
may occur on a very short time-scale. These studies
primarily examined information transfer where pre-
and postsaccadic information was in the same spatio-
topic location, and Fabius et al. (2016) in particular
showed specifically strong effects when the pre- and
postsaccadic stimuli were presented in the same
spatiotopic coordinates. However, this rapid transfer of
information across the saccade has been observed even
when the pre- and postsaccadic stimuli are presented in
different hemifields, with hemifield-related visual up-
dating being observed from about 50 ms after saccade
offset (Bellebaum & Daum, 2006), and evidence that
visual information can be transferred and updated as
fast as 50-100 ms after saccade offset (Muckli, 2012).
These studies suggest that information can be updated
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quickly at different locations in the visual field;
however, it is unclear whether optimal integration of
pre- and postsaccadic information can also occur on a
similar time-scale, and if optimal integration across
hemifields is possible. A recent study showed that
transsaccadic integration does not vary as a result of
saccade landing distance from the integration target
(Schut et al., 2018). Prime et al. (2005) also found that
spatial information at various locations in the visual
field could be integrated across saccades, suggesting
that integration mechanisms may act in a broader
manner across the visual field.

Overview of experiments

In Experiment 1 we tested presaccadic, postsacca-
dic, and transsaccadic performance at two locations:
either at the saccade target, or at a location halfway
between fixation and target, such that the pre- and
postsaccadic stimuli were presented in different
hemifields. Stimuli were presented for differing dura-
tions before and/or after saccade onset, to determine
the effect of stimulus duration on transsaccadic
performance. This allowed us to compare three
models of integration across the measured time-
course: early noise, late noise, or temporal summation.
In Experiment 2, we directly tested the reference frame
of integration, by testing pre-, post-, and transsaccadic
performance when the pre- and postsaccadic stimuli
appeared in the same spatiotopic location (as in
Experiment 1), and an additional condition when pre-
and postsaccadic stimuli appeared in the same
retinotopic location; that is, the postsaccadic stimulus
was shifted on the screen by the same amount as the
saccade amplitude.

Method
Participants

Twelve participants (one male, 11 female) aged
between 19 and 24 years participated for money or
course credit. All participants were naive as to the
purposes of the experiment and had normal or
corrected-to-normal vision. Ethics approval was ob-
tained from the local ethics commission of the
Department of Psychology of Marburg University
(proposal number 2015-35k), and experiments were
conducted in accordance with the Declaration of
Helsinki (1964).
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Equipment

Stimuli were presented on a 91 X 51 cm back
projection setup with a PROPixx projector from VPixx
Technologies and Stewart Filmscreen screen. This had
a resolution of 1920 X 1080 and a refresh rate of 120
Hz, with a viewing distance of 106 cm. Background
luminance was 70 cd/m?, and the screen was calibrated
to ensure a linear gamma correction. A hotspot
correction was applied to ensure equal luminance
across the screen. Eye movements were recorded with
an Eyelink 1000 (SR Research Ltd., Ontario, Canada)
with a sampling rate of 1000 Hz. Experimental software
was written in MATLAB (MathWorks, Natick, MA)
using the Psychophysics Toolbox (Brainard, 1997; Pelli,
1997). Participants responded using a standard key-
board and mouse.

Stimuli

The central fixation target was a combination of a
bulls-eye and a cross-hair shape (Thaler, Schiitz,
Goodale, & Gegenfurtner, 2013), which on each trial
was randomly presented in a color generated in DKL
color-space (Derrington, Krauskopf, & Lennie, 1984)
with a set Cartesian value of 0.4 in the L + M axis, 0.6
on the L — M axis, and 0 on the S axis, and
randomized polarity to avoid the build-up of after-
images. Placeholders were gray rings with diameter
1.3°, and luminance 55 cd/m?. The saccade target was
a black dot with diameter 0.2°, and luminance 2.08 cd/
m?. Perceptual stimuli were oriented Gabors with a
standard deviation of 0.4° and a spatial frequency of 1
¢/°, oriented either 5° clockwise or counter-clockwise
(Figure 1B). Stimulus contrast was determined prior
to the experiment for each participant. Contrast
thresholds were measured for postsaccadic stimuli for
each location in an identical procedure to postsaccadic
trials in the main experiment, with the postsaccadic
stimulus being presented for 40 ms. This duration was
chosen to optimize performance levels for shorter
stimulus durations. A QUEST procedure was used to
determine a postsaccadic threshold equivalent to a d’
of 1.5. Thresholds were measured in three blocks of 40
trials each, with the final threshold being the mean of
the three blocks. To equate performance across
conditions, for the within-hemifields location: post-
saccadic stimuli were presented at threshold contrast,
and presaccadic stimuli were presented at 2 X the
postsaccadic contrast. For the between-hemifields
location, presaccadic stimuli were presented at 1.2 X
threshold, and postsaccadic stimuli were presented at
2 X the presaccadic contrast. The mask consisted of
band-pass filtered noise with a central frequency of 1
¢/° and Gaussian SD of 0.4°.
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Figure 1. Task procedure and stimuli. (A) Events in a trial. (B) Examples of perceptual stimulus and mask. (C) Stimulus presentation
location for within-hemifields condition and between-hemifields condition. (D) Timeline of events in a trial. (E) Density distribution of

actual stimulus durations across all trials and participants.

Procedure

We tested performance at two locations, with three
eye-movement conditions at each location. In the within-
hemifields condition, the discrimination stimulus ap-
peared in the same location as the eye movement target
(15° eccentricity). We chose this location, because of two
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reasons: First, it resembles natural exploration behavior
where peripheral stimuli are brought onto the fovea by
saccades and second, previous studies already reported
near-optimal integration for that location (Ganmor et

al., 2015; Wolf & Schiitz, 2015; Hiibner & Schiitz, 2017).
Since the foveal representation is split between the two
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hemispheres (Lavidor & Walsh, 2004), some portion of
the postsaccadic stimulus will be mapped into the other
hemisphere than the presacccadic stimulus. However,
this effect is alleviated by the typical undershoot of
saccadic eye movements: For the within-hemispheres
location, the average undershoot across all participants
and conditions was 0.35°. In the between-hemifields
condition, the discrimination stimulus appeared halfway
between fixation and saccade target (7.5° eccentricity),
and 4° above the horizontal meridian (Figure 1C).
Stimulus locations were blocked, and participants were
informed where the stimulus would appear at the start of
each block.

Stimulus duration

For all trials, the perceptual stimulus appeared at an
estimated time of 50 or 80 ms before saccade onset; this
then corresponded to an estimated stimulus duration of
50 or 80 ms. To estimate presentation time, median
saccade latency was calculated across the preceding 20
trials and the stimulus was presented 50 or 80 ms before
this time: For example, if the median saccade latency
was 200 ms, the stimulus would be presented 150 or 120
ms after the saccade target appeared. Due to variability
in the distribution of saccade latencies, the actual
presentation time was distributed across a broad range
of durations (Figure 1E). The estimated presaccadic
duration (50 or 80 ms) was used for presaccadic trials,
postsaccadic trials, and transsaccadic trials to ensure an
even distribution of presentation durations across
conditions.

Presaccadic trials

In presaccadic trials, participants fixated the center of
the screen and pressed the space bar to start. Four
placeholders appeared on the screen. These placeholders
indicated all possible stimulus locations across condi-
tions to reduce spatial uncertainty about where the
stimulus would appear. After a random delay between
1.5 s and 2.5 s, the saccade target (small black dot)
appeared either 15° left or right of the fixation cross
(Figure 1A). The perceptual stimulus (oriented Gabor)
then appeared at the estimated time of 50 or 80 ms
before the median saccade latency. After saccade onset,
the stimulus disappeared and the saccade target alone
was shown for the same duration as the presaccadic
perceptual stimulus; then the mask was presented for the
same presentation duration. Participants then gave a
response as to whether the Gabor was tilted clockwise or
counter-clockwise by using the “+” key on the keyboard
to toggle the orientation of an on-screen bar, and
pressing the “enter” key to make a selection.
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Postsaccadic trials

Postsaccadic trials had the same procedure as
presaccadic trials, except that the saccade target (black
dot) was presented until saccade onset, and after
saccade onset the perceptual stimulus appeared for the
same estimated presentation duration as a presaccadic
stimulus would have been presented in that trial. The
mask appeared directly after presentation of the
perceptual stimulus.

Transsaccadic trials

In transsaccadic trials, the saccade target (black dot)
appeared; then the presaccadic perceptual stimulus
appeared for the estimated presentation duration. After
saccade onset, and once the presaccadic stimulus
duration had elapsed, the postsaccadic perceptual
stimulus appeared for the same duration as the
presaccadic stimulus. Thus for a 50 ms transsaccadic
trial, the pre- and postsaccadic stimuli were both
presented for 50 ms. This switch from pre- to
postsaccadic stimulus therefore happened at a variable
point during the saccade. After the postsaccadic
stimulus, the mask was presented for the same duration
again. Pre- and postsaccadic stimuli had the same
orientation. We also tested an additional condition
where the postsaccadic stimulus was presented counter-
clockwise to the presaccadic stimulus (at an orientation
of 2° clockwise or counterclockwise). Switch trials were
excluded for further analysis as the task difficulty made
it impossible to distinguish between a switch in pre-/
postsaccadic weighting over time or a general increase
in performance from chance level as stimulus duration
increased (see Supplementary File S1).

Exclusions

Trials were excluded if the saccade endpoint was not
within 2 SD of radial distance from the mean endpoint
for each participant; if the saccade latency was below
50 ms, or the saccade latency was above 2 SD from the
median saccade latency for each participant. One
participant was excluded due to lack of data after
exclusions were applied (mean number of data-points
per bin less than 10 in one condition). In total, 28% of
trials were excluded, with a further 4% excluded for
technical reasons: Thus, 14,688 trials across 11 subjects
were included for analysis.

Analyses

Performance was calculated as the d’ of response to
the orientation of the perceptual stimulus. A log-linear
transformation was applied to account for cases where
the performance was either 0% or 100% correct (Hautus,
1995). Performance at each time-bin was calculated using
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Figure 2. Outline of models used for comparison. Early and late noise models of Maximum Likelihood Estimation integration (adapted
from Jones, 2016), and an alternative explanation for integration, whereby the integrated percept is equal to prolonged exposure of

the single pre- or postsaccadic stimulus.

a 40 ms sliding window, and the resulting performance
was smoothed for each participant using a robust local
regression smoother with a moving window of 10 ms
(robust Lowess smoothing) to exclude the effect of local
outliers on the overall performance curve and on model
comparisons (note that this smoothing did not affect
overall model comparison results). Where d’ values were
negative, values were adjusted to 0.

Temporal alignment of stimuli

The presaccadic stimulus switched to the postsaccadic
stimulus when the eye had exceeded 2° and when the
presaccadic stimulus presentation duration had elapsed;
however, the exact time of the switch relative to saccade
onset was variable due to variability in estimated
presaccadic stimulus presentation duration relative to the
saccade. The presaccadic stimulus switched to the
postsaccadic stimulus only after the presaccadic stimulus
had been presented for the entire estimated stimulus
duration for that trial; hence the point during the saccade
where the stimulus switched was variable across trials. To
ensure that the time of the stimulus switch relative to the
saccade was consistent, we temporally aligned the switch
to the middle of the saccade. Saccade duration was
calculated for each participant (to calculate saccade
offset, a linear regression was fitted to the velocity of the
eye at every time point after peak velocity, with a moving
window of 40 ms, and the offset was determined to be the
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first frame where the intercept of the fitted regression was
equal to 0. For each trial, the stimulus switch time was
adjusted to be aligned with the middle of the median
saccade duration for that participant. Median saccade
duration across participants was 46 ms; given the switch
from the pre- to postsaccadic stimulus would happen in
the center of the saccade, analyses for the GAMM are
conducted from 23 ms stimulus presentation duration to
account for the probe at shorter durations being
presented entirely during the saccade. This period is
marked with a shaded gray area in Figures 3 through 7.

Models

We compared two models of integration using
Maximum Likelihood Estimation. The early noise
model assumes that pre- and postsaccadic stimuli are
subject to separate sources of sensory noise before
integration occurs (Figure 2; Jones, 2016):

d;'nt:early = \/ d;ﬁrez + d;(Jstz (1)

The late noise model assumes rather that the pre-
and postsaccadic stimuli are integrated first, and any
noise is added after integration occurs (Jones, 2016):

d/ - d/ + d;Jost (2)

int:late pre

We compared these models with a model of temporal
summation, which assumes that any benefit from
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JPCTTLLLLLEILLLLLT integration occurs because the stimulus is presented for
." double the amount of time in the transsaccadic

0 condition (stimulus is presented both pre- and post-

: saccadically) compared to the pre- or postsaccadic
. conditions alone. If this is the case, performance for a

transsaccadic stimulus presented for a certain duration

(¢) should be equal to performance on either single
stimulus (pre- or postsaccadic) presented for double
that duration (2¢; Figure 2). For example, transsaccadic
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MLE models will be maximal when the individual
percepts are equated, and decrease as performance on
the individual percepts draws further apart. To
illustrate the models, we assume a logistic growth
function for the pre- and postsaccadic performance, to
reflect the experimental data which shows a plateau in
performance (Equation 5).

1) L5

where L. =3, k=0.2, xo =0, and x ranged from —20 to
60. Both early and late noise models predict an increase
in the overall performance level with integration,
whereas the temporal summation model predicts a shift
in performance relative to stimulus duration, but no
overall increase in the level of performance.

Model comparisons

For each participant, model predictions were calcu-
lated for each of the three models: early noise, late
noise, and temporal summation. The Akaike Informa-
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tion Criterion (AIC) was calculated as
AIC = nlog(az) +2K, (6)

where n = the number of time-points included for the
comparison (for example, 1-60 ms), o> = the residual
sum of squares between the predicted performance for
each model and the observed performance in the
transsaccadic condition, and K = the number of free
parameters in the model (0 for all models).

Akaike information weights (w;) were then calculat-
ed as (Equation 7):

exp(—34)
Zf:l exp(— % Ar)

Where A, is the difference between the AIC for any
given model and the minimum AIC for all models being
compared.

Wi =

(7)

Saccade landing error

To ensure that differences between pre-, post-, and
transsaccadic stimuli were not due to differences in
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landing position between the conditions, we compared
saccade landing error (radial error from saccade target)
using a 1 X 3 ANOVA. To provide further evidence for
a null effect of stimulus condition we calculated Bayes
Factors using the BayesFactor package in R, using
default priors (g-prior of variance and Jeffrey’s prior on
effects). Mean landing error for the within-hemifields
condition was presaccadic: 1.00°; post-saccadic: 1.00°%
transsaccadic: 1.01° and for the between-hemifields
condition, pre-saccadic: 1.12° post-saccadic: 1.10°;
transsaccadic: 1.15°. There was no effect of stimulus
presentation condition for the within-hemispheres
condition: F(2, 30)=0.039, p=0.96, BF;,=0.21, or the
between-hemispheres condition: F(2, 30) =0.82, p =
0.45, BF o =0.34.

Results
Temporal profile of integration

Observed vs best single performance: To determine
whether integration had occurred, we compared the
observed transsaccadic performance with the best single
performance (pre- or postsaccadic) at every timepoint.
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We fitted a generalized additive mixed model (using R
package mgcv), with a thin plate regression spline
smoother applied to across the time-course, for each eye-
movement condition (transsaccadic or best-single) and
participant (random smooths with the same factor
smoothing parameters across subjects), and a correction
for auto-correlation at successive time-points. All factors
included in the model are outlined in Table 1. We used
the best-single condition as the baseline for comparison
to compare the overall level of performance between eye
movement conditions, and the change in performance
between conditions over time (difference smooths).
Figure 3C and D shows the difference smooth for the
GAMM, indicating the difference between best single
and transsaccadic performance. The time-points at
which the 95% CI do not contain 0 are considered
significant: in Figure 3C and D when the difference
smooth is less than 0 (shaded pink area), transsaccadic
performance is better than best single performance.
Model estimates are shown in Table 1 for both within-
and between-hemifields conditions.

For the within-hemifields condition, the difference
smooth for duration X eye-movement condition indi-
cated that the difference between best single and
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SE E.df Ref.df T F p value

Within-hemifields, R> = 0.92, deviance explained = 92.5%
Parametric coefficients
Intercept 2.11
Eye-movement condition 0.056
Smooth terms
Stimulus duration
Smooth: duration X eye-movement condition
Random effect: participant
Random smooth: duration X participant
Between-hemifields, R*> = 0.90, deviance explained = 90.3%
Parametric coefficients
Intercept 2.12
Eye-movement condition 0.043
Smooth terms
Stimulus duration
Smooth: duration X eye-movement condition
Random effect: participant
Random smooth: duration X participant

0.13 16.67 <0.0001
0.086 0.66 0.51
6.78 7.17 16.14 <0.001
5.22 6.65 9.1 <0.001
4.01 10 0.67 <0.001
78 98 7.13 <0.001
0.15 14.45 <0.0001
0.069 0.615 0.54
7.05 7.5 18.65 <0.001
8.18 8.84 15.51 <0.001
4.61 10 0.85 <0.001
80.34 98 13.31 <0.001

Table 1. Estimated effects from the GAMM for parametric coefficients, and smooths and random effects, including estimated degrees
of freedom (E.df), reference degrees of freedom (Ref.df), F and p values.

transsaccadic conditions across time was significant, and
transsaccadic performance was significantly better than
best single performance from 42-79 ms. For the
between-hemifields condition, the difference smooth for
duration X eye-movement condition similarly showed
that transsaccadic performance was significantly differ-
ent from best single performance from 55-89 ms. As
stimulus durations below 23 ms would have been
presented entirely within the saccade (Figure 3, gray
shaded area), the actual duration where integration
occurs would be 19-56 ms for the within-hemifields
condition and 32-66 ms in the between-hemifield
conditions. This indicates that an integration benefit
occurs from 42 ms presentation duration in the within-
hemifields condition, and 55 ms presentation duration in
the between-hemifields condition, suggesting that inte-
gration benefits can be observed even when the pre- and
postsaccadic stimuli are only presented briefly. However,
this integration benefit did not continue for the entire
measured time-course. This “end” of integration is likely
due to the plateau in performance as the stimulus
presentation duration was longer: If the best-single
percept reaches a performance level close to maximum
possible performance, then we cannot measure any
integration benefits beyond this maximum. As stimuli
were presented at a contrast threshold measured to
obtain a d' of 1.5 at 40 ms duration, this contrast level
would equate to near-ceiling performance at longer
durations. As the best-single performance reaches the
maximum possible performance level, there is less
potential to measure any better performance from
integration (see Supplementary File S1 for full analysis).
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Model predictions, within-hemifields: We compared the
early noise integration model and late noise integration
model (Figure 2A; Jones, 2016) from the start of the
measured time-course to 79 ms (end of integration
period according to the GAMM). We chose this cut-off
as any improvements in performance after the inte-
gration period could not be measured due to the ceiling
effect in performance (see Supplementary File S1);
thus, the model predictions could not accurately reflect
the data. Figure 5SA shows the measured transsaccadic
performance with the predicted performance from the
early and late models, and the information weights for
each model (Figure 5B). The early noise model fitted
the observed performance better than the late noise
model: mean w; early = 0.76, w; late = 0.24, SD = 0.43
for both models. The early noise model fitted better for
8/11 participants. Given the early noise model more
accurately fitted the data, we then compared this model
with the temporal summation model for the time period
of 1-60 ms: As the measured time-course ended at 120
ms, 60 ms was the maximum point at which trans-
saccadic performance at duration ¢ (60 ms) could be
compared with pre- or postsaccadic performance at
time 2¢ (120 ms). Figure 5C shows the measured
transsaccadic versus predicted performance from the
temporal summation and early noise models. The early
noise model fitted the observed data better than the
temporal summation predictions from presaccadic
performance: w; early =0.74, w; 2 X presaccadic = 0.26,
SD =0.45, 8 of 11 participants, or postsaccadic
performance: w; early =0.73, w; 2 X postsaccadic =0.27,
SD = 0.46, 8 of 11 participants.
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Figure 7. Stimulus and placeholder layout in the spatiotopic and
retinotopic conditions.

Model predictions, between-hemifields: As above,
transsaccadic performance was first compared with the
early and late noise models (Figure 6A). The early noise
model fitted the observed performance better than the
late noise model: w; early = 0.84, w; late =0.16, SD =
0.302, 10 of 11 participants. Figure 6C shows the
measured transsaccadic versus predicted performance
from the temporal summation and early noise models.
The early noise model fitted the observed data better
than the temporal summation model using presaccadic
performance: w; early =0.91, w; 2 X presaccadic = 0.09,
SD =0.301, 10 of 11 participants, and postsaccadic
performance: w; early = 0.83, w; 2 X post-saccadic =
0.17, SD =0.39, 9 of 11 participants.

These results indicate that for both within- and
between-hemifields conditions, the early noise model
predicted transsaccadic performance better that the late
noise model for the majority of participants. This
suggests that the pre- and postsaccadic signals would
each be subject to independent sensory noise, which is
introduced before integration occurs. Furthermore, the
early noise model fits the data better than the temporal
summation model, indicating that the increased per-
formance in the transsaccadic condition is not due to
the increased exposure time of either pre- or post-
saccadic stimuli.

Discussion

The results of Experiment 1 showed that trans-
saccadic integration occurred when stimuli were pre-
sented only briefly, irrespective of whether pre- and
postsaccadic stimuli were processed in the same or the
opposite hemifield. Additionally, the early-noise model
explained transsaccadic performance better than the late
noise, or temporal summation models. This suggests
that noise is added to pre- and postsaccadic stimuli
independently, before integration occurs. This in turn
suggests that pre- and postsaccadic stimuli are either
encoded by separate neural populations, where each
neural population is subject to its own independent
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source of sensory noise or that saccades trigger a reset of
the visual system (Bartlett et al., 2011; Wutz et al., 2016;
Benedetto & Morrone, 2017), such that the noise in pre-
and postsaccadic processing is decorrelated.

In previous studies about the optimality of trans-
saccadic integration, pre- and postsaccadic stimuli were
aligned in external space, i.e., were matched in
spatiotopic coordinates (Ganmor et al., 2015; Wolf &
Schiitz, 2015; Hiibner & Schiitz, 2017; Stewart &
Schiitz, 2018a, 2018b). We conducted a second
experiment where the postsaccadic stimulus was shifted
by the same amount as the saccade amplitude, to
determine whether the same pattern of integration
occurs when pre- and postsaccadic stimuli are encoded
by the same retinotopic neural population.

Method
Participants

Eleven participants (aged between 20 and 30 years)
participated in Experiment 2. Three of these had
previously completed Experiment 1.

Procedure

We tested pre-, post-, and transsaccadic performance
in two conditions: spatiotopic, where the pre- and
postsaccadic stimuli appeared in the same location on
the screen (similar to the between-hemifields condition
in Experiment 1); and retinotopic, where the post-
saccadic stimulus location was shifted by the same
amount as the saccade amplitude (Figure 7). The eye-
movement target was 10° eccentricity. Presaccadic
stimuli were presented at half this eccentricity (5°), at 4°
above the horizontal meridian. In the spatiotopic
condition, postsaccadic stimuli appeared at the same
screen location as presaccadic stimuli. In the retino-
topic condition, postsaccadic stimuli were shifted 10°
(saccade amplitude) relative to the presaccadic stimulus
in the direction of the saccade, thus were presented at
15° eccentricity. Spatiotopic and retinotopic conditions
were blocked, and participants were informed where
the stimulus would appear at the start of each block.
All other methods were identical to those in Experi-
ment 1.

Exclusions

Three participants were excluded as their mean d’
performance was negative for either the spatiotopic or
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Difference curve as in (C) for the retinotopic condition.

retinotopic condition, indicating that they could not do
the task. The same exclusions as in Experiment 1 were
applied to the remaining eight participants. In total
26% of trials were excluded, resulting in 9025 trials
across eight subjects being included for analysis.

Analysis
All analyses were identical to those of Experiment 1.

Results
Temporal profile of integration

Observed versus best single performance: The median
saccade duration across participants was 46 ms. As in
Experiment 1, we used this value to determine that the
period of time where the stimulus would have been
presented entirely during the saccade was 23 ms
(marked in gray in Figure §). To determine whether
integration occurred, we fitted a GAMM, as in
Experiment 1 (Table 2). For the spatiotopic condition,
the parametric coefficient for eye-movement condition
indicates that transsaccadic performance was overall
better than best-single performance. The difference
smooth for duration X eye-movement condition indi-
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cated that the difference between best single and
transsaccadic conditions across time was significant,
and transsaccadic performance was significantly better
than best-single performance from 3045 ms and 58—
119 ms. For the retinotopic condition, the parametric
coefficient for eye-movement condition indicates that
transsaccadic performance was overall worse than best-
single performance. The difference smooth for duration
X eye-movement condition indicated that the difference
between best single and transsaccadic conditions across
time was significant; however, transsaccadic perfor-
mance was significantly worse than best-single perfor-
mance from 55-98 ms. As stimulus durations below 25
ms would have been presented entirely within the
saccade (Figure 8, gray shaded area), the actual
duration where integration occurs would be 7-22 ms
and 35-85 ms for the spatiotopic condition.

These results show that we were able to replicate the
transsaccadic integration benefit in the spatiotopic
condition (as in Experiment 1), but there was no
integration benefit in the retinotopic condition, and
transsaccadic performance was in fact worse than best-
single performance.

Model predictions, spatiotopic condition: As in Experi-
ment 1, we compared transsaccadic performance in the
spatiotopic condition to the early and late noise models
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(Figure 9) from the start of the measured time-course
until 119 ms (end of integration period). The early noise
model fitted the observed performance better than the
late noise model: w; early = 0.75, w; late = 0.25, SD =
0.46, 6 of 8 participants. This again replicates the
results of Experiment 1, suggesting that integration
performance is limited by early, independent noise. We
did not perform the model comparison for the
retinotopic condition, because there was no integration

in that condition, which renders a comparison of
integration models futile.

Discussion

Experiment 2 replicated the results of Experiment 1,
showing that integration occurred in spatiotopic
coordinates from around 30-119 ms presentation
duration. However, the same participants did not show

Model term Estimate SE E.of Ref.df T F p value
Spatiotopic, R*> = 0.86, deviance explained = 87.1%
Parametric coefficients
Intercept 1.86 0.23 8.12 <0.0001
Eye-movement condition 0.27 0.11 2.48 0.013
Smooth terms
Stimulus duration 6.23 6.73 3.94 <0.0001
Smooth: duration X eye-movement condition 7.53 8.53 6.38 <0.0001
Random effect: participant 3.23 7 0.86 <0.0001
Random smooth: duration X participant 56.98 71 11.72 <0.0001
Retinotopic, R? = 0.70, deviance explained = 70.9%
Parametric coefficients
Intercept 2.27 0.19 12.2 <0.0001
Eye-movement condition —0.44 0.20 —2.25 0.025
Smooth terms
Stimulus duration 5.57 6.05 7.74 <0.0001
Smooth: duration X eye-movement condition 2.68 3.59 5.57 0.00045
Random effect: participant 1.43 7 0.26 0.105
Random smooth: duration X participant 53.63 71 5.67 <0.0001

Table 2. Estimated effects from the GAMM for parametric coefficients, and smooths and random effects, including estimated degrees
of freedom (E.df), reference degrees of freedom (Ref.df), F and p values.
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any benefit of integration in the retinotopic condition.
This suggests that integration occurs in spatiotopic but
not retinotopic coordinates.

General discussion

In Experiment 1 we tested pre-, post-, and trans-
saccadic performance for varying stimulus presentation
durations before and/or after the saccade, when the
pre- and postsaccadic stimuli were presented at the
saccade target, or when the stimuli switched hemifields
across the saccade. The results clearly demonstrated
that a transsaccadic benefit can be observed even when
the stimulus is presented very briefly, and this is true
both within and between hemifields. This transsaccadic
performance also followed an early noise model of
integration rather than a late noise or temporal
summation model, showing that transsaccadic perfor-
mance is limited by the addition of early, independent
sensory noise before integration occurs. In Experiment
2, we replicated the experimental and modelling results
from Experiment 1 when pre- and postsaccadic stimuli
were matched in spatiotopic coordinates, but we found
no integration when pre- and postsaccadic stimuli were
matched in retinotopic coordinates. This suggests that
the primary reference frame of transsaccadic integra-
tion is spatiotopic rather than retinotopic.

Early versus late noise

The early noise model of integration fitted trans-
saccadic performance better than the late noise or
temporal summation models, both in the within- and
between-hemifields conditions. As mentioned before,
this finding could be explained by two alternatives:
first, pre- and postsaccadic stimuli might be encoded by
separate, retinotopic neural populations, each subject
to their own source of independent sensory noise.
Second, saccades might trigger a reset of the visual
system (Bartlett et al., 2011; Wutz, Muschter, van
Koningsbruggen, Weisz, & Melcher, 2016; Benedetto &
Morrone, 2017), which leads to a decorrelation of noise
between the processing of the pre- and postsaccadic
stimulus. The finding of Experiment 2, that integration
occurred only in spatiotopic coordinates but not in
retinotopic coordinates, does not distinguish between
these alternatives because even spatiotopic integration
might rely on independent retinotopic channels.

Indeed, there is much evidence to suggest that low-
level feature information such as orientation is encoded
retinotopically in V1 (Engel, Glover, & Wandell, 1997;
Ress & Heeger, 2003); however, it is unclear whether the
subsequent integration of this low-level information may
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also depend on similar retinotopic processes. Had the
late noise model fitted better, this would unanimously
suggest that pre- and postsaccadic information may be
processed by a single, spatiotopic channel, and that the
integration of this information would happen very early
such that the predominant source of noise would occur
after integration. This distinction between whether
integration occurs in spatiotopic or retinotopic coordi-
nates is interesting in the broader context of coordinates
of perceptual stability in general: Many accounts of
perceptual stability argue that perceptual updating
occurs in a spatiotopic reference frame: for example,
spatiotopic updating of information (Fabius et al., 2016)
and memory (Zerr et al., 2017) across saccades, and
adaptation after-effects (Melcher, 2005). However, other
studies suggest that processes underlying perceptual
stability may occur in a more retinotopic manner: For
example, predictive remapping occurs in retinotopic
coordinates (Duhamel, Colby, & Goldberg, 1992), visual
features are preserved and remapped in retinotopic
coordinates (Harrison, Retell, Remington, & Matting-
ley, 2013; Melcher, 2008) and transsaccadic memory and
attention show retinotopic effects (Golomb, Nguyen-
Phuc, Mazer, McCarthy, & Chun, 2010). These
divergent results suggest that both retinotopic and
spatiotopic mechanisms contribute to the perceived
unity and stability of the world, and it is likely that there
is a complex interplay between the two (Burr &
Morrone, 2012). It is also important to consider that
integration may also occur at different stages of
processing, and that this may differ depending on the
complexity and features of the stimuli, and the inherent
physiological differences in encoding the stimuli. For
instance Burr and Morrone (2011) suggest that the
integration that may occur at earlier stages of processing
such as V1 should not be spatiotopic, as V1 encodes
stimuli in retinotopic coordinates. At later stages of
processing, however, for example for features such as
form and motion which may show additional spatio-
topic encoding in MT and MST (d’Avossa et al., 2006;
Crespi et al., 2011), integration could also occur on a
spatiotopic level; nevertheless, note that the issue of
whether MT does in fact encode information in
spatiotopic coordinates is contentious (Gardner, Mer-
riam, Movshon, & Heeger, 2008; Knapen, Rolfs,
Wexler, & Cavanagh, 2010), and it is likely that, similar
to other transsaccadic processes such as the motion
after-effect, there are both spatiotopic and retinotopic
effects present (Ezzati, Golzar, & Afraz, 2008). The
implications of this are twofold: First, different stimulus
features may give rise to different forms of integration,
and second, low-level integration of basic features may
follow this retinotopic, early noise model, whereas
higher-level integration of more complex form or motion
may follow a more spatiotopically defined late noise
model. As the late noise model also predicts greater
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integration benefits than the early noise model (Figure
4), it would perhaps be easier to test integration in these
cases, and to observe greater integration effects. The
current study clearly showed that integration occurred in
spatiotopic but not retinotopic coordinates and also
showed that integration performance, and thus poten-
tially perceptual stability may not rely solely on higher
level perceptual effects that seem to arise spatiotopically,
potentially after integration, but that the low-level
retinotopic representations of the stimuli that occur
before integration are also crucial. Interestingly, Fabius
et al. (2016) showed that integration of information can
occur in spatiotopic coordinates, but also in retinotopic
coordinates (albeit to a lesser extent). This difference
from our results could reflect the different stimuli used:
Whereas our experiment was an orientation detection
task, Fabius et al. (2016) used motion to induce an
illusory jump in the direction of a noise patch. This
difference in integration coordinates could reflect the
coordinates in which the different stimuli (orientation vs.
motion) are encoded. Experiment 2 showed not only a
lack of retinotopic integration, but an additional cost in
transsaccadic compared to best-single performance. This
could be due to the stimulus shift in the retinotopic
condition: When the pre- and postsaccadic stimuli
appear in different spatiotopic coordinates, they may no
longer be grouped as a single object that would benefit
from integration. This may point to the system having a
general assumption of spatiotopic constancy, as ob-
served for instance in saccadic suppression of displace-
ment (Bridgeman et al., 1975; Deubel, Schneider, &
Bridgeman, 1996). Preserving separate representations
of the pre- and postsaccadic stimulus might require
additional resources in attention and working memory
(Schneider, 2013; Poth, Herwig, & Schneider, 2015).

Both models of integration predict that the neuronal
responses to each cue are linearly summed: This is
consistent with the physiological evidence showing that
the integration of sensory signals occurs by the
summation of neuronal signals (Stein & Stanford, 2008),
for example in the superior colliculus (Meredith & Stein,
1983; Stanford, Quessy, & Stein, 2005). An increase in
combined neuronal sensitivity in MSTd neurons has also
been correlated to near-optimal integration according to
the MLE cue-combination model (Gu, Angelaki, &
DeAngelis, 2008): A difference in reliability between the
two cues results in a change in their neural weighting
(Morgan, DeAngelis, & Angelaki, 2008), analogous to
psychophysical studies showing that in cue-combination
the less reliable cue is given less perceptual weighting
(Ernst & Banks, 2002; Alais & Burr, 2004). This shows a
consistency between the model predictions for both
behavioral and physiological data.

It must also be noted that while this study examined
the two extreme cases of either only early noise or only
late noise. In reality it is likely that performance may be
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subject to both early sensory and late decision noise,
which could result in integration performance falling
between the predictions of the early and late noise
models (Saarela & Landy, 2012). However, in the
current study, the predictions for early versus late noise
models were both fairly close to the observed trans-
saccadic performance; hence, it would be impossible to
disentangle the contributions of early versus late noise.
As Jones (2016) notes, this separation of early vs late
noise may not in itself be a trivial task, given factors such
as perceptual learning and evolution of cue combination
strategies, and correlation of noise between the cues.
Indeed, although the early noise model assumes that the
noise associated with each cue is independent, it is likely
that there may be some degree of correlation between
the firing in these neural populations (Salinas &
Sejnowski, 2001). Given, however, that the data fit the
early noise model predictions better, they suggest that
the contribution of late noise, if any, is smaller than that
of early noise, so we can conclude that performance in
this integration task is limited by the addition of early
noise before integration occurs.

Temporal integration of brief signals

This study showed that integration can occur when
the pre- and postsaccadic stimuli are presented for very
short durations. This supports previous evidence that
information can be rapidly updated across saccades
(Fabius et al., 2016), and suggests that optimal
integration can occur on a very short timescale. Thus
far, studies of transsaccadic integration, and especially
optimal transsaccadic integration, have tested stimuli
that are presented for the duration of the saccade
latency or longer (Wolf & Schiitz, 2015; Ganmor et al.,
2015; Hiibner & Schiitz, 2017), but our results show
that integration can also occur when stimuli are only
viewed briefly. This suggests that presaccadic informa-
tion is immediately available for comparison with
postsaccadic information: This idea is consistent with
findings showing that presaccadic information influ-
ences postsaccadic processing shortly after the saccade
(Edwards et al., 2017), and also that presaccadic
information can be used to predict postsaccadic
information (Herwig & Schneider, 2014; Herwig, Weil3,
& Schneider, 2015). These studies again all used longer
pre- and postsaccadic stimulus durations, but the
results of the current study suggest that this presaccadic
information can be utilized postsaccadically even when
stimuli are presented for as brief a duration as 42 ms
before the saccade, so it may be the case that
information presented even briefly before saccade onset
could bias postsaccadic perception. Interestingly,
however, although integration can occur at brief
stimulus durations, this may not be the case for all



Journal of Vision (2019) 19(6):17, 1-19

measures of transsaccadic association: Zimmermann,
Morrone, and Burr (2013) found that the transsaccadic
discrimination of spatial target displacements improves
with longer presaccadic durations, albeit only for large
targets (Collins, 2016; Zimmermann, 2016), and
interpreted this as evidence for a slow build-up of a
spatiotopic representation. This finding is interesting,
as the current study suggests that briefly presented
presaccadic feature information can be used for
integration to achieve a perceptual benefit; however,
brief stimulus presentation may not be useful for
producing a spatially precise stimulus correspondence.
A key difference, however, between these studies is that
in our study, pre- and postsaccadic stimuli always
appeared with the same orientation and at the same
location, whereas in Zimmermann et al. (2013) the
location of the pre- and postsaccadic stimuli had to be
compared and judged: This meant that the presaccadic
stimulus had to be encoded into memory in order to
survive being overwritten by the postsaccadic stimulus,
which may require longer time.

Spatial integration across hemifields

The further finding that we can observe trans-
saccadic integration benefits across hemifields concurs
with previous studies showing that information can
rapidly update across hemifields (Bellebaum & Daum,
2006; Muckli, 2012). More generally, it supports
findings of integration of location information across
the visual field (Prime et al., 2005) as well as a recent
study that found that transsaccadic integration is not
specific to the saccade target (Schut et al., 2018). This is
also in line with evidence suggesting that orientation
adaptation information can be transferred across
hemispheres during a saccade (Zimmermann, Weidner,
Abdollahi, & Fink, 2016).

The pattern of transsaccadic integration following
the early noise model was consistent in the within- and
between-hemifields conditions, and suggests that the
mechanisms underlying integration may be the same
whether pre- and postsaccadic information is presented
in the same or different hemifields. Anatomical
evidence suggests that at the level of early visual
processing, for example V1-V4, targets in different
hemifields are processed independently and retinotopi-
cally (Wandell, Dumoulin, & Brewer, 2007). This
theory fits the early noise hypothesis that pre- and
postsaccadic information are subject to independent
sources of sensory noise for the between-hemifields
condition, as each stimulus would be processed by
separate, retinotopically defined neurons in early visual
cortex. By this logic, given the within-hemifields
condition shows the same pattern of early-noise
integration, these ideas lend weight to the hypothesis
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that the pre- and postsaccadic stimuli at the saccade
target are similarly selected via separate, retinotopic
neural populations.

This integration across hemifields may also give us an
insight into the higher level mechanisms driving the
integration process. For example, hemifield indepen-
dence in attentional processing has been found in
attentive tracking and search tasks (Alvarez & Cava-
nagh, 2005), but only when the task required location
rather than feature-specific attention. Indeed, feature-
based attention was also found to be coordinated across
hemifields whereas location-based attention was inde-
pendent (Cohen & Maunsell, 2011). Transsaccadic
integration has been found to rely on attentional
processes (Stewart & Schiitz, 2018a): Taken together with
the results of the current study that suggest that
integration can occur across hemifields, this finding may
point to integration occurring via a feature-specific
attentional resource that is not hemifield-independent.
This account would agree with studies suggesting that
integration may occur via correspondence of object
representations across a saccade (Irwin, 1996), or that
information is integrated via a feature integration
mechanism (Kahneman, Treisman, & Gibbs, 1992). It is,
however, unclear whether this process may occur by an
automatic integration of the entire visual field, or
whether only areas that are flagged as being attentionally
relevant due to task demand are integrated (Cavanagh,
Hunt, Afraz, & Rolfs, 2010; Stewart & Schiitz, 2018a).

Conclusion

This study showed that transsaccadic integration can
occur even when stimuli are only presented briefly
before and after the saccade, and that this can occur
even when the pre- and postsaccadic stimuli are
presented in different hemifields. Integration occurs
only when pre- and postsaccadic stimuli are presented
in the same spatiotopic but not retinotopic coordinates.
This time-course of integration fits an early noise model
of integration better than late noise or temporal
summation models, suggesting that transsaccadic inte-
gration performance is limited by early, independent
sources of noise that are added to pre- and postsaccadic
sensory signals before integration occurs.

Keywords: transsaccadic integration, saccade, eye
movement, noise

Acknowledgments

This project has received funding from the European
Research Council (ERC) under the European Union’s



Journal of Vision (2019) 19(6):17, 1-19

Horizon 2020 research and innovation program (grant
agreement No 676786). We thank Casimir Ludwig for
helpful comments on an earlier version of the
manuscript and Hannah Walter, Lena Weinert, Julia
Schnitter and Almut Gitter for helping with data
collection. Data are available at https://doi.org/10.
5281/zeno0do0.2656263.

Commercial relationships: none.

Corresponding author: Emma E. M. Stewart.
Email: emma.e.m.stewart@gmail.com.

Address: Experimental and Biological Psychology,
University of Marburg, Marburg, Germany.

Alais, D., & Burr, D. (2004). The ventriloquist effect
results from near-optimal bimodal integration.
Current Biology, 14(3), 257-262, https://doi.org/10.
1016/j.cub.2004.01.029.

Alvarez, G. A., & Cavanagh, P. (2005). Independent
resources for attentional tracking in the left and
right visual hemifields. Psychological Science, 16(8),
637-643, https://doi.org/10.1111/j.1467-9280.2005.
01587.x.

Bartlett, A. M., Ovaysikia, S., Logothetis, N. K., &
Hoffman, K. L. (2011). Saccades during object
viewing modulate oscillatory phase in the superior

temporal sulcus. Journal of Neuroscience, 31(50),
18423-18432.

Bellebaum, C., & Daum, 1. (2006). Time course of
cross-hemispheric spatial updating in the human
parietal cortex. Behavioural Brain Research, 169(1),
150-161, https://doi.org/10.1016/j.bbr.2006.01.001.

Benedetto, A., & Morrone, M. C. (2017). Saccadic
suppression is embedded within extended oscillato-
ry modulation of sensitivity. Journal of Neurosci-
ence, 37(13), 3661-3670.

Brainard, D. H. (1997). The psychophysics toolbox.
Spatial Vision, 10, 433-436.

Bridgeman, B., Hendry, D., & Stark, L. (1975). Failure
to detect displacement of the visual world during
saccadic eye movements. Vision Research, 15(6),
719-722.

Burr, D. C., & Morrone, M. C. (2011). Spatiotopic
coding and remapping in humans. Philosophical
Transactions of the Royal Society B: Biological
Sciences, 366(1564), 504-515, https://doi.org/10.
1098/rstb.2010.0244.

Burr, D. C., & Morrone, M. C. (2012). Constructing
stable spatial maps of the word. Perception, 41(11),
1355-1372, https://doi.org/10.1068/p7392.

Downloaded from jov.arvojournals.org on 02/13/2020

Stewart & Schiitz 17

Cavanagh, P., Hunt, A. R., Afraz, A., & Rolfs, M.
(2010). Visual stability based on remapping of
attention pointers. Trends in Cognitive Sciences,
14(4), 147-153, https://doi.org/10.1016/j.tics.2010.
01.007.

Cicchini, G. M., Binda, P., Burr, D. C., & Morrone, M.
C. (2013). Transient spatiotopic integration across
saccadic eye movements mediates visual stability.
Journal of Neurophysiology, 109(4), 1117-1125,
https://doi.org/10.1152/jn.00478.2012.

Cohen, M. R., & Maunsell, J. H. R. (2011). Using
neuronal populations to study the mechanisms
underlying spatial and feature attention. Neuron,
70(6), 1192—-1204, https://doi.org/10.1016/j.neuron.
2011.04.029.

Collins, T. (2016). The spatiotopic representation of
visual objects across time. Attention, Perception, &
Psychophysics, 78(6), 1531-1537, https://doi.org/10.
3758/s13414-016-1155-y.

Crespi, S., Biagi, L., d’Avossa, G., Burr, D. C., Tosetti,
M., & Morrone, M. C. (2011). Spatiotopic coding
of BOLD signal in human visual cortex depends on
spatial attention. PLoS One, 6(7):€21661.

d’Avossa, G., Tosetti, M., Crespi, S., Biagi, L., Burr, D.
C., & Morrone, M. C. (2006). Spatiotopic selectivity
of BOLD responses to visual motion in human area
MT. Nature Neuroscience, 10(2), 249-255, https://
doi.org/10.1038/nn1824.

Demeyer, M., De Graef, P., Wagemans, J., & Verfaillie,
K. (2009). Transsaccadic identification of highly
similar artificial shapes. Journal of Vision, 9(4):28,
1-14, https://doi.org/10.1167/9.4.28. [PubMed]
[Article]

Derrington, A. M., Krauskopf, J., & Lennie, P. (1984).
Chromatic mechanisms in lateral geniculate nucleus

of macaque. The Journal of Physiology, 357, 241—
265.

Deubel, H., Schneider, W. X., & Bridgeman, B. (1996).
Postsaccadic target blanking prevents saccadic

suppression of image displacement. Vision Re-
search, 36(7), 985-996.

Duhamel, J. R., Colby, C. L., & Goldberg, M. E. (1992,
January 3). The updating of the representation of
visual space in parietal cortex by intended eye
movements. Science, 255(5040), 90-92.

Edwards, G., VanRullen, R., & Cavanagh, P. (2017).
Decoding trans-saccadic memory. Journal of Neu-
roscience, 38(5), 1114-1123, https://doi.org/10.1523/
JNEUROSCI.0854-17.2017.

Engel, S. A., Glover, G. H., & Wandell, B. A. (1997).
Retinotopic organization in human visual cortex

and the spatial precision of functional MRI.
Cerebral Cortex, 7(2), 181-192.


mailto:emma.e.m.stewart@gmail.com
https://doi.org/10.1016/j.cub.2004.01.029
https://doi.org/10.1016/j.cub.2004.01.029
https://doi.org/10.1111/j.1467-9280.2005.01587.x
https://doi.org/10.1111/j.1467-9280.2005.01587.x
https://doi.org/10.1016/j.bbr.2006.01.001
https://doi.org/10.1098/rstb.2010.0244
https://doi.org/10.1098/rstb.2010.0244
https://doi.org/10.1068/p7392
https://doi.org/10.1016/j.tics.2010.01.007
https://doi.org/10.1016/j.tics.2010.01.007
https://doi.org/10.1152/jn.00478.2012
https://doi.org/10.1016/j.neuron.2011.04.029
https://doi.org/10.1016/j.neuron.2011.04.029
https://doi.org/10.3758/s13414-016-1155-y
https://doi.org/10.3758/s13414-016-1155-y
https://doi.org/10.1038/nn1824
https://doi.org/10.1038/nn1824
https://doi.org/10.1167/9.4.28
https://www.ncbi.nlm.nih.gov/pubmed/19757937
https://jov.arvojournals.org/article.aspx?articleid=2193457
https://doi.org/10.1523/JNEUROSCI.0854-17.2017
https://doi.org/10.1523/JNEUROSCI.0854-17.2017

Journal of Vision (2019) 19(6):17, 1-19

Ernst, M. O., & Banks, M. S. (2002, January 24).
Humans integrate visual and haptic information in
a statistically optimal fashion. Nature, 415(6870),
429-433, https://doi.org/10.1038/415429a.

Ernst, M. O., & Biilthoff, H. H. (2004). Merging the
senses into a robust percept. Trends in Cognitive
Sciences, 8(4), 162-169, https://doi.org/10.1016/].
tics.2004.02.002.

Ezzati, A., Golzar, A., & Afraz, A. S. R. (2008).
Topography of the motion aftereffect with and
without eye movements. Journal of Vision, 8(14):23,
1-16, https://doi.org/10.1167/8.14.23. [PubMed]
[Article]

Fabius, J. H., Fracasso, A., & Van der Stigchel, S.
(2016). Spatiotopic updating facilitates perception
immediately after saccades. Scientific Reports, 6:
34488, https://doi.org/10.1038/srep34488.

Ganmor, E., Landy, M. S., & Simoncelli, E. P. (2015).
Near-optimal integration of orientation informa-
tion across saccades. Journal of Vision, 15(16):8, 1-
12, https://doi.org/10.1167/15.16.8. [PubMed]
[Article]

Gardner, J. L., Merriam, E. P., Movshon, J. A., &
Heeger, D. J. (2008). Maps of visual space in human
occipital cortex are retinotopic, not spatiotopic.
Journal of Neuroscience, 28(15), 3988-3999, https://
doi.org/10.1523/JINEUROSCI.5476-07.2008.

Golomb, J. D., Nguyen-Phuc, A. Y., Mazer, J. A.,
McCarthy, G., & Chun, M. M. (2010). Attentional
facilitation throughout human visual cortex lingers
in retinotopic coordinates after eye movements. The
Journal of Neuroscience : The Official Journal of the
Society for Neuroscience, 30(31), 10493—-10506,
https://doi.org/10.1523/JNEUROSCI.1546-10.
2010.

Gu, Y., Angelaki, D. E., & DeAngelis, G. C. (2008).
Neural correlates of multisensory cue integration in
macaque MSTd. Nature Neuroscience, 11(10),
1201-1210, https://doi.org/10.1038/nn.2191.

Harrison, W. J., Retell, J. D., Remington, R. W., &
Mattingley, J. B. (2013). Visual crowding at a
distance during predictive remapping. Current
Biology, 23(9), 793-798, https://doi.org/10.1016/].
cub.2013.03.050.

Hautus, M. J. (1995). Corrections for extreme propor-
tions and their biasing effects on estimated values of
d'. Behavior Research Methods, Instruments, &
Computers: A Journal of the Psychonomic Society,
Inc., 27(1), 46-51, https://doi.org/10.3758/
BF03203619.

Herwig, A., & Schneider, W. X. (2014). Predicting
object features across saccades: Evidence from
object recognition and visual search. Journal of

Downloaded from jov.arvojournals.org on 02/13/2020

Stewart & Schiitz 18

Experimental Psychology: General, 143(5), 1903—
1922, https://doi.org/10.1037/a0036781.

Herwig, A., Weil}, K., & Schneider, W. X. (2015). When
circles become triangular: How transsaccadic pre-
dictions shape the perception of shape. Annals of the
New York Academy of Sciences, 1339(1), 97-105,
https://doi.org/10.1111/nyas.12672.

Hiibner, C., & Schiitz, A. C. (2017). Numerosity
estimation benefits from transsaccadic information
integration. Journal of Vision, 17(13):12, 1-16,
https://doi.org/10.1167/17.13.12. [PubMed] [Article]

Irwin, D. E. (1996). Integrating information across
saccadic eye movements. Current Directions in
Psychological Science, 5(3), 94—100, https://doi.org/
10.1111/1467-8721.ep10772833.

Jones, P. R. (2016). A tutorial on cue combination and
Signal Detection Theory: Using changes in sensi-
tivity to evaluate how observers integrate sensory
information. Journal of Mathematical Psychology,
73, 117-139, https://doi.org/10.1016/j.jmp.2016.04.
006.

Kahneman, D., Treisman, A., & Gibbs, B. J. (1992).
The reviewing of object files: Object-specific inte-
gration of information. Cognitive Psychology, 24(2),
175-219, https://doi.org/10.1016/0010-
0285(92)90007-0.

Knapen, T., Rolfs, M., Wexler, M., & Cavanagh, P.
(2010). The reference frame of the tilt aftereffect.
Journal of Vision, 10(1):8, 1-13, https://doi.org/10.
1167/10.1.8. [PubMed] [Article]

Lavidor, M., & Walsh, V. (2004). The nature of foveal
representation. Nature Reviews Neuroscience, 5(9),
729-735.

Melcher, D. (2005). Spatiotopic transfer of visual-form
adaptation across saccadic eye movements. Current
Biology, 15(19), 1745-1748, https://doi.org/10.1016/
j.cub.2005.08.044.

Melcher, D. (2008). Dynamic, object-based remapping
of visual features in trans-saccadic perception.
Journal of Vision, 8(14):2, 1-17, https://doi.org/10.
1167/8.14.2. [PubMed] [Article]

Meredith, M. A., & Stein, B. E. (1983, July 22).
Interactions among converging sensory inputs in
the superior colliculus. Science, 221(4608), 389-391,
https://doi.org/10.1126/science.6867718.

Morgan, M. L., DeAngelis, G. C., & Angelaki, D. E.
(2008). Multisensory integration in macaque visual
cortex depends on cue reliability. Neuron, 59(4),
662-673, https://doi.org/10.1016/j.neuron.2008.06.
024.

Muckli, P. V. A. L. (2012). Transfer of predictive
signals across saccades, 1-10, https://doi.org/10.
3389/fpsyg.2012.00176/abstract.


https://doi.org/10.1038/415429a
https://doi.org/10.1016/j.tics.2004.02.002
https://doi.org/10.1016/j.tics.2004.02.002
https://doi.org/10.1167/8.14.23
https://www.ncbi.nlm.nih.gov/pubmed/19146324
https://jov.arvojournals.org/article.aspx?articleid=2193284
https://doi.org/10.1038/srep34488
https://doi.org/10.1167/15.16.8
https://www.ncbi.nlm.nih.gov/pubmed/26650193
https://jov.arvojournals.org/article.aspx?articleid=2475387
https://doi.org/10.1523/JNEUROSCI.5476-07.2008
https://doi.org/10.1523/JNEUROSCI.5476-07.2008
https://doi.org/10.1523/JNEUROSCI.1546-10.2010
https://doi.org/10.1523/JNEUROSCI.1546-10.2010
https://doi.org/10.1038/nn.2191
https://doi.org/10.1016/j.cub.2013.03.050
https://doi.org/10.1016/j.cub.2013.03.050
https://doi.org/10.3758/BF03203619
https://doi.org/10.3758/BF03203619
https://doi.org/10.1037/a0036781
https://doi.org/10.1111/nyas.12672
https://doi.org/10.1167/17.13.12
https://www.ncbi.nlm.nih.gov/pubmed/29149766
https://jov.arvojournals.org/article.aspx?articleid=2664176
https://doi.org/10.1111/1467-8721.ep10772833
https://doi.org/10.1111/1467-8721.ep10772833
https://doi.org/10.1016/j.jmp.2016.04.006
https://doi.org/10.1016/j.jmp.2016.04.006
https://doi.org/10.1016/0010-0285(92)90007-o
https://doi.org/10.1016/0010-0285(92)90007-o
https://doi.org/10.1167/10.1.8
https://doi.org/10.1167/10.1.8
https://www.ncbi.nlm.nih.gov/pubmed/20143901
https://jov.arvojournals.org/article.aspx?articleid=2121148
https://doi.org/10.1016/j.cub.2005.08.044
https://doi.org/10.1016/j.cub.2005.08.044
https://doi.org/10.1167/8.14.2
https://doi.org/10.1167/8.14.2
https://www.ncbi.nlm.nih.gov/pubmed/19146303
https://jov.arvojournals.org/article.aspx?articleid=2193254
https://doi.org/10.1126/science.6867718
https://doi.org/10.1016/j.neuron.2008.06.024
https://doi.org/10.1016/j.neuron.2008.06.024
https://doi.org/10.3389/fpsyg.2012.00176/abstract
https://doi.org/10.3389/fpsyg.2012.00176/abstract

Journal of Vision (2019) 19(6):17, 1-19

Oostwoud Wijdenes, L., Marshall, L., & Bays, P. M.
(2015). Evidence for optimal integration of visual
feature representations across saccades. The Journal
of Neuroscience: The Official Journal of the Society
for Neuroscience, 35(28), 10146-10153, https://doi.
org/10.1523/JINEUROSCI.1040-15.2015.

Pelli, D. (1997). The VideoToolbox software for visual
psychophysics: Transforming numbers into movies.
Spatial Vision, 10, 437-442.

Poth, C. H., Herwig, A., & Schneider, W. X. (2015).
Breaking object correspondence across saccadic eye
movements deteriorates object recognition. Fron-
tiers in Systems Neuroscience, 9(e37888), 395410,
https://doi.org/10.3389/fnsys.2015.00176.

Prime, S. L., Niemeier, M., & Crawford, J. D. (2005).
Transsaccadic integration of visual features in a line
intersection task. Experimental Brain Research,
169(4), 532-548, https://doi.org/10.1007/s00221-
005-0164-1.

Ress, D., & Heeger, D. J. (2003). Neuronal correlates of
perception in early visual cortex. Nature Neurosci-
ence, 6(4), 414-420, https://doi.org/10.1038/nn1024.

Saarela, T. P., & Landy, M. S. (2012). Combination of
texture and color cues in visual segmentation.
Vision Research, 58(C), 59-67, https://doi.org/10.
1016/j.visres.2012.01.019.

Salinas, E., & Sejnowski, T. J. (2001). Correlated
neuronal activity and the flow of neural informa-
tion. Nature Reviews Neuroscience, 2(8), 539—550,
https://doi.org/10.1038/35086012.

Schneider, W. X. (2013). Selective visual processing
across competition episodes: A theory of task-
driven visual attention and working memory.
Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences, 368:
20130060-20130060, https://doi.org/10.1098/rstb.
2013.0060.

Schut, M. J., Van der Stoep, N., Fabius, J. H., & Van
der Stigchel, S. (2018). Feature integration is
unaffected by saccade landing point, even when
saccades land outside of the range of regular
oculomotor variance. Journal of Vision, 18(7):6, 1-
17, https://doi.org/10.1167/18.7.6. [PubMed]
[Article]

Stanford, T. R., Quessy, S., & Stein, B. E. (2005).
Evaluating the operations underlying multisensory
integration in the cat superior colliculus. Journal of
Neuroscience, 25(28), 6499-6508, https://doi.org/10.
1523/ JNEUROSCI.5095-04.2005.

Stein, B. E., & Stanford, T. R. (2008). Multisensory

integration: Current issues from the perspective of
the single neuron. Nature Reviews Neuroscience,

9(4), 255-266, https://doi.org/10.1038/nrn2331.

Downloaded from jov.arvojournals.org on 02/13/2020

Stewart & Schiitz 19

Stewart, E. E. M., & Schiitz, A. C. (2018a). Attention
modulates trans-saccadic integration. Vision Re-
search, 142, 1-10, https://doi.org/10.1016/j.visres.
2017.11.006.

Stewart, E. E. M., & Schiitz, A. C. (2018b). Optimal
trans-saccadic integration relies on visual working
memory. Vision Research, 153, 70-81, https://doi.
org/10.1016/j.visres.2018.10.002.

Thaler, L., Schiitz, A. C., Goodale, M. A., &
Gegenfurtner, K. R. (2013). What is the best
fixation target? The effect of target shape on
stability of fixational eye movements. Vision Re-
search, 76, 31-42, https://doi.org/10.1016/j.visres.
2012.10.012.

Wandell, B. A., Dumoulin, S. O., & Brewer, A. A.
(2007). Visual field maps in human cortex. Neuron,
56(2), 366383, https://doi.org/10.1016/j.neuron.
2007.10.012.

Wittenberg, M., Bremmer, F., & Wachtler, T. (2008).
Perceptual evidence for saccadic updating of color
stimuli. Journal of Vision, 8(14):9.

Wolf, C., & Schiitz, A. C. (2015). Trans-saccadic
integration of peripheral and foveal feature infor-
mation is close to optimal. Journal of Vision, 15(16):
1, 1-18, https://doi.org/10.1167/15.16.1. [PubMed]
[Article]

Wutz, A., Muschter, E., van Koningsbruggen, M. G.,
Weisz, N., & Melcher, D. (2016). Temporal
integration windows in neural processing and
perception aligned to saccadic eye movements.
Current Biology, 26(13), 1659—1668.

Zerr, P., Gayet, S., Mulder, K., Pinto, Y. X. R., Sligte,
I., & Van der Stigchel, S. (2017). Remapping high-
capacity, pre- attentive, fragile sensory memory.
Scientific Reports, 7(1):15940, https://doi.org/10.
1038/s41598-017-16156-0.

Zimmermann, E. (2016). Spatiotopic buildup of saccade
target representation depends on target size. Journal
of Vision, 16(15):11, 1-8, https://doi.org/10.1167/16.
15.11. [PubMed] [Article]

Zimmermann, E., Morrone, M. C., & Burr, D. C.
(2013). Spatial position information accumulates
steadily over time. The Journal of Neuroscience,
33(47), 18396-18401, https://doi.org/10.1523/
JNEUROSCI.1864-13.2013.

Zimmermann, E., Weidner, R., Abdollahi, R. O., &
Fink, G. R. (2016). Spatiotopic adaptation in visual
areas. The Journal of Neuroscience: The Official
Journal of the Society for Neuroscience, 36(37),
9526-9534, https://doi.org/10.1523/INEUROSCI.
0052-16.2016.


https://doi.org/10.1523/JNEUROSCI.1040-15.2015
https://doi.org/10.1523/JNEUROSCI.1040-15.2015
https://doi.org/10.3389/fnsys.2015.00176
https://doi.org/10.1007/s00221-005-0164-1
https://doi.org/10.1007/s00221-005-0164-1
https://doi.org/10.1038/nn1024
https://doi.org/10.1016/j.visres.2012.01.019
https://doi.org/10.1016/j.visres.2012.01.019
https://doi.org/10.1038/35086012
https://doi.org/10.1098/rstb.2013.0060
https://doi.org/10.1098/rstb.2013.0060
https://doi.org/10.1167/18.7.6
https://www.ncbi.nlm.nih.gov/pubmed/30029270
https://jov.arvojournals.org/article.aspx?articleid=2688243
https://doi.org/10.1523/JNEUROSCI.5095-04.2005
https://doi.org/10.1523/JNEUROSCI.5095-04.2005
https://doi.org/10.1038/nrn2331
https://doi.org/10.1016/j.visres.2018.10.002
https://doi.org/10.1016/j.visres.2018.10.002
https://doi.org/10.1016/j.visres.2012.10.012
https://doi.org/10.1016/j.visres.2012.10.012
https://doi.org/10.1016/j.neuron.2007.10.012
https://doi.org/10.1016/j.neuron.2007.10.012
https://doi.org/10.1167/15.16.1
https://www.ncbi.nlm.nih.gov/pubmed/26624936
https://jov.arvojournals.org/article.aspx?articleid=2474367
https://doi.org/10.1038/s41598-017-16156-0
https://doi.org/10.1038/s41598-017-16156-0
https://doi.org/10.1167/16.15.11
https://doi.org/10.1167/16.15.11
https://www.ncbi.nlm.nih.gov/pubmed/27936274
https://jov.arvojournals.org/article.aspx?articleid=2593047
https://doi.org/10.1523/JNEUROSCI.1864-13.2013
https://doi.org/10.1523/JNEUROSCI.1864-13.2013
https://doi.org/10.1523/JNEUROSCI.0052-16.2016
https://doi.org/10.1523/JNEUROSCI.0052-16.2016

	Introduction
	Experiment 1
	f01
	e01
	e02
	f02
	e03
	e04
	f03
	f04
	e05
	e06
	e07
	f05
	f06
	t01
	Experiment 2
	f07
	f08
	f09
	t02
	General discussion
	Conclusion
	Alais1
	Alvarez1
	Bartlett1
	Bellebaum1
	Benedetto1
	Brainard1
	Bridgeman1
	Burr1
	Burr2
	Cavanagh1
	Cicchini1
	Cohen1
	Collins1
	Crespi1
	dAvossa1
	Demeyer1
	Derrington1
	Deubel1
	Duhamel1
	Edwards1
	Engel1
	Ernst1
	Ernst2
	Ezzati1
	Fabius1
	Ganmor1
	Gardner1
	Golomb1
	Gu1
	Harrison1
	Hautus1
	Herwig1
	Herwig2
	Hubner1
	Irwin1
	Jones1
	Kahneman1
	Knapen1
	Lavidor1
	Melcher1
	Melcher2
	Meredith1
	Morgan1
	Muckli1
	OostwoudWijdenes1
	Pelli1
	Poth1
	Prime1
	Ress1
	Saarela1
	Salinas1
	Schneider1
	Schut1
	Stanford1
	Stein1
	Stewart1
	Stewart2
	Thaler1
	Wandell1
	Wittenberg1
	Wolf1
	Wutz1
	Zerr1
	Zimmermann1
	Zimmermann2
	Zimmermann3

