The Journal of Neuroscience, May 21, 2014 - 34(21):7351-7360 - 7351

Behavioral/Cognitive
Integrating Retinotopic Features in Spatiotopic Coordinates
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Schepens Eye Research Institute, Massachusetts Eye and Ear Infirmary, Department of Ophthalmology, Harvard Medical School, Boston, Massachusetts
02114

The receptive fields of early visual neurons are anchored in retinotopic coordinates (Hubel and Wiesel, 1962). Eye movements shift these
receptive fields and therefore require that different populations of neurons encode an object’s constituent features across saccades.
Whether feature groupings are preserved across successive fixations or processing starts anew with each fixation has been hotly debated
(Melcher and Morrone, 2003; Melcher, 2005, 2010; Knapen et al., 2009; Cavanagh et al., 2010a,b; Morris et al., 2010). Here we show that
feature integration initially occurs within retinotopic coordinates, but is then conserved within a spatiotopic coordinate frame indepen-
dent of where the features fall on the retinas. With human observers, we first found that the relative timing of visual features plays a
critical role in determining the spatial area over which features are grouped. We exploited this temporal dependence of feature integra-
tion to show that features co-occurring within 45 ms remain grouped across eye movements. Our results thus challenge purely feedfor-
ward models of feature integration (Pelli, 2008; Freeman and Simoncelli, 2011) that begin de novo after every eye movement, and
implicate the involvement of brain areas beyond early visual cortex. The strong temporal dependence we quantify and its link with
trans-saccadic object perception instead suggest that feature integration depends, at least in part, on feedback from higher brain areas

(Mumford, 1992; Rao and Ballard, 1999; Di Lollo et al., 2000; Moore and Armstrong, 2003; Stanford et al., 2010).
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Introduction

Our visual experience depends on how the brain integrates
visual information into a coherent percept. Recently there has
been intense focus on the spatial relationships among visual
objects that determine how those objects are represented in
early brain areas (Levi, 2008; Pelli, 2008; Pelli and Tillman,
2008; Whitney and Levi, 2011). To discriminate visual objects
from one another, the visual system must attribute each ob-
ject’s constituent features appropriately. Features from a sin-
gle object must be grouped and simultaneously separated
from the features of nearby objects. Failures of accurate fea-
ture integration are particularly obvious in peripheral vision:
despite being easily identified when presented alone, a target
object in the periphery can be difficult to identify when dis-
tractor objects closely surround it (Bouma, 1970; Pelli and
Tillman, 2008). A widely held account of such “visual crowd-
ing” is that the phenomenon arises because visual features are
integrated in early visual cortex (Parkes et al., 2001): when
crowding occurs, features of nearby objects are irreversibly
integrated; when crowding is absent, they are segmented. Fig-
ure 1 demonstrates the critical spatial dependence of visual
grouping. Fixate each left dot: features of the letter U are
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integrated with features of the flanking letters in the upper
image, but segmented from them in the lower image.

Although studies of visual crowding have thus far described
how the spatial relationships among objects determine their dis-
criminability, far less attention has been devoted to how the ele-
mentary features of visual objects are integrated over time and
across saccadic eye movements. Eye movements pose a funda-
mental challenge to the visual system because neurons in early
brain areas that process visual features have receptive fields an-
chored in retinotopic coordinates (Hubel and Wiesel, 1962). Fol-
lowing an eye movement, the receptive fields of such neurons
necessarily represent a different area of space than before the eye
movement. For visual features to be integrated across eye move-
ments, therefore, information must be integrated across time as
well as different parts of the retinas. However, under prominent
models of crowding, this is unlikely to occur because feature
integration involves feedforward interactions that depend only
on the current retinal positions of features (Pelli, 2008; Freeman
and Simoncelli, 2011). The few investigations of trans-saccadic
integration of featural information have led to conflicting results,
and so it remains unclear whether or not visual processing starts
anew following each fixation (Melcher and Morrone, 2003;
Melcher, 2005, 2007; d’Avossa et al., 2007; Gardner et al., 2008;
Afraz and Cavanagh, 2009; Knapen et al., 2009, 2010; Morris et
al., 2010; Demeyer et al., 2011; Harrison et al., 2013b; Mathot and
Theeuwes, 2013).

Critical spacing, the spatial boundary within which features
become crowded, is a sensitive measure to understand the ways in
which the brain integrates visual features (Pelli and Tillman,
2008; Harrison et al., 2013a, 2014). In the present study, we de-
vised a paradigm in which we exploited visual crowding to test the
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Figure 1. Visual crowding. When fixating the upper spot, the central letter U on the right is
difficult to identify because the flanking letters fall within its critical spacing, and features
within this area are inappropriately integrated. When fixating the lower spot, the U can be
identified more easily because the flanking letters fall outside this compulsory integration zone.

critical timing of feature integration (Experiment 1), as well as
trans-saccadic perception (Experiment 2).

Materials and Methods

Overview of experiments. In all experiments, an observer’s task was to
report the orientation of a target letter while we manipulated the distance
between the target and flanking distractor letters. Critical spacing was
calculated as the target—flanker separation at which target identification
accuracy was 62.5%. In Experiment 1, we measured how critical spacing
is affected by the timing of a target relative to the flankers. As outlined in
Figure 2, there were three timing conditions for the target and flankers:
(1) synchronous onsets and offsets (i.e., standard crowding; Fig. 2A), (2)
asynchronous onsets (Fig. 2B), or (3) asynchronous offsets (Fig. 2C). Itis
important to note that, in all conditions, the target and flankers were
presented concurrently for 58 ms. In the onset-asynchrony condition
(Fig. 2B), we extended the duration of the flankers such that their onset
preceded the target’s, while the target and flanker offsets remained syn-
chronous. In the offset-asynchrony condition (Fig. 2C), flanker dura-
tions again varied, but the flanker offsets lagged the target offset, while the
target—flanker onsets were synchronous.

In Experiment 2, we tested whether the effects of relative timing on
critical spacing are preserved across eye movements. We therefore mea-
sured critical spacing immediately after observers executed a goal-
directed saccade (see Fig. 5A). In all trials, the target and flankers were
presented concurrently for 58 ms following the eye movement. In half the
trials, the flankers’ onset before the saccade at the screen position corre-
sponding to their postsaccadic locations. In these trials, flanker onsets
were asynchronous to the target, but, due to the intervening saccade,
these preceding flankers occupied retinal coordinates that were different
from the postsaccade flankers that surrounded the target. We were thus
able to assess whether temporal dependencies of crowding operate in a
retinotopic (eye centered) or a spatiotopic (world centered) frame of
reference.

Observers. Five experienced psychophysical observers (three females),
including both authors, participated in Experiments 1 and 2. Four ob-
servers from Experiment 1 plus an additional observer participated in the
eye-movement experiment. The five observers from Experiment 1 par-
ticipated in the spatial and temporal uncertainty control experiments,
while the authors participated in the eye-movement control experiment.
With the exception of the authors, all participants were naive to the
purposes of the experiments. All had normal or corrected-to-normal
vision.

Experimental setup. Stimuli and eye tracking were programmed with
the Psychophysics Toolbox Version 3 (Brainard, 1997; Pelli, 1997) and
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Eyelink Toolbox (Cornelissen et al., 2002) in Matlab (MathWorks).
Head position was fixed with a head and chin rest positioned 57 cm from
a widescreen Viewsonic VX2265wm LCD monitor (1680 X 1050 pixels,
120 Hz). For fixation compliance in all experiments and for gaze-
contingent stimulus control, eye movements were recorded at 500 Hz
using an EyeLink 1000 (SR Research). The latency of the monitor was 8
ms, measured with an optical transient recorder OTR-3 (Display-
Metrology & Systems). The eye tracker was calibrated using the native
nine-point calibration routine before the first trial, and every 80 trials
during the experiment. Calibration was also performed if, at the start of a
trial, an observer’s gaze deviated vertically or horizontally from the initial
fixation point by >2° for >2s.

Crowding stimuli and procedure. Examples of the stimulus configura-
tion and temporal design are shown in Figure 2. Stimuli were presented
on a uniform gray background (luminance, 42 cd/m?). Relative to the
background luminance, the white fixation spot and letter stimuli were 70
and 45% Michelson contrast, respectively. Probe and flankers were Sloan
letters adjusted to a size of 0.5 X 0.5° to ensure the edge-to-edge (and
center-to-center) distance from the probe to each horizontal flanker was
equal to the distance from the probe to each vertical flanker. The probe
was the letter U oriented north, south, east, or west, positioned at an
eccentricity of 9° always in the right visual field and positioned on the
horizontal meridian. To serve as flankers, four letters were randomly
drawn without replacement from a set of 17 letters (A, B, D, E, F, H, 1, ],
L, K, M, N, P, R, S, T, and V) on each trial. The center-to-center target—
flanker distance was selected from one of nine possible distances pseu-
dorandomly to ensure the same sample size for each distance. The
minimum distance was 0.75°, and greater distances ranged in half-degree
steps from 1 to 4.5°. Each trial began with the onset of the fixation spot
(0.2° width) in the center of the display. After a random latency, drawn
from a normally distributed time interval (u = 750 ms, o = 125 ms), the
probe and/or flankers appeared. Following the offset of the letter stimuli,
the fixation spot remained on the screen. An observer was required to
make a response by pressing one of four buttons (up, down, left, or right,
corresponding to the target orientation) in order for the next trial to
begin, and could take a break by delaying a response. Each condition was
tested in a separate session of ~10 min duration, and each participant
completed 2160 trials.

In separate blocks counterbalanced across observers, we manipulated
the onset or offset timing of the flankers relative to the target, which was
always presented for 58 ms (Fig. 2). For trials in which there was an
asynchronous onset (Fig. 2B), the flanker onset preceded the target onset
by 17-450 ms, but their offset was synchronous. Conversely, for trials in
which there was an asynchronous offset (Fig. 2C), the flanker offset
lagged the target offset by 17—450 ms, but their onset was synchronous.
So, for example, if there was an onset asynchrony of 50 ms, the flankers’
total duration was 108 ms: flankers were displayed for 50 ms, then the
target stimulus was displayed with the flankers for 58 ms, and all stimuli
would offset together. With an offset asynchrony of 50 ms, the flankers’
total duration was also 108 ms: the target and flankers onset synchro-
nously, and after 58 ms the target only would offset while the flankers
were displayed for a further 50 ms. Although the duration of the flankers
covaried with asynchrony, the total flanker durations were matched
across onset-asynchrony and offset-asynchrony conditions. Therefore
any difference in performance between onset-asynchrony and offset-
asynchrony conditions must involve an interaction with the relative tim-
ing of the target.

Eye-movement experiment. The basic design of this experiment is
shown in Figure 5A. Following the displacement of a fixation spot, ob-
servers were required to make a saccade to the center of the display and to
judge the orientation of the crowded target presented immediately fol-
lowing the eye movement. To measure critical spacing, we used the same
method as for Experiment 1. Because four of the five observers had
previously completed many testing sessions for Experiment 1, we in-
creased the target eccentricity to 11° to mitigate the effect of any percep-
tual learning, which otherwise could have resulted in floor effects.

We measured critical spacing under two conditions: one in which the
execution of a saccade triggered the onset of the target and flankers
(“postsaccade” condition; see Fig. 5A, left column), and one in which the
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Figure 2.  Schematic overview of temporal sequences of displays from Experiment 1. In all conditions, an observer’s task was to fixate the spot and identify the orientation of the middle U. 4,

Standard crowding, in which the target and flankers’ onsets and offsets were synchronous. 4, B, In two other conditions, we varied the onset time of the flankers relative to the target (B), or the offset
time of the flankers relative to the target (C). Note that, as designated by the thick black frames in each display sequence, the target and flankers appeared concurrently for 58 ms in all conditions.
As shown by the dotted frames in B and C, we increased the duration of the flankers by a variable amount to introduce an onset asynchrony or offset asynchrony, respectively. Movie 1 shows a
demonstration of the effects of onset and offset asynchrony on the discriminability of a crowded letter.

flankers appeared before the saccade, and the execution of a saccade
triggered the onset of the target only (“trans-saccade” condition; see Fig.
5A, right column). Note that in both conditions the target was presented
with the flankers at the end of the eye movement, the retinal coordinates
of the target and flankers were matched across conditions, and all stimuli
offset synchronously in both conditions.

Other details of Experiment 2 were as follows. The fixation spot initially
appeared at 7.4° below the center of the display. The trial continued after an
observer’s gaze remained within a 2 X 2° region of the fixation spot for >500
ms, or else a gaze calibration was performed. After correct fixation was re-
corded by the eye tracker, the flankers were presented for trans-saccade trials,
or, for postsaccade trials, the screen remained blank except for the fixation
spot. Following a further 450 ms, the fixation spot jumped to the center of the
display, requiring the observer to execute a saccade to remain fixated on the
spot. When a saccade was detected by the eye tracker (the observer’s gaze
deviated from the initial fixation position by >2°), the probe and flankers
were presented for 58 ms. The observer was then required to make a re-
sponse. Observers completed 360 trials per condition.

Control experiments. We conducted two control experiments to test
the extent to which spatial and temporal cues could account for the
changes in crowding observed in Experiment 1. In the onset asynchrony
conditions in Experiment 1, flankers provided information about the
target location (the target would always be presented at the midpoint of
the four flankers) and the approximate onset time of the target. This
advance information may have resulted in changes in target identifica-
tion accuracy relative to standard crowding (Posner et al., 1980). In the
first control experiment, therefore, we retained the same spatial cues as
the 450 ms onset-asynchrony and offset-asynchrony conditions, but we
introduced a change in flanker identity during each trial: the left-right
and top—bottom positions of the horizontal and vertical flankers, respec-
tively, were reversed when the probe onset in the onset-asynchrony con-
dition, and when the probe offset in the offset-asynchrony condition.
With this manipulation, position information was matched with Exper-
iment 1, but the visual features surrounding the target were different
from those that preceded or lagged the target in the onset-asynchrony
and offset-asynchrony conditions, respectively.

We ran a temporal uncertainty control experiment to rule out the
possibility that temporal cues altered critical spacing in Experiment 1.
The target—flanker distance was varied as outlined for Experiment 1 to
allow comparison with those conditions. However, when the flankers
were displayed in the absence of the target (during the asynchronous
periods), they were shifted to 7.5° from the target. In this experiment,
therefore, temporal cues were matched with Experiment 1, but the mov-
ing flankers disrupted any spatial cueing.

Finally, we conducted an eye-movement control experiment in which
we tested the extent to which crowding was affected by saccade-induced
motion transients. In Experiment 2, there were differences in retinal
motion across conditions: in the trans-saccade condition, the saccade
introduced retinal motion that was absent in the postsaccade condition.
For this control experiment, therefore, we repeated the eye-movement
experiment, but blanked off the flankers in the trans-saccade condition
before the saccade so that there was no retinal motion of the flankers
during the saccade. Thus, for both the trans-saccade and postsaccade
conditions, the target and flankers appeared abruptly only at the end of
the saccade. We used a method described in detail previously (Hunt and
Cavanagh, 2011; Harrison et al., 2013a) to estimate each observer’s aver-
age saccade latency so that, for trans-saccade trials, we could offset the
flankers before saccade onset. Timing of trials was as described above for
the eye-movement experiment. For both conditions, detection of the
saccade triggered the onset of the target and flankers. Target eccentricity
was 11°, and six target—flanker separations (0.75, 1, 1.5, 2.5, 4.5, and 8°)
were tested with equal probability across conditions. Each observer com-
pleted 288 trials per condition. On average, the flankers offset 54 = 8 ms
before each saccade. Trials in which the flankers offset after saccade onset
were discarded (12.5% of trials for P.J.B., 8.7% of trials for W.J.H.).

Statistical analyses. Critical spacing was taken as the midpoint of the
psychometric function (the target—flanker spacing giving 62.5% correct
target identifications), fit with Psignifit 3.0 (Friind et al., 2011). Confi-
dence intervals (Figs. 3, 4) were also computed using Psignifit, which
corrects for biases in psychometric analyses (Wichmann and Hill, 2001).
To model temporal integration thresholds for each observer, we fit a
standard cumulative Gaussian function to critical spacing data measured
over the different onset and offset asynchronies. Confidence intervals
were generated via standard bootstrapping procedures described in de-
tail previously (Efron and Tibshirani, 1993). In brief, we resampled with
replacement the original data 2000 times, calculated the corresponding
2000 critical spacing values for each condition shown in Figure 3B, and fit
each bootstrapped set of data with a Gaussian function, producing a
distribution of 2000 temporal integration thresholds. From this distribu-
tion of thresholds, the 2.5th and 97.5th quantiles were taken as 95%
confidence intervals.

For the gaze-contingent experiment, a trial was excluded if the saccade
endpoint deviated horizontally from the target by >2° or deviated verti-
cally by >4°. Trials were also excluded if the probe appeared >5 ms
following the end of the saccade. This time was far below the temporal
threshold required for a leading-flanker advantage reported in Experi-
ment 1 (Fig. 3C), and thus the reduction in critical spacing in the trans-
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Figure3. (Critical spacing depends on the relative timing of features. 4, Proportion correct as

a function of target—flanker spacing for three conditions in Experiment 1. Data are from a
representative ohserver. Proportion correct for each condition is shown as different symbols, as
denoted in the inset legend. The solid, dashed, and dotted curves show psychometric function
fits for the standard crowding, onset asynchrony, and offset asynchrony conditions, respec-
tively. Data here are for the 450 ms asynchrony conditions. B, Mean critical spacing as a function
of the onset and offset asynchrony of features. Onset and offset asynchronies are shown as
negative and positive values on the x-axis, respectively. Time 0 shows ritical spacing with
synchronous target and flanker onsets and offsets. The solid line is a fitted cumulative Gaussian
function, from which the SD was taken as the temporal integration threshold. Error bars show
=1 SE. €, Median temporal integration thresholds. Data points are the SDs of Gaussians and
show the time over which features are bound into objects for five subjects and the group. Error
bars are 95% bootstrapped confidence intervals.

saccade condition of Experiment 2 (Fig. 5B) cannot be attributed to a
retinotopic alignment of leading flankers and the subsequent probe.

Results

Experiment 1: feature integration depends on relative timing
We first established that critical spacing is highly sensitive to
asynchronies in the onset and offset times of nearby features
(Movie 1). This novel finding allowed us to test trans-saccadic
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perception in Experiment 2. An observer’s task was to fixate a
spot in the center of the display and report the orientation of the
letter U presented at 9° eccentricity to the right of fixation. We
systematically varied the distance of flanking letters to compute
critical spacing (see Materials and Methods). In addition to mea-
suring critical spacing when target and flanker onset and offset
times were synchronous, as per standard crowding, we measured
critical spacing when the relative onset and offset times of target
and flankers were asynchronous (Fig. 2). In all conditions, the
target letter and nearby flankers were displayed concurrently for
an equal duration (58 ms). In temporally asynchronous condi-
tions, flanker onsets preceded the target onset (onset asynchrony;
Fig. 2B), or flanker offsets lagged the target offset (offset asyn-
chrony; Fig. 2C).

The relative timing of target and flankers strongly affected the
critical spacing of crowding. Accuracy data for a representative
observer are shown in Figure 3A. The open square symbols and
solid curve show proportion correct and psychometric fit, respec-
tively, for the standard crowding condition. As expected (Bouma,
1970), the proportion of correct target identifications depended
on the distance between target and flanking letters: accuracy de-
clined with reductions in target-flanker spacing. Data and fit for
the 450 ms onset-asynchrony condition are plotted as leftward
triangle symbols and the dashed curve, whereas data and fit for
the 450 ms offset-asynchrony condition are plotted as rightward
triangles and the dotted curve. Note that the dashed and dotted
curves are displaced from the solid curve in opposite directions.
Therefore, flankers that preceded the target and those that lagged
the target resulted in diametrically opposed changes in crowding
relative to when onsets and offsets were synchronous.

We took the midpoint of each psychometric function as the
critical spacing of crowding (see Materials and Methods). For the
group, critical spacing with synchronous features was 1.5 = 0.1°
(mean * SEM; Fig. 3B, time 0). Expressed as a proportion of
target eccentricity (Bouma, 1970), ¢, this is a critical spacing of
0.17 ¢. Although critical spacing is often approximated as 0.5 ¢
when observers are required to discriminate between multiple
potential target letters (Bouma, 1970; Pelli et al., 2004), it is com-
mon for observers to have interactions zones closer to 0.1 ¢ when
discriminating the orientation of a single letter (Levi et al., 2002;
Harrison et al., 2014), as was the case in the present study. When
there was an onset asynchrony of 450 ms such that the flankers
onset before the target, critical spacing decreased by almost 50%
to 0.8 = 0.1° suggesting that the target was more easily seg-
mented from the flankers than during standard crowding. In
stark contrast to this leading-flanker advantage, temporally asyn-
chronous offsets increased critical spacing by 33%: when flankers
offset 450 ms after the target, critical spacing was 2.0 * 0.3°. The
flanker durations were matched across asynchrony conditions,
and so the variable flanker durations alone cannot account for the
opposing facilitatory and inhibitory effects. Similarly, because the
same target—flanker distances were tested across conditions, and
the target appeared concurrently with the flankers for the same
duration across all conditions, a model in which features are
combined according to their spatial proximity alone (Pelli, 2008)
cannot account for these changes in critical spacing. Instead, our
data show that critical spacing strongly depends on the relative
timing of target and flankers.

We quantified the temporal window of feature integration by
fitting a cumulative Gaussian to critical spacing data measured
across the range of temporal asynchronies shown in Figure 3B.
This function models the time over which the leading-flanker
advantage and lagging-flanker disadvantage in critical spacing
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occur. A temporal integration threshold is defined as the SD of
the function (see Materials and Methods). As shown by the gray-
filled data points in Figure 3C, there was a relatively large amount
of variation across individuals’ threshold estimates. In particular,
participant M.K.’s threshold meant our data were highly skewed;
whereas the other four observers’ thresholds range was restricted
to between 10 and 55 ms. The source of this individual variability
remains an open question, but there are large idiosyncratic dif-
ferences in the spatial profile of crowding between observers
(Petrov and Meleshkevich, 2011), and there could also be large
idiosyncratic differences in the temporal profile of crowding. De-
spite these individual differences, the range of the 95% confi-
dence intervals around the median threshold was relatively
restricted. For all observers, the median threshold was 45 ms,
with 95% confidence intervals ranging from 20 to 64 ms (Fig. 3C,
open circle). Therefore features are integrated or segmented on
average within a 45 ms window: when flankers onset before the
target, the target is easily segmented from the already-integrated
flankers, increasing its discriminability. Features of a target and
flankers with a common onset are integrated, impairing target
individuation as in standard crowding. Flankers lagging the tar-
get by >45 ms (on average) continue to interfere with target
segmentation.

It is possible that the reduction in crowding in the onset-
asynchrony condition resulted from a change in the visibility of
the flankers due to their longer duration, rather than the tempo-
ral asynchrony per se. That is, when the flankers’ onset preceded
the target by 450 ms, their extended duration may have made
them more (or less) visible, resulting in a reduction in critical
spacing (Fig. 3B, left-most data point). This is unlikely because
flankers with the same duration caused more crowding in the
offset-asynchrony condition (Fig. 3B, right-most data point).
Nonetheless, we ruled out this possibility with a control condi-
tion in which we presented the target and flankers for 500 ms with
synchronous onsets and offsets. In this case, the absolute dura-
tion of the flankers was the same as in the temporally asynchro-

n Q [] spatial uncertainty control
"""""" <> temporal uncertainty control

(ritical spacing from Experiment 1and two control experiments. A-D, All points show group means (n = 5) with 95%
bootstrapped confidence intervals. The dotted region extending across columns is the confidence interval for the standard crowd-
ing condition (58 ms target—flanker duration, with synchronous onset and offset) to allow easy comparison across conditions. 4,
(ritical spacing when target—flanker onsets and offsets were temporally synchronous. This point is equivalent to time 0 in Figure
3B. B, With 500 ms stimulus duration, critical spacing was significantly greater when target—flanker onsets and offsets were
synchronous than when their onsets were asynchronous (compare D, circle). Therefore, the absolute durations of flankers alone
cannot account for the change in critical spacing in asynchronous conditions. €, D, Results from conditions in which the target and
flankers offset (C) and onset (D) with a temporal asynchrony of 450 ms. Experiment 1 data (circles) are replotted from Figure 3B.In
the spatial uncertainty control experiment (squares), the identities of the flankers changed at the target onset for the onset-
asynchronous condition, or at target offset for the offset-asynchronous condition. In the temporal uncertainty control experiment
(diamonds), the flankers moved position before the target onset in the onset-asynchrony condition, or after the target offset in the
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nous condition with 450 ms asynchrony,
but there was no target—flanker asyn-
chrony because the duration of the target
was also 500 ms. The mean critical spacing
for this condition is plotted in Figure 4B.
For comparison, we replotted data from
the standard crowding condition, the 450
ms offset-asynchrony condition, and the
450 ms onset-asynchrony condition as
circular symbols in Figure 4A, C, and D,
respectively. Compared with the onset-
asynchrony condition (Fig. 4D, circle),
critical spacing was significantly greater
when target and flankers were presented
synchronously for 500 ms (Fig. 4B; p < 0.05,
bootstrapped). This result reveals that the
magnitude of crowding can be reduced
more by a stimulus onset asynchrony than
by an increase in the duration of the
crowded target.

Spatial and temporal uncertainty
control experiments

In two control experiments, we confirmed
that the critical spacing of feature integra-
tion depends on an interaction between
the relative timing of features and their
spatial configuration. In Experiment 1, it is possible that flankers
that preceded the target could have altered critical spacing by
reducing uncertainty about the impending target position (Ye-
shurun and Rashal, 2010). To test this hypothesis, we ran a con-
trol experiment in which the spatial configuration of stimuli was
the same as Experiment 1, but the identities of the flankers were
changed at the target onset. For example, if the letter F was a
flanker while the target was displayed, its identity was different
(e.g., aJ) when the target was not displayed. This manipulation
ensured that the spatial cuing information conveyed by asyn-
chronous flankers matched Experiment 1. Therefore, if the
changes in critical spacing with asynchronous flankers in Exper-
iment 1 were due to changes in spatial uncertainty, this control
experiment should produce the same pattern of results.

Despite advance position information cues being the same,
critical spacing with leading flankers that changed identities was
significantly greater compared with leading flankers that did not
change identities (Fig. 4 D, square vs circle, respectively). That is,
reducing spatial uncertainty alone is not sufficient to alter critical
spacing. A recent study similarly found that, when used in com-
bination with a spatial cue indicating the upcoming target loca-
tion, flanker previews led to a narrower critical spacing than a
preview of the flanker locations (Scolari et al., 2007); however,
our results from Experiment 1 together with those from this con-
trol experiment reveal that spatial cues are neither necessary nor
sufficient to explain the leading-flanker advantage. Furthermore,
with leading flankers that changed identities, critical spacing was
no different than when target—flanker onsets were synchronous
(Fig. 4A, D). This result makes it unlikely that advance informa-
tion played a role in the reduction of critical spacing with onset
asynchronies in Experiment 1, and instead indicates that an
abrupt change in feature identities interrupts feature segmenta-
tion and/or restarts feature integration. In the offset-asynchrony
condition, critical spacing increased significantly when flankers
changed identities compared with when flanker identities were
unchanged (Fig. 4C, square vs circle, respectively). This result
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Figure 5.

Nonretinotopic feature integration in crowding. A, Example gaze-contingent displays used to test whether the flanker onset-asynchrony advantage in crowding transfers across eye

movements. In both conditions, observers were required to execute a saccade (arrow) to remain fixated on the spot. The eye movement triggered the onset of the flanked target, which was the same
in both conditions. Note that the target and flankers were presented concurrently after the saccade at the same retinal coordinates in both conditions (solid black frames). In the postsaccade
condition, all stimuli appeared only after the completion of the saccade. In the trans-saccade condition, flankers were presented in the spatiotopic, but not retinotopic, positions they would assume
when the target was presented (dotted black frame). Thus, flankers preceded the saccade and remained on the screen until the offset of the target. B, Critical spacing measurements for five observers
are plotted on the left axis, and the postsaccade minus trans-saccade critical spacing difference for each observer and the group is plotted on the right axis. Note that the critical spacing values shown
here are greater than those in Figure 3 because observers had to concurrently perform the saccade task, and the target was presented at a greater eccentricity than previous experiments (Bouma,
1970). Individuals’ error bars show 1 SD, while the error bars around the mean show 95% confidence intervals. Asterisk indicates that the mean reduction in critical spacing was statistically significant

(the lower and upper 95% confidence intervals were 0.05 and 2.21°, respectively).
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Movie 1.  Binding temporally asynchronous features into letters. When the viewer watches
the video while fixating the blue spot, the letters on the right side of the display are easily
identified while those on the left are barely visible. These differences in discriminability occur
despite the spatial arrangements and stimulus durations being identical for the left and right
streams; only the relative timing of the featural elements differs. This video demonstrates that
the visual system relies on the relative timing of visual features to group those features into a
coherent object.

again shows that the flankers’” position information alone is in-
sufficient to drive the results found in Experiment 1.

In a second control experiment, we ruled out temporal uncer-
tainty as affecting observers’ performance in Experiment 1. In
this experiment, we measured critical spacing with asynchronous
onsets and offsets with the timing of stimuli identical to the 450
ms conditions in Experiment 1. Critically, we moved the flankers
during the asynchronous period relative to when the target and
flankers were displayed together (see Materials and Methods).
That is, we changed the spatial configuration of stimuli, but re-
tained the same temporal cues present in Experiment 1. By com-
paring critical spacing with moving flankers versus critical
spacing with static flankers, we were able to assess the degree to
which temporal cues affect critical spacing.

All participants from Experiment 1 participated in this control
experiment so we could directly compare critical spacing with
motion transients (Fig. 4C,D, diamonds) against critical spacing
with standard flankers (Fig. 4A, circles). These new data clearly
fall within the confidence interval of standard crowding (with a
58 ms target duration) from Experiment 1; critical spacing with
moving flankers was not different from critical spacing during

standard crowding. Thus, temporal uncertainty alone cannot ac-
count for the results presented in Experiment 1.

To summarize the results of Experiment 1, we found a reduc-
tion in critical spacing, the area over which features are inte-
grated, when flankers onset before the target onset, whereas we
found an increase in critical spacing when flankers offset after the
target offset. Neither the flanker duration nor spatial and tempo-
ral cuing by the flankers can account for these results. The
changes in crowding require an asynchrony of ~45 ms, although
there are large individual differences in this value.

Experiment 2: The coordinate frame of temporal
feature integration
In Experiment 1, we found that the visual system uses the relative
timing of visual features to determine the area over which fea-
tures are integrated. This finding allowed us to test trans-saccadic
feature integration in Experiment 2. We tested whether temporal
feature integration transfers across eye movements. To date,
there has been no strong evidence that visual features are inte-
grated across saccades (Cavanagh et al., 2010a), leaving open an
explanation for how our subjective experience of visual objects
goes uninterrupted across shifts of gaze (Krauzlis and Nummela,
2011). Recent evidence suggests that immediately before a sac-
cade, visual processing is altered in a way that predicts where
features will fall on the retinas (Dorr and Bex, 2013; Harrison et
al., 2013b), making it unlikely that visual processing starts de novo
following a saccade. If feature integration occurs solely at early
levels of the visual system where neurons’ receptive fields are
anchored in retinotopic coordinates (Pelli, 2008; Freeman and
Simoncelli, 2011), an eye movement that shifts features on the
retinas should disrupt feature integration. Alternatively, if feature
integration involves brain areas that represent objects according
to their positions in external space (Duhamel et al., 1997), tem-
poral integration should continue across shifts of gaze position.
Observers executed a goal-directed saccade and then reported
the orientation of a crowded target presented immediately fol-
lowing the saccade (Fig. 5A). The postsaccadic target was flanked
by distractors at the same retinal locations across conditions. In
one block of trials, only the fixation spot was present until imme-
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diately after the saccade, at which time the target and flankers
were presented (“postsaccade” condition). In a separate block of
trials, flankers were also displayed before the saccade (“trans-
saccade” condition). Across conditions, therefore, the target and
flankers were retinotopically matched following the saccade. Im-
portantly, in the trans-saccade condition, the leading flankers
were mismatched in retinotopic coordinates relative to their
postsaccade positions, but were matched in their spatiotopic
(world-centered) coordinates. If temporal feature integration ex-
clusively involves retinotopic brain areas in the early stages of
visual processing, critical spacing should not vary systematically
between these conditions. Alternatively, if temporal integration
can operate in nonretinotopic coordinates, we may observe a
leading flanker advantage in the trans-saccadic condition.

As shown in Figure 5B, critical spacing was significantly less in
the trans-saccade condition than the postsaccade condition for
all observers. That is, following the eye movement, observers’
ability to discriminate a target surrounded by flankers depended
on what they viewed before the saccade. Therefore, immediately
following a saccade, feature integration did not start anew; the
trans-saccade flankers facilitated target segmentation. Experi-
ment 2 reveals that feature integration does not depend solely on
the retinotopic position of features because the retinotopic prox-
imity of target and flankers was matched across trans-saccade and
postsaccade conditions.

Retinal motion control experiment

In a control experiment, we tested whether trans-saccade integra-
tion occurs in the absence of saccade-induced retinal motion. In
Experiment 2, we found that critical spacing was lower in the
trans-saccade condition, in which flankers appeared before a sac-
cade, than in the postsaccade condition, in which target and
flankers appeared postsaccade. The difference in critical spacing
could have been at least partly driven by motion transients in the
trans-saccade condition caused by the eye movement shifting the
flankers across the retinas. We conducted a control experiment
that removed saccade-induced motion transients: we compared
the same conditions as in Experiment 2, except the flankers in the
trans-saccade condition were blanked off before the onset of the
saccade. This eliminated any retinal motion of the flankers during
the eye movement. In the postsaccade and trans-saccade condi-
tion, the target and flankers onset at the end of the saccade.
Therefore, during and following the eye movement, retinal input
was the same across conditions. In the trans-saccade condition
only, flankers were displayed before the saccade at the screen
position corresponding to their postsaccade location.

As shown in Figure 6A, the psychometric fits for the trans-
saccade condition are shifted to the left of the fits for the
postsaccade condition. Therefore, critical spacing was less in
the trans-saccade condition than in the postsaccade condition
for both observers (Fig. 6B). These results likely underestimate
the benefit of a presaccadic flanker preview in the trans-
saccade condition, because saccadic remapping processes are
strongest within 50 ms before a saccade (Duhamel et al., 1992;
Rolfs et al., 2011; Jonikaitis et al., 2013). In our experiment,
flankers switched off ~54 ms before the saccade (see Materials
and Methods), and therefore before the peak of remapping.
Nonetheless, results from this experiment reveal that presac-
cadic flankers facilitate postsaccadic target segmentation, even
when the flankers are not visible during the saccade.
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Figure 6.  Trans-saccade integration in the absence of saccade-induced retinal motion. 4,
Proportion correct and psychometric fits for the eye-movement control experiment for two
observers. Data for the postsaccade and trans-saccade conditions are shown as open and filled
symbols, respectively, while fits are shown as dotted and solid lines, respectively. B, Critical
spacing for each observer (filled symbols) and the mean (open symbol). Error bars show 95%
confidence intervals.

Discussion
We investigated how visual features are integrated across time
and eye movements. Our data show that visual features are inte-
grated over a rapid time course and over a spatial region that can
change with feature timing and with eye movements. By quanti-
fying changes in the spatial extent of crowding over time, we
showed that the area over which features are integrated is highly
dynamic within a 45 ms window. When a target onset was tem-
porally asynchronous relative to surrounding features, we ob-
served improved target discrimination even when the retinotopic
position of the target features mismatched the preceding features
because of an intervening saccade. Thus, perception does not
require that features remain in the same retinotopic coordinates,
but instead visual features can be integrated across eye move-
ments, facilitating trans-saccadic object perception. Our results
challenge standard models of feature binding that depend exclu-
sively on the retinotopic receptive fields of neurons in early visual
areas (Pelli, 2008). The temporal integration window we defined
suggests that the integration of features depends not only on the
spatial proximity of early visual neurons by which the features are
coded, but also on the relative timing of those features.
Researchers have previously demonstrated that perceived
space is sometimes compressed around the time of saccadic eye
movements (Honda, 1989; Ross et al., 1997). Although others
have exploited such perceptual mislocalizations to backward
mask or unmask targets across saccades (De Pisapia et al., 2010),
such misperceptions of space cannot account for our data. Cic-
chini et al. (2013) found that a brief stimulus flashed just before a
saccade is misperceived as appearing at the position of a postsac-
cadic reference stimulus. In Experiment 2, we presented stimuli
before and after a saccade in the trans-saccade condition but not
the postsaccade condition, raising the possibility that positions of
stimuli were perceived differently across our conditions. How-
ever, based on the findings of Cicchini et al., it is unlikely the
position of stimuli were misperceived in the trans-saccade con-
dition of our experiment for two reasons. First, the flankers onset
~450 ms before the saccade, well before mislocalizations occur.
Second, following the saccade, the flankers remained displayed in
the same screen coordinates as before the saccade, and thus the
postsaccadic reference would anchor the presaccadic flankers to
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veridical screen coordinates. For multiple reasons, it is also un-
likely that the stimuli in the postsaccade condition of Experiment
2 were mislocalized. First, stimuli that are visible after the saccade
are barely mislocalized (Ross et al., 1997; Lappe et al., 2000).
Second, complex stimuli that are present immediately after a
saccade, as in our postsaccade condition, act as a stable reference
by which other stimuli are judged (Deubel et al., 1996, 1998). And
finally, misperceptions would cause stimuli to appear closer to
the fovea (Kaiser and Lappe, 2004), and reduce the perceived
eccentricity of the target. Because the magnitude of crowding
depends on the perceived rather than the physical location of
stimuli (Dakin et al., 2011), such misperceived stimuli would
thus be expected to result in less crowding in the postsaccade
condition than the trans-saccade condition, which is opposite to
our result.

The present study helps to explain previously reported data.
Our observation that integration and segmentation occur within
50 ms explains the recent finding that visual crowding is invariant
at display presentation durations of >250 ms (Wallace et al,,
2013). When we extended the target—flanker stimulus duration to
500 ms, we found a reduction in crowding compared with a 58 ms
stimulus (Fig. 3A,B). Tripathy and Cavanagh (2002) also found
that the extent of crowding was greater with a stimulus duration
of 13-27 ms compared with 360 ms. The effect of stimulus dura-
tion on crowding must therefore saturate between ~58 and 250
ms. Furthermore, our data help to explain “visual marking,” the
reduction of search times in visual search experiments following
a preview of a subset of distractor items before target onset (Wat-
son and Humphreys, 1997). Under these conditions, our data
reveal that the previewed distractors are likely segmented from
other elements appearing later in the display, resulting in reduced
search times (Vlaskamp and Hooge, 2006). Indeed, the mini-
mum distractor preview time required for facilitated search in
visual marking experiments is similar to the feature integration
times found here.

The results from the first control experiment confirm that
flankers that outlast the target affect feature integration, and this
is exacerbated by a change in flanker identity (Fig. 4C). Similar
changes in target identification accuracy as a function of relative
timing have been reported for object substitution masking (Enns
and Di Lollo, 1997; Di Lollo et al., 2000). However, object substi-
tution is distinct from crowding. In contrast to crowding, object
substitution masking is independent of the target-mask separa-
tion and, to degrade target identification accuracy, multiple tar-
gets need to be presented on each trial (Di Lollo et al., 2000). In
our experiments, observers always knew the upcoming target lo-
cation, which would prevent object substation masking, and,
furthermore, crowding is obviously highly dependent on the tar-
get—mask (i.e., target—flanker) separation. Our finding that asyn-
chronous offsets led to an increase in critical spacing for
crowding emphasizes that the spatial area over which features are
integrated is flexible and involves a strong temporal component.
Thus, the temporal dependence of crowding may require similar
feedback mechanisms as those that are thought to be involved in
object substitution masking (Di Lollo et al., 2000), and this feed-
back may be important for trans-saccadic vision. We discuss the
role of feedback below.

The apparent spatiotopy of feature binding found in the pres-
ent study is likely mediated by brain areas that alter visual pro-
cessing predictively of eye movements (Duhamel et al., 1992;
Sommer and Wurtz, 2008) in anticipation of where features will
be shifted on the retinas (Harrison et al., 2013b). Importantly, the
dynamic properties of remapping neurons negate the need for
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visual features themselves to be explicitly represented in spatio-
topic coordinates. Brain areas with remapping neurons may be
part of a network involving object recognition areas, such as the
lateral occipital complex (Malach et al., 1995), and visual mem-
ory areas, such as the intraparietal sulcus (Xu and Chun, 2006).
Oculomotor brain areas specify the position of an object in spa-
tiotopic coordinates (Duhamel et al., 1997), or rapidly update the
retinotopic coordinates with each saccade (Duhamel et al., 1992;
Rolfs et al., 2011), and could thus link an object’s position and
identity via reciprocal neural connections (Moore and Arm-
strong, 2003; Cavanagh et al., 2010a). Indeed, the activity of neu-
rons in the frontal eye fields, an oculomotor control center,
discriminates between a target and distractor in <30 ms (Stan-
ford et al., 2010), corresponding closely to the temporal integra-
tion threshold found in the present study.

Our data are thus consistent with re-entrant models of vision
(Mumford, 1992; Rao and Ballard, 1999; Di Lollo et al., 2000), in
which information from higher brain areas is fed back to alter
low-level visual processing and object perception (Moore and
Armstrong, 2003; Demeyer et al., 2011). Feedback processes have
been implicated in crowding previously (Yeshurun and Rashal,
2010; Harrison et al., 2013a, 2013b), as well as in feature integra-
tion more generally (Bouvier and Treisman, 2010). Together, our
results suggest that re-entrant processing helps to group and seg-
ment features in nonretinotopic coordinates. In natural environ-
ments in which our vision is densely cluttered, these processes
could facilitate the detection of changes within objects to which
we attend across saccades (Cavanaugh and Wurtz, 2004). Im-
proved target discrimination in the trans-saccade condition may
be achieved via suppressed activity in V4 neurons resulting from
the rapid changes in the retinal signal across eye movements
(Motter, 2006). Motter showed that transient signals in V4 can be
suppressed when the timing of a flashed stimulus matches the
expected time course of changes in inputs across eye movements.
It is possible, therefore, that the flankers in the trans-saccade
condition were effectively suppressed following the saccade, re-
leasing the target from crowding. Furthermore, changes in the
firing rates of V1 neurons over a wide spatial range can distin-
guish activation caused by an eye movement from the movement
of a visual stimulus, which is signaled by changes in local firing
rates immediately following a saccade (Kagan et al., 2008). These
complimentary processes may be capable of making the target
letter more salient in the trans-saccade condition than in the
postsaccade condition, because in the trans-saccade condition
only, a global change of the presaccadic flankers shifting on the
retinas was followed by the local onset of the target. Our temporal
manipulation can be applied easily to neuroimaging techniques
to address the underlying mechanisms.

We found that the relative timing of visual features plays a
critical role in determining how the visual system groups those
features. Changes in feature integration over time continue when
visual features are displaced on the retinas. Our study thus shows
that feature binding does not start anew following shifts of gaze
position, and helps to explain why our perception of visual ob-
jects goes uninterrupted despite eye movements constantly shift-
ing the image on the retinas.
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