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Paris, France
CNRS (Laboratoire Psychologie de la Perception,
UMR 8242), Paris, France

$
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The phenomenon of visual stability is classically
explained by an internal forward model predicting the
sensory consequences of an eye movement based on
efference copy. However, this model cannot explain why
some object displacements go undetected, a
phenomenon that may depend on a passive prior belief
that the world is stable. With reverse correlation, we
investigated saccadic suppression of displacement and
found that transsaccadic correspondence operates
differently depending on the position of the postsaccadic
visual target relative to the primary landing position;
when the signal falls within the extent of primary
saccadic scatter, observers are less able to remap
accurately. Furthermore, we observed that the neural
representations driving perceptual and saccadic
decisions are similar when saccading to a target, but that
the representations driving transsaccadic
correspondence are different from those driving
secondary saccades.

Introduction
When we explore the world around us, our retinal
signals change with each saccadic eye movement. Yet
we perceive the world as stable. The classic explanation
for visual stability is that presaccadic positions are
remapped to postsaccadic coordinates, where the
mapping itself is an active process that requires
information about the eye position or displacement.
This information is assumed to be derived from the
efference copy of the motor command that alerts
sensory cortices to upcoming feedback (Helmholtz &
Southall, 1962; Sperry, 1950; von Holst & Mittelstaedt,
1950). This efference copy provides input to an internal

forward model that predicts the sensory consequences
of the motor act. These predictions are compared with
the actual sensory consequences. In this way, sensory
signals from external stimuli can be distinguished from
reafferent signals (Wolpert & Miall, 1996). However,
the classic explanation gets into trouble if object
displacement across a saccade is not detected. The
phenomenon of saccadic suppression of displacement
(SSD) occurs when a visual stimulus is displaced during
the saccade. Depending on the observer, displacements
as large as 10% to 30% of the saccade amplitude may
go unseen. The retinal displacement differs in amplitude from that of the efference copy, so it should not go
unnoticed (Bridgeman, Hendry, & Stark, 1975). Deubel, Bridgeman, and Schneider (2004) suggested a
modiﬁcation of the classic efference-copy explanation
of visual stability, according to which stability requires
a zero sum of retinal and internal signal, and suggested
instead that a null hypothesis or a passive prior belief
that the world is stable was also at play (Deubel et al.,
2004; Niemeier, Crawford, & Tweed, 2003).
Wexler and Collins (2014) showed that an irrelevant
displacement of the target orthogonal to saccade
direction unmasks displacements parallel to saccade
direction, and therefore relieves SSD. Similarly, inserting a task-irrelevant temporal blank between the
saccade and the target displacement also relieves SSD
(Deubel, Schneider, & Bridgeman, 1996). These results
suggest that visual stability arises from an interplay
between the efference copy and the null hypothesis.
When the postsaccadic target position falls within an
elliptic region roughly equivalent to saccadic variability, displacements are not seen and stability is assumed.
When the displacements fall outside this region, as with
orthogonal steps, displacements are seen and positions
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are remapped (Wexler & Collins, 2014). This ‘‘window
of uncertainty’’ is also limited in time and disappears
within about 200 ms postsaccade (Deubel et al., 2004).
Niemeier et al. (2003) showed that optimal transsaccadic integration can explain SSD given noisy
sensory signals and an assumption that stationary
objects seldom jump exactly during saccades. The a
priori information that the visual world does not move
just during a saccade and the sensorimotor information
consisting of the retinal signal and the efference copy
are integrated in the fashion of a tug-of-war in which
the optimal percept is pulled away from the sensorimotor information towards the prior (Niemeier et al.,
2003).
Another often-reported perceptual phenomenon that
occurs around the time of saccades is perisaccadic
compression (Bischof & Kramer, 1968; Lappe, Awater,
& Krekelberg, 2000; Morrone, Ross, & Burr, 1997).
The perceived location of point targets ﬂashed just
before saccade onset are compressed towards the
saccade landing position. Explanations of perisaccadic
compression usually involve an imperfect efference
copy that develops slowly, starting shortly before the
saccade. Other explanations reject the involvement of
an eye-movement signal, since similar compression
effects have been demonstrated in a ﬁxation condition
with moving stimuli (Ostendorf, Fischer, Gaymard, &
Ploner, 2006), and no compression occurs when a
saccade is planned but not executed (Atsma, Maij,
Corneil, & Medendorp, 2014). Whatever the case may
be, perisaccadic compression is not directly comparable
to SSD. Indeed, in perisaccadic compression, all of the
relevant visual information needed to perform the task
occurs presaccadically and in the same reference frame
(retinotopic), and the ﬂash location has to be reconstructed from memory. In SSD, the task is by design
transsaccadic and must be performed in a spatiotopic
reference frame.
In this study, we apply classiﬁcation-image (CI)
analysis to investigate SSD. CI analysis, a form of
reverse correlation—that is, cross-correlating noise
input with a system’s output (Abbey & Eckstein, 2002;
Ahumada, 2002; Ahumada & Lovell, 1971; Murray,
Bennett, & Sekuler, 2002; Neri & Levi, 2006)—is used
to estimate behavioral perceptive ﬁelds of psychological
mechanisms. CI analysis is not only a unique tool to
visualize what stimulus features an observer is using to
perform a psychophysical task; it also uncovers the
internal representations of perception in noisy environments. Therefore, it provides us with richer data sets
than metrics based on performance alone, such as
percentage correct. A CI can best be treated as a
behavioral measure, like a threshold (albeit more
complex), that can be used to test the predictions of
competing theories of visual processing (Murray, 2011).
Although this technique is common in vision and
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audition, it has been rarely applied to study eye
movements, and more speciﬁcally, it has never been
applied to SSD. In our study, we aim to understand
how retinally disparate locations of an object are
matched across a saccade. This is an inherently spatial
question, and so CI analysis is particularly adapted to
our question.
Panichi, Burr, Morrone, and Baldassi (2012) applied
CI analysis successfully to probe the spatiotemporal
structure of perceptive ﬁelds during perisaccadic
remapping, providing a potential mechanism for
integrating stimuli across saccades. Another study
(Eckstein, Beutter, Pham, Shimozaki, & Stone, 2007)
estimated behavioral perceptive ﬁelds of the visual
mechanisms responsible for perceptual and saccadic
responses during a visual search task. Results showed
that the behavioral perceptive ﬁelds mediating the
perceptual decisions are indistinguishable from those
driving the oculomotor decisions, suggesting that
similar neural mechanisms are responsible for both
perception and oculomotor action during search. For
motor control of eye movements, several studies have
suggested that pathways for perception and oculomotor control might overlap (at least partially). For
instance, signals encoding the direction of target
motion that drive steady-state pursuit and concurrent
perceptual judgments may emanate from a shared
ensemble of cortical neurons (Stone & Krauzlis, 2003).
And when errors in perception and pursuit on a trialby-trial basis were compared, there was no correlation
between perceptual and eye-movement errors, but
oculometric and psychometric performance were similar, suggesting that the motor system and perception
share the same constraints in their analysis of motion
signals but act independently and have different noise
sources (Gegenfurtner, Xing, Scott, & Hawken, 2003).
The aim of our study was to visualize the entire
process of perceptual and saccadic behavior, step by
step, in an SSD task. In this task, observers make a
saccade to a presaccadic target that is displaced during
saccade execution and report the direction of displacement (left or right). More speciﬁcally, we investigated how postsaccadic CIs relate to primary-saccade
endpoints. Previous work with indirect methods
suggests that perceptual performance in the SSD task
correlates with the extent of the primary-saccade
endpoint scatter; the more the scatter, the shallower the
slope of the psychometric function and consequently
the lower the performance (Niemeier et al., 2003, 2007;
Wexler & Collins, 2014). In the case of spatial
uncertainty, it has been shown that the spatial extent of
the uncertainty can be estimated from the classiﬁcation
subimages. Noise patterns with pixels that are negatively correlated with the target signal will likely lead to
an error in the response. Hence, a classiﬁcation
subimage obtained from the error trials will contain a
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clear negative image of the observers’ template of the
target signal (Tjan & Nandy, 2006).
We thus hypothesized that the spatial extent of the
CIs that reveal the stimulus information used to
respond in the transsaccadic task will correlate with the
spatial extent of primary-saccade endpoint distributions. We use CIs to obtain a spatial representation of
the window of uncertainty for transsaccadic correspondence. This spatial window is best represented by
the misses, which reveal the noise elements that can
drive decisions in the absence of the target signal (for a
detailed discussion on CIs with uncertainty, see Tjan &
Nandy, 2006). Given the observers’ intrinsic uncertainty, we expect that modulations representing the
misses will cover a larger area around target location
and will correlate with the spatial extent of primarysaccade endpoints. Since the literature mentions on
several occasions that neural representations for
perception and oculomotor control largely overlap
(Eckstein et al., 2007; Gegenfurtner et al., 2003; Stone
& Krauzlis, 2003), we additionally investigated whether
CIs are affected when the decisional input is changed
from psychometric to oculometric.

Materials and methods
Instruments and stimuli
Stimuli were 28 3 28 square targets embedded in an
80 3 64 matrix with white-noise segments of 0.58 3 0.58
spanning the entire screen. Each element of the noise
matrix was sampled from a Gaussian distribution and
was randomly assigned independently for each stimulus
and element. Stimuli were presented on a 22-in. Formac
ProNitron 22,800 screen with a resolution of 1,280 3
1,024 and a refresh rate of 90 Hz. Observers were seated
58 cm from the screen and their heads kept stable by
chin and forehead rests. A ﬁxation dot was presented at
screen center. After a successful ﬁxation within 28 of the
ﬁxation dot for 300 ms, the saccade target appeared 108
to the left or right. During saccade execution, the noise
matrix refreshed and the target stepped horizontally
(28) to the left or right. Figure 1 visualizes stimulus
presentation, step by step with three panels of screen
excisions on the right side of ﬁxation.

Eye-movement recording and analysis
Viewing was binocular. Movements of the right eye
were monitored with an EyeLink 1k (SR Research,
Mississauga, Ontario, Canada) at a sampling rate of 1
kHz. At the beginning of each block, the EyeLink was
calibrated and validated with the standard ﬁve-point
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Figure 1. Stimulus presentation. After a successful fixation of
300 ms (A), fixation point F was replaced with target T, 108 to
the right or left of the fixation point (B). The target was a 28 3 28
white square embedded in a noise matrix with segments of 0.58
3 0.58. Observers reported the location of the presaccadic
target (left or right) by pressing a button and then saccading to
the target. Saccade execution was detected when a radius of 28
(visualized by a dashed circle) around the fixation point was
exceeded. During saccade execution, the noise matrix refreshed
(C) and the target stepped horizontally backward or forward.
Observers reported the direction of the transsaccadic target
step (left or right), the screen turned gray, and observers were
presented with visual feedback.

EyeLink procedure. Eye-movement traces were analyzed off-line. Instantaneous velocity and acceleration
were computed for each data sample and compared to
a threshold (308/s and 80008/s2). Saccade onset was
deﬁned as two consecutive above-threshold samples for
both criteria. Saccade offset was deﬁned as the
beginning of the next 20-ms period of below-threshold
samples.

Procedure
Each trial was composed of a presaccadic (peripheral) and a postsaccadic (foveal) task. For the
presaccadic task observers ﬁxated on the center dot. If
ﬁxation was not preserved for 300 ms, the trial was
aborted. Observers indicated on which side the target
appeared by pressing the corresponding arrow on the
keyboard (left or right). After their response, observers
were instructed to saccade towards the target. During
saccade execution the target was displaced. Observers
made a second decision by pressing on the corresponding arrow to report the horizontal direction of
the step. The displaced target remained on screen until
observers gave their response. After the response a gray
screen appeared and the ﬁxation dot changed color,
providing the subject with visual feedback (green for
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two correct responses and red for one or two incorrect
responses). The next trial was automatically initiated
after a 1-s delay. At the end of each 100-trial block,
observers were provided with a summary detailing the
total number of collected trials and the percentage of
correct pre- and postsaccadic responses averaged across
all blocks collected to that point. We tested ﬁve
observers (all female), all unaware of the purpose of
this study except S1 (author ERMJ). All signed a
consent form in agreement with the Declaration of
Helsinki and received ﬁnancial compensation (10
euros/hr). Observers were initially familiarized with the
task by performing 100 trials, of which the ﬁrst did not
contain any noise. Noise intensity was then increased
(following a 2-up, 1-down staircase) until performance
reached ;75% correct responses. After the noise
threshold was set, participants performed the experiment in six sessions of 2 hr.

Derivation of CIs
½q;r

Each noise element can be described as ni (j, k),
where (j, k) denote rows and columns in the noise
matrix, respectively. On the presaccadic task, q ¼ 0 for
targets presented left and q ¼ 1 right of ﬁxation. On the
postsaccadic task, q ¼ 0 for noise elements containing a
backward and q ¼ 1 a forward target step. On every
trial, i observers responded correctly (r ¼ 1) or
incorrectly (r ¼ 0). The classiﬁcation image is then
computed as
½1;1

½0;0

CIðj; kÞ ¼ hni ðj; kÞi þ hni
½0;1
 hni ðj; kÞi;

½1;0

ðj; kÞi  hni

ðj; kÞi

where h i is used to indicate the mean across trials
(Ahumada, 2002). For some of our analyses, we split
the trials into backward versus forward target steps and
analyzed them separately. CIs for backward and
forward displacements were computed respectively as
½0;0

ðj; kÞi  hni

½1;1

ðj; kÞi  hni

CIðj; kÞ½0 ¼ hni

½0;1

ðj; kÞi

½1;0

ðj; kÞi:

and
CIðj; kÞ½1 ¼ hni

For certain analyses we differentiated hits and misses
(by isolating the respective elements of the CI), because
one of our motivations for using CIs was to obtain a
spatial representation of the window of uncertainty for
transsaccadic correspondence. This spatial window is
best represented by the misses, which reveal the noise
elements that can drive decisions in the absence of the
target signal. Therefore, for comparison purposes,
negative CI modulations (i.e., misses and false alarms)
are multiplied by 1. CIs presented in this article do not
represent the entire noise matrix as seen on screen but
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are focused on our region of interest, a 24 3 24 matrix
centered at the target location (recall that the target was
a 4 3 4 matrix).

Scalar metrics for assessing individual CI
structure
Assessment of CIs is qualitative and is based on
visual inspection of aggregate data. However, we
performed additional analyses that captured the
relevant aspects of CI structure, and quantiﬁed each
aspect using single values (scalar metrics). This made it
possible to perform simple population statistics (paired
t tests, Pearson’s linear correlation coefﬁcients, and
bootstrapped conﬁdence intervals) to conﬁrm or reject
speciﬁc hypotheses about the overall shape of the CIs.
Our conclusions are based on individual-observer data,
not on the aggregate observer. This distinction is
important because there is no generally accepted
procedure for generating an average from individual
images for different observers (Neri & Levi, 2008).
To access CI structure on an individual level, we
used four measures. The ﬁrst, target resemblance, is a
metric which reﬂects the presence (or absence) of a
positive peak at the target spectral location. We
extracted an index for the presence/absence of a peak
by applying template matching to the target location;
as a template we used the original signal. Target
resemblance therefore revealed how much a given CI
resembles the original target; higher values reﬂect
higher amplitudes at the CI’s target spectral location.
For any given CI we ﬁrst extracted a matrix large
enough to cover the target location plus surrounding
noise elements. We then computed the inner product of
this matrix with a matrix of equal size consisting of
equal negative values everywhere except for the 16
target elements (4 3 4), which were set to positive values
in such fashion that the average was zero. This
operation is similar to a measurement of local
convexity via a second-order differential operator
(Marr, 1985). The result of the inner product is an
index that equals 0 for a ﬂat surface and is positive for
peaks and negative for dips. To give an example, the
target-resemblance metric will decrease if a peak in the
CI is low in amplitude but due to negative values
around the target location. The metric can also
decrease when the peak modulation is shifted and
therefore covers the target location only partially.
Target resemblance can therefore be interpreted as a
metric for target tuning (Joosten & Neri, 2012).
We expect that if spatial perception gets distorted,
the CIs will be affected (e.g., by modulation shifts or
expansions). Therefore, we calculated the center of
mass (COM) by taking the weighted mean along all
rows and columns. The threshold of the weights was set
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to Z  2 (signiﬁcant elements in units of standard
deviation of the Z-score map). We denoted the COM
with a yellow circle in all ﬁgures. Additionally, we
investigated the distance between COM and target
center on an individual level. The other measures
involved inspection of the shape of the modulations in
the CIs. The spatial extent of the modulations was
characterized by the marginal averages quantiﬁed by
their full width at half maximum (FWHM), a
parameter commonly used to describe the width of a
peak in a curve. It is given by the distance between
points of the independent variable at which the
dependent variable is equal to half of its maximum
value. We also calculated an anisotropy index: the ratio
between the horizontal and vertical FWHM (values of
1 represent isotropy).

Double-pass experiment
We derived performance metrics by a series of
double-pass experiments consisting of 100-trial blocks
in which the same set of stimuli was presented twice
and the percentage of same responses to the two sets
was computed (Burgess & Colborne, 1988). Observers
were not aware of any difference with respect to blocks
for the main experiment. In double-pass blocks, the
second half of 50 trials showed the same stimuli
presented during the ﬁrst half of 50 trials, but in
randomly permuted order. We collected 1,600 6 250
(presaccadic) and 1,100 6 177 (postsaccadic) doublepass trials (mean 6 SD across observers). Response
biases were calculated by taking the inverse of a normal
cumulative distribution function of the ratio between
forward responses and the size of the respective data
set. Sensitivity (in units of d 0 ) was deﬁned as the inverse
of the normal cumulative distribution function of the
individual performances (in units of percentage correct).
Furthermore, we estimated internal noise (Burgess &
Colborne, 1988; Neri, 2010), where we assumed that
the internal response before the addition of external
noise follows a normal distribution. Each response was
added to a Gaussian noise source with standard
deviation r; this noise source differs for repeated
presentations and represents internal noise. On each
trial the model selects the stimulus associated with the
largest response. Different din0 and r values correspond
to different percentages of correct responses and of
same responses to repeated presentations (percentage
agreement). We selected the din0  r values that
minimized the mean-square error between the predicted
and observed values for percentage correct and
percentage agreement. In addition, individual efﬁciency
values were calculated aspðﬃﬃﬃﬃﬃ
d 0 human =d 0 ideal Þ2 , where ideal
0
¼ 2q= 2g. Efﬁciency values specify
sensitivity is dideal
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Figure 2. Raw primary-saccade landing positions on correct
trials. All images are rendered as Z-score maps (red pixels refer
to Z  2; see legend at right). Contour lines show interpolated
surfaces Z  1 (black) and Z  2 (red). Center of mass is
illustrated by the yellow circle. Spectral cross sections are
shown above and to the right of each panel and correspond to
the regions indicated by the dashed black rectangles. Cross
sections display marginal averages and shaded regions the
standard error of the mean (61 SEM, where the dashed line
represents zero amplitude). Full width at half maximum is
visualized by solid lines under the curve, with values in degrees
denoted below.

human performance relative to ideal performance—
that is, a system without internal noise (Green & Swets,
1966). We emphasize that the ideal observer is not
intended as a realistic representation of the human
process, but rather as a theoretical construct that
allows performance to be evaluated on the absolute
scale of efﬁciency (Geisler, 2003).

Results
Relationship between transsaccadic
performance and saccades
Primary-saccade metrics
After reporting the location of the presaccadic
target, subjects made a saccade towards it. Figure 2
illustrates the raw saccadic landing errors on correct
trials (;44,000 trials). Habitual saccade undershooting
behavior is evident; the marginal average on top of
Figure 2 and the COM (indicated by the yellow circle)
are shifted to the left by about 1.58. Indeed, the mean
amplitude of the saccades was 9.28 6 0.48. Furthermore, FWHM for the horizontal component was wider
than for the vertical component. This anisotropic
distribution of saccade landing positions is another
classic oculomotor characteristic, and can be expressed
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Figure 3. Aggregate postsaccadic classification images for
backward (A) and forward (B) step directions. Plotting
conventions as before. Spectral cross sections (above and to the
right of each panel) correspond to the regions indicated by the
dashed rectangles (black for hits and red for misses). Black and
red traces display marginal averages, shaded regions the
standard error of the mean (61 SEM, where the dashed line
represents zero amplitude).

by the ratio between horizontal and vertical FWHM.
The anisotropy index in the aggregate was 1.7
(individually 1.9 6 0.8); the horizontal extent of
saccade landing positions was 1.7 times as wide as the
vertical extent. Note that, for comparison, data derived
from trials presented on the left of the ﬁxation cross
were multiplied by 1. All images in this article are
therefore rendered as if the ﬁxation cross were on the
left side of each panel. Data points of all eye data were
binned and normalized to match the plotting conventions of the CI analysis.
Transsaccadic performance
We hypothesized that the spatial extent of the CIs
that reveal the information used to respond to the
postsaccadic task would correlate with the spatial
extent of primary-saccade endpoint distributions.
Figure 3 presents aggregate CIs for backward (Figure
3A) and forward (Figure 3B) step directions. Each CI
has two modulations: The left modulation for the
backward steps and the right modulation for the
forward steps correspond to hits (indicated by black
dashes), whereas the opposite modulations in each CI
correspond to misses (red dashes). The yellow circles
indicate the COMs, which were shifted to the left by 18
for backward hits and by 0.58 for forward misses. As
expected, FWHM for the horizontal component was
larger for misses than for hits, but it was surprisingly
larger for forward (3.68) than backward misses (3.48).
Anisotropic distributions were 1.68 (forward misses),
1.58 (backward misses), 1.28 (forward hits), and 18
(backward hits).
Even though there were no signiﬁcant differences
between anisotropy indices of backward and forward
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Figure 4. Scalar metrics of individual postsaccadic classification
images. (A) Forward-against-backward template resemblance of
the individual classification images. Black data points refer to
hits and red to misses. Anisotropy indices and distances
between center of mass and target center for backward (B and
D) and forward (C and E) are displayed with a similar color
scheme (gray for hits and red for misses). Error bars plot 61
standard error of the mean with a 95% confidence interval.

modulations (p ¼ 0.49 for hits and p ¼ 0.75 for misses;
see Figure 4B and 4C, hits in gray and misses in red),
on average the anisotropy indices were higher for
backward (1.2 6 0.2) than for forward hits (1.1 6
0.1), but lower for backward (1.5 6 0.6) than for
forward misses (1.6 6 0.4). Similarly, the distances
between COM and respective target center (Figure 4D
and 4E) were longer for backward (0.9 6 0.2) than
for forward hits (0.1 6 0.6), but shorter for backward
(0.1 6 0.6) than for forward misses (1 6 0.6).
Overall, backward-hit and forward-miss modulations
are visibly shifted to the left; this differs signiﬁcantly
from the backward-miss and forward-hit modulations
(p , 0.001), which do not display such shifts.
Additionally, target resemblance is signiﬁcantly
higher (Figure 4A) for forward hits (1.6 6 0.3) as
opposed to backward hits (1.1 6 0.3; p , 0.05). In
other words, only backward modulations displayed
spatial distortion, whereas forward hits were best
tuned in to the target region. For misses, CI
modulations were wider and less tuned in to the target
location, revealing spatial uncertainty in the observers. Remarkably, this effect was signiﬁcant for
forward (p , 0.05) but not backward (p ¼ 0.35)
anisotropy indices, suggesting that uncertainty levels
in backward hits and misses were more similar than
were forward hits and misses.
Transsaccadic performance and primary-saccade metrics
We compared the width of the modulations (by
taking the individual horizontal FWHMs) of the
primary-saccade endpoints (cf. Figure 2) with those of
the perceptual CIs (Figure 3A and 3B, respectively).
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uncertainty in the observers was larger when the ‘‘fool’’
signal overlapped with the error distribution of the
primary landing positions; there is a relation between
the spatial distribution of the primary landing positions
and the CI modulations of the forward-miss step
directions. This ﬁnding led us to investigate whether the
increased perceptual uncertainty in forward-miss step
directions is reﬂected by secondary (or corrective)
saccades.
Secondary-saccade metrics

Figure 5. Relation between primary landing scatter and
postsaccadic classification images. The width of primary scatter
correlated with forward misses (A), forward hits (B), backward
misses (C), and backward hits (D). Red lines indicate linear fits.
Error bars plot 61 standard error of the mean with a 95%
confidence interval.

Again, two measures of FWHM can be obtained for
each CI, one for each modulation. The relevant
modulations for this analysis were those corresponding to misses (see Methods), because misses reveal the
spatial window of uncertainty. We found that the
widths of backward hits (2.4 6 0.4), forward hits (2.9
6 0.5), and backward misses (2.8 6 0.7) differed
signiﬁcantly from the width of the primary landing
scatter (3.8 6 0.7; all ps , 0.05), but the width of the
forward misses did not (3.1 6 0.6; p ¼ 0.12). In fact,
FWHM of forward misses (i.e., when the target
stepped forward but the subject responded ‘‘backward’’) correlated (r ¼ 0.80; 95% CI [0.61, 0.96]) with
the landing scatter of primary saccades. The correlation was not signiﬁcant for backward misses (r ¼
0.36, 95% CI [0.83, 0.40]), backward hits (r ¼0.27,
95% CI [0.96, 0.34]), or forward hits (r ¼0.08, 95%
CI [0.99, 0.72])—that is, conﬁdence intervals included 0. In addition, the direction of data points in
Figure 5A is positive and has very low residuals from
the predictive values (red line), as opposed to those in
Figure 5B–5D.
As expected, miss modulations (Figure 3) were wider
than hits (observers used a larger area to search for the
stimulus). In this case, observers more likely to be
fooled by the experimental noise and interpreted the
randomly assigned noise as the target. Surprisingly,
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Figure 6A shows landing positions of secondary
saccades on correct trials (;29,000 trials). As expected,
secondary saccades clustered around the two possible
displaced target locations. Most landing positions fell
on the target location (indicated by the white rectangles). Distance from COM to target center was around
18 for both modulations (1.28 6 0.68 for backward and
1.18 6 0.48 for forward correct modulations). Figure
6F and 6G displays distance from COM to target
center for separate modulations (hits in gray and misses
in red). Figure 6B and 6C presents secondary saccades
as a function of observers’ reports (forward or
backward). Note that in these panels, saccades falling
on the backward or forward target can originate from
any location in which Z  1 in Figure 2.
Figure 6B through 6E presents secondary saccades
as a function of observers’ reports (forward or
backward). The origin in these ﬁgures is the landing
position of the primary saccade, such that left
modulations correspond to backward saccades and
right modulations to forward saccades. When observers
responded that the target had stepped forward, they
also made a saccade in that direction, regardless of
whether their response was correct (Figure 6C) or
incorrect (Figure 6D). When observers responded
correctly that the target had stepped backward, their
response was accompanied by a saccade to the
backward target (Figure 6B), but when they responded
incorrectly (i.e., responded ‘‘backward’’ to a forward
step), their response was as often accompanied by a
saccade to the backward target as to the forward target
(Figure 6E).
Note that even though Figure 6B through 6E might
suggest that more forward than backward eye movements were made, incorrect trials represent only ;25%
of the entire data set. A brief inspection of the
proportion of backward and forward eye movements
was slightly but not signiﬁcantly (p ¼ 0.35) in favor of
forward directions (56% 6 5%). Taken together, these
observations suggest that neural representations for
postsaccadic perception and motor behavior of secondary saccades might not be similar.
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Figure 6. Landing positions for secondary saccades. (A) Aggregated landing positions of secondary saccades. (B–E) Secondary saccades
as a function of step direction (forward in C and E, backward in B and D) which were either correct (B, C) or incorrect (D, E). Plotting
conventions are the same as before. (F and G) Distances from center of mass to target centers for backward (F) and forward (G) steps
(hits in gray and misses in red).

Are neural representations similar for
perception and action in the SSD task?
To address this question, four different data sets
were considered. Two perceptual data sets included
decisions based on the observers’ button presses on preand postsaccadic tasks. Two saccadic data sets
contained decisions based on the direction of the ﬁrst
saccade that occurred after the presaccadic decision

and decisions based on the direction of the second
saccade. To avoid having the postsaccadic data set
contain trials unseen by the observer (i.e., looking at
the wrong side of the screen), we included only those
trials on which the preceding presaccadic response was
correct, and the sample size therefore roughly matched
;75% of the presaccadic data set’s sample size. For the
saccadic data sets, trials were also excluded when
landing positions were not recorded (e.g., due to
blinks). We derived CIs from saccades as a decisional
input and compared those with the perceptual CIs
separately for each task (pre- vs. postsaccadic). To
investigate the relationship between noise sources for
perceptual decisions and saccadic execution, we used
data from the double-pass experiments.
Presaccadic task

Figure 7. Presaccadic performance metrics for the perceptual
(gray) and saccadic (red) decisions. Sensitivity (A) and bias (B)
are plotted in units of d 0. Internal noise (C) is plotted in units of
external-noise standard deviation, and efficiency (D) as a ratio
between d 0 values from the observer and the ideal observer.
Error bars plot 61 standard error of the mean with a 95%
confidence interval (smaller than symbol if not visible).
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Performance metrics: On each trial, participants ﬁrst
reported the location of the presaccadic target (left vs.
right). Performance metrics in this presaccadic task
were obtained in the double-pass experiments and are
illustrated in Figure 7. The number of collected
double-pass trials was 1,500 6 250 (perceptual) and
1,500 6 278 (saccadic). For the presaccadic task, no
signiﬁcant differences in performance metrics were
observed between perceptual and saccadic decisions
(see Figure 7).
Perceptual (gray) and saccadic (red) bars hovered
around a sensitivity of 1 (Figure 7A, 0.8 6 0.2 and 1 6
0.1, respectively; p ¼ 0.15). No differences in decisional
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Figure 8. Aggregate classification images and scalar metrics of
the presaccadic task. Classification images were derived from
perceptual (A) and saccadic (B) decisions, with a total of
;66,000 (perceptual) and ;58,000 (saccadic) trials. Conventions are as before. Scalar metrics present target resemblance
(C), distance from element with the highest amplitude to target
center (D), and anisotropy index (E). Error bars plot 61
standard error of the mean with a 95% confidence interval.

biases were observed (Figure 7B, 0.1 6 0.1 and 0 6
0.1; p ¼ 0.54). Internal noise (Figure 7C) was slightly
higher for perceptual (1.2 6 0.4) than for saccadic
decisions (0.9 6 0.2), where all data points hover
around 1 in units of external-noise SD, but this
difference was not signiﬁcant (p ¼ 0.11). Finally,
efﬁciency (Figure 7D) was 1.8 6 0.6 (perceptual) and
2.4 6 0.4 (saccadic) and did not differ between
perceptual and saccadic decisions (p ¼ 0.12).
Aggregate presaccadic CIs: The number of collected
trials was 13,200 6 2,600 (perceptual) and 11,700 6
2,600 (saccadic). We adjusted the external noise source
so that observers performed with a sensitivity d 0 ; 1,
which results in an area under the receiver operating
curve of ;75 (Green & Swets, 1966). Percentage correct
was 79% 6 3% (perceptual) and 77% 6 3% (saccadic).
Following the manual response, observers performed a
saccade towards the target. Figure 8 presents the
aggregate CIs for the perceptual and saccadic decisions.
CIs for perceptual and saccadic responses are nearly
identical. Distances from COM to target center were
similar for perceptual and saccadic CIs (0.28 6 0.58
and 08 6 0.68, respectively; note that some data points
are therefore overlaid in Figure 8D). Scalar metrics
(Figure 8C through 8E) conﬁrmed that COMs did not
differ signiﬁcantly between the perceptual and saccadic
CIs (p ¼ 0.60), just like FWHM (3.58 6 0.88 and 3.68 6
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Figure 9. Postsaccadic performance metrics for the perceptual
(gray) and saccadic (red) decisions. Sensitivity (A) and bias (B)
are plotted in units of d 0. Internal noise (C) is plotted in units of
external-noise standard deviation, and efficiency (D) as a ratio
between d 0 values from the observer and the ideal observer.
Error bars plot 61 standard error of the mean with a 95%
confidence interval (smaller than symbol if not visible).

0.78, p ¼ 0.93), anisotropy (1.3 6 0.2 and 1.3 6 0.2, p ¼
0.91), and target resemblance (1.4 6 0.05 and 1.4 6
0.04, p ¼ 0.90).
The three lower panels in Figure 8 present the
correlation between saccadic and perceptual decisions.
Target resemblance, distance from COM to center, and
anisotropy correlated strongly between saccadic and
perceptual decisions (respectively, r ¼ 0.98, 95% CI
[0.96, 0.99]; r ¼ 0.71, 95% CI [0.25, 0.97]; and r ¼ 0.95,
95% CI [0.89, 0.99]). The CIs differed from saccadic
behavior itself, which showed undershooting and
anisotropy as illustrated in Figure 2.
Postsaccadic task
Postsaccadic performance metrics: Following the decision about the side of target presentation and the
saccade to that target, observers performed the postsaccadic task (i.e., reported whether the target had
moved to the left or right during the saccade).
Performance metrics for perceptual and saccadic
decisions in the postsaccadic task were obtained in the
double-pass experiments. The number of collected
double-pass trials was 1,000 6 177 (perceptual) and
972 6 232 (saccadic).
Sensitivity was higher (p , 0.05) in the perceptual
task (1.4 6 0.2, gray bars in Figure 9A) than in the
saccadic task (1.2 6 0.1, red bars). No difference in
bias was observed (p ¼ 0.23); there was no tendency to
prefer one of the responses (backward or forward). All
data points in Figure 9B hover around 0 in units of
external-noise standard deviation (0.1 6 0.1 and 0.1
6 0.3 for perceptual and saccadic responses, respectively). Internal noise (1 6 0.3 and 0.9 6 0.3, Figure

Journal of Vision (2018) 18(3):10, 1–14

Joosten & Collins

Figure 10. Aggregate classification images and scalar metrics of
the postsaccadic task. Classification images were derived from
perceptual (A) and saccadic (B) decisions, with a total of
;52,000 (perceptual) and ;38,000 (saccadic) trials. Conventions are as before. Scalar metrics present target resemblance
(C), distance from center of mass to target center (D), and
anisotropy index (E). Scalar metrics for backward modulations
are displayed in gray and forward in black. Error bars plot 61
standard error of the mean with a 95% confidence interval.

9C) was similar for perceptual and saccadic decisions (p
¼ 0.49). The efﬁciency of perceptual decisions was
marginally higher (p ¼ 0.07) than for saccadic decisions
(4.8 6 1.3 and 3.4 6 0.9, Figure 9D).
Aggregate postsaccadic CIs: There was no explicit
instruction to make a secondary saccade to the
postsaccadic location of the target, but subjects did so
on average within 287 ms on 99% of the trials. As in the
presaccadic task, it is possible to compare the
perceptual CIs (Figure 10A) to the saccadic CIs (Figure
10B) by deriving the scalar metrics for both modulations (backward and forward). The number of collected
trials was 10,300 6 1,900 (perceptual) and 7,500 6
1,800 (saccadic). Percentage correct was 83% 6 3%
(perceptual) and 78% 6 6% (saccadic).
CIs for saccadic responses were noisier than the
perceptual postsaccadic CI; saccadic CIs contained
lower amplitude modulations, modulations with Z  1
across the board, and larger marginal errors (shaded
areas around the averages). The COMs fell inside the
respective target regions. In addition, the backward
modulation covered many elements left of the target.
Note that the perceptual CI was a summation of the
CIs in Figure 3 and that the left modulations were the
result of the increased uncertainty in backward-hit and
forward-miss targets (indicated by red dashes in Figure
3B). Target resemblance (Figure 10C) was lower for
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backward than forward modulations (perceptual: 1.8 6
0.4 and 1.9 6 0.3; saccadic: 1.2 6 0.6 and 1.5 6 0.9),
but this difference was not signiﬁcant (p ¼ 0.41).
However, perceptual target resemblance was marginally higher than saccadic resemblance (p ¼ 0.08).
Distances between COM and target center (Figure
10D) were 0.98 6 0.48 and 0.18 6 0.78 for perceptual
backward and forward CIs, respectively. For saccadic
CIs these values were 18 6 0.68 and 0.38 6 0.98. There
were no signiﬁcant differences between perceptual and
saccadic distances from COM to center (Figure 10D)
for backward (p ¼ 0.79) or forward displacements (p ¼
0.51). Note that on backward targets, S2 and S5 display
identical values in Figure 10D, and the S3 backward
value is on top of the forward value of S2. Anisotropy
indices (Figure 10E) for perceptual CIs were 1.3 6 0.3
and 1.4 6 0.3 (backward and forward), and for
saccadic, 1.2 6 0.9 and 0.9 6 0.7. Even though the
saccadic indices were more variable (ranging from 08 to
2.58), no signiﬁcant differences were found from the
perceptual indices (ranging from 18 to 28; p ¼ 0.34).
However, and in stark contrast with the presaccadic
task, perceptual and saccadic decisions on forward
steps did not correlate (target resemblance: r ¼ 0.46,
95% CI [0.26, 0.96]; distance to target: r ¼ 0.34, 95%
CI [0.65, 0.51]; anisotropy: r ¼ 0.11, 95% CI [0.92,
0.62]). For backward steps, target resemblance correlated weakly (r ¼ 0.66, 95% CI [0.36, 0.90]). No
correlations were found between distance of COM to
target and anisotropy of saccadic and perceptual
backward modulations (r ¼ 0.1, 95% CI [0.83, 0.83],
and r ¼ 0.56, 95% CI [0.88, 0.30]).

General discussion
In order to perceive the world as stable, the brain
must match pre- and postsaccadic images into a uniﬁed
visual percept, a process called transsaccadic correspondence (Hayhoe, Lachter, & Feldman, 1991;
Melcher & Morrone, 2003; Prime, Niemeier, &
Crawford, 2006). Mechanisms that may support
transsaccadic correspondence are remapping—the realignment of retinal locations across the saccade via a
motor signal—and a null hypothesis that objects do not
move just during a saccade. Both mechanisms are
believed to be at play in saccadic suppression of
displacement, in which displacements of the target
during the saccade go unnoticed. Perfect efference copy
should allow such displacements to be detected, and so
the poor performance has often been attributed to the
existence of a prior in favor of object stability during a
saccade. We sought to map out the spatial extent of
performance by using classiﬁcation images. We wanted
to determine the spatial region around the saccade
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target in which displacements are ignored—or, in other
words, to reveal participants’ internal representation or
perceptive ﬁeld (Neri & Levi, 2006).
Perceptual performance in the SSD task correlates
with the extent of the primary-saccade endpoint scatter
(Niemeier et al., 2003, 2007; Wexler & Collins, 2014).
We expected that the primary landing scatter would
function as a window of uncertainty and that this
window would be best represented by the CIs of the
misses, which reveal stimulus features that can drive
decisions in the absence of the target signal. We thus
hypothesized that the spatial extent of miss modulations in the postsaccadic CIs (Figure 3) would correlate
with the spatial extent of primary-saccade endpoint
distributions (Figure 2). We found that this was the
case for forward but not backward misses (Figure 5). In
other words, the region within which noise elements
could drive an erroneous backward perceptual response
depended on the extent of saccadic scatter: the wider
the scatter, the wider the perceptive ﬁeld.
If we overlay primary-saccade endpoint distributions
and postsaccadic backward and forward target locations, the forward displacement of the target falls
outside the ellipse, while backward target steps fall
inside (regardless whether there is an actual target
signal or the observer is fooled by the experimental
noise). This leads us to propose two interpretations.
First, the spatial extent of the primary landing scatter
functions as a window of uncertainty; when the
relevant signal is within saccadic scatter, uncertainty is
high and observers are likely to respond erroneously.
The transsaccadic correspondence of objects that fall
within this window is thus poor. When the displacements fall outside this region, displacements are seen
and positions are accurately remapped (Wexler &
Collins, 2014). This interpretation is also compatible
with the fact that target resemblance was high for
forward steps; subjects relied on information at the real
target location to make their perceptual response.
Target resemblance was lower for backward steps:
Subjects were more willing to rely on information
outside the target area to make a perceptual response.
Second, since the primary saccade undershoots the
target, the eyes are already on or near the location of
the backward target, whereas the target eccentricity for
secondary saccades when the target stepped forward is
larger. The undershoot bias might reﬂect a strategy to
minimize saccadic ﬂight time, given that saccades are
often inaccurate (Harris, 1995). In addition to a
movement cost, an optimal strategy can be expressed in
terms of ﬁxation costs; for larger eccentricities it pays
off to make a saccade to see the target rapidly, but for
very small eccentricities it pays off to drift slowly or
move not at all, at the price of spending more time with
poor vision (Harris & Wolpert, 2006). This might
explain how the primary landing scatter operates as a
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window of uncertainty. When the postsaccadic target
information is far from the landing position, as is most
often the case for forward steps, it pays off to make a
secondary saccade to obtain better visual information
and tune in to the target rapidly. When the postsaccadic information is inside the scatter, subjects seem
to cope with poorer vision, leading to errors. The
spatial shifts in our backward modulations might be
similar to the phenomenon of graded contraction
(Niemeier et al., 2003, 2007). The backward modulations display a similar dimension-speciﬁc spatial
distortion, namely that the perceived target is shifted in
one speciﬁc direction. Despite being different perceptual phenomena obtained from different experimental
paradigms, perisaccadic mislocalization describes similar spatial shifts. The direction of the shift is related to
the amplitude of the saccade (Kaiser & Lappe, 2004;
Morrone et al., 1997).
The analysis of secondary-saccade endpoints (Figure
6) suggested that the signal for perceptual decisions and
saccadic execution was different. For virtually all cases
in which observers reported perceiving forward shifts,
even in the case of uncertainty (when the perceptual
report was erroneous), they also performed a saccade
to the forward location. However, in cases when
observers reported backward shifts incorrectly, they
saccaded as often to the backward as to the forward
location. The threshold for eliciting a saccade to the
backward target is therefore higher than that necessary
for a perceptual response—in other words, more signal
is needed to evoke a backward saccade than a
backward response. This is in line with the phenomenon of saccadic adaptation; although transsaccadic
steps are not seen, they nevertheless cause adaptive
modiﬁcations of saccade amplitude across trials (Collins, 2014). Taken together, these results point towards
the following scenario: When the eyes land, the
mechanisms that match postsaccadic information to
(remapped) presaccadic information take into account
a wide area corresponding to the individual’s saccadic
scatter. Even weak information in this region is likely
to lead to a perceptual response—that is, the perception
that information at that location is the target. This
weak information, however, is not sufﬁcient to drive a
secondary saccade. Transsaccadic correspondence with
information outside saccadic scatter is accurate: Only
real target information drives the perceptual response,
and when it does, it also drives a saccade.
An interesting question is what kind of information
is actually carried by the efference copy. Physiological
investigations have revealed pathways carrying efference copy from the superior colliculus to higher brain
areas such as frontal eye ﬁelds (Sommer & Wurtz,
2004) and MT (Berman & Wurtz, 2010). The superior
colliculus is involved in saccade programming and is
organized topographically: Amplitude is coded along a
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rostrocaudal axis and direction on a mediolateral axis.
An efference copy emanating from the superior
colliculus is thus susceptible of carrying accurate metric
information about the planned saccade. The independence of responses in the in-ﬂight displacement task
from landing positions suggests that efference copy is
metrically accurate in that it includes oculomotor noise
(Collins, Rolfs, Deubel, & Cavanagh, 2009). Some
studies have also suggested accurate metric information
in the efference copy in a perisaccadic identiﬁcation
task (Fracasso, Kaunitz, & Melcher, 2015). However,
as noted in the Introduction, other studies have
suggested less accurate internal information about the
saccade (Dassonville, Schlag, & Schlag-Rey, 1992).
Because behavioral studies rely on a perceptual or
oculomotor response, it is difﬁcult to ascertain whether
accurate (or poor) performance is due to an accurate
(or poor) efference copy or whether other factors come
into play to improve (or degrade) performance.
Finally, we examined whether neural representations
were comparable for perception and action. Eckstein et
al. (2007) investigated a similar question with CIs in a
visual search paradigm and found that behavioral
perceptive ﬁelds mediating the perceptual decisions
were indistinguishable from those driving the oculomotor decisions, and suggested that similar neural
mechanisms were responsible for both perception and
oculomotor behavior. The correlation between saccadic
and perceptual CIs in our presaccadic task conﬁrmed
that ﬁnding; the signal that drives these two decisions is
the same. In contrast, perceptual and saccadic decisions
in the postsaccadic task (after the target had stepped
during the saccade) were less similar. Even though the
CI modulations of decisions based on saccades roughly
matched the modulations of the perceptual CI, they
suffered from a large amount of noise and were less
efﬁcient to tune in to backward and forward target
steps. In a pursuit task, Gegenfurtner et al. (2003)
found no correlation between perceptual errors and
eye-movement errors, but perceptual and saccadic
performance were similar. They suggested that perceptual and saccadic systems act independently and
have different noise sources but share the same
constraints in their analysis of motion signals. Our
results show that the addition of noise cannot be
explained by the saccadic system’s intrinsic noise
(intrinsic-noise estimates fell within the normal range
and did not differ from the perceptual intrinsic noise)
and that perceptual and saccadic performance was not
similar (saccadic decisions displayed lower sensitivity
values then perceptual decisions). As for primary
saccades, we can compare secondary-saccade endpoint
scatter to the oculometric CI. The difference for
secondary saccades is not as apparent as for primary
saccades. This may suggest that the intervening noise
source does not occur for secondary saccades. Of
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course, the amplitude of secondary saccades is much
smaller than for primary saccades; it may therefore also
be the case that the noise source is present but
proportional to the signal.
Keywords: visual stability, transsaccadic
correspondence, secondary saccades, classiﬁcation-image
analyses, neural representations
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