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Mammalian vision has a lowpass frequency characteristic that
filters out fast temporal oscillations. Thus, fast-drifting gratings
cannot be detected with static eyes, but the same gratings can
easily be detected by executing saccades. Because these
gratings are invisible under fixation, they are useful for isolating
and studying intrasaccadic perception, which is normally
masked by presaccadic and postsaccadic perception. We have
conducted a number of psychophysical studies using these
stimuli, and here we report that intrasaccadic visual processing
allows for motion perception, that gratings drifting in the direc-
tion of a saccade are perceived as having more contrast than
the same gratings drifting in the opposite direction, and that

intrasaccadic contrast perception has sufficient grain to allow
psychophysical matching of the perceived contrast of gratings
drifting in opposite directions. The conditions in which these
phenomena occur disprove a recent hypothesis that intrasac-
cadic motion perception occurs for stimuli processed by the
magnocellular system, and our results can be explained by
assuming that the temporal lowpass characteristic that ac-
counts for flicker fusion phenomena under vision with static
eyes is also operative during saccades.
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Vision in natural conditions requires eye movements, but these
pose substantial problems for vision research. In psychophysical
research, saccadic eye movements allow the detection of stimuli
that move at such a fast speed that they are undetectable under
fixation (Kelly, 1972, 1990; Deubel et al., 1987; Castet and Mas-
son, 2000). This phenomenon has been attributed to the fact that
eye movements lower the retinal velocity of the stimulus, bringing
it to a visible range. The explanation is supported by evidence
that sensitivity during pursuit of drifting gratings equals sensitiv-
ity to static gratings under fixation (Murphy, 1978; Flipse et al.,
1988; Peli et al., 1998). Thus, sensitivity is governed by retinal
motion, not by motion within an external reference system.

The fact that saccades bring into visibility what otherwise are
undetectable fast-moving stimuli raises a theoretical question.
Extensive research has established that contrast thresholds dur-
ing saccades are often higher than thresholds under fixation, a
phenomenon that has given rise to the concept of saccadic sup-
pression (Matin, 1974; Volkmann, 1986). It has further been
shown (Burr et al.,, 1994) that saccadic suppression selectively
affects the magnocellular visual pathway: sensitivity decreases
during saccades only for stimuli processed through this pathway
(low spatial frequencies and high temporal frequencies). This
selective degradation of visual processing has been assumed to
serve the goal that the world remains stable despite considerable
motion induced by saccades (Burr et al., 1994). Yet, the fact that
fast-moving gratings of low spatial frequency that are invisible
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under fixation become visible during saccades suggests that sac-
cadic suppression does not eliminate the perception of high-
contrast stimuli. Because vision in natural conditions usually
involves high contrasts, an investigation into the characteristics of
intrasaccadic visual processing seems necessary.

The effect of saccades on vision has traditionally been studied
with stimuli that are visible under fixation, because only then can
sensitivity with and without saccades be compared. One problem
with this approach is that it speaks of intrasaccadic processing
only indirectly by way of a deterioration with respect to perfor-
mance under fixation. This approach cannot pinpoint the cause of
the deterioration, nor can it determine what visual processes are
affected and what others remain functional.

To overcome these difficulties, here we investigate intrasaccadic
processing directly using stimuli that are invisible under fixation
and whose perception must occur during saccades. With these
stimuli, intrasaccadic perception is effectively isolated for study.
Our results indicate that intrasaccadic visual processing allows
performing a number of complex visual tasks such as direction-
of-motion discrimination, contrast discrimination, and contrast
matching. Because we used stimuli that are processed through the
magnocellular pathway, our results further indicate that saccadic
suppression does not cancel the processing of high-contrast stim-
uli during saccades and, therefore, that saccade-induced retinal
motion must be compensated for by some other mechanism for
the world to remain stable during saccades.

MATERIALS AND METHODS

Viewing was binocular with natural pupils and accommodation. All
experiments were self-paced. If the subjects had blinked, had failed to
maintain steady fixation, or had failed to execute the required saccade (as
appropriate), the trial was discarded. All subjects (one of the authors and
three naive subjects with normal or corrected-to-normal vision) were
experienced observers.

Sampled display and stimuli. An EIZO FlexScan FX-E7 21 inch
monitor was used at a frame rate of 122.6 Hz. The monitor was linearized
by gamma correction. Mean luminance was 34 cd/m?. All experimental
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events were controlled by VisionWorks (Swift et al., 1997). Stimuli were
Gabor patches with a static circular Gaussian aperture and a drifting
carrier. Spatial frequencies were 0.2, 0.5, and 1 cycle/°, and temporal
frequency varied up to 61.3 Hz. Aperture size varied across experiments.
Stimuli were presented for 1000 msec (500 msec in the experiment
requiring fixation) with linearly ramped onsets and offsets (125 msec
each). Except where otherwise indicated, contrast was 80% for the 0.2
cycle/® patches and 50% for the 0.5 and 1 cycle/° patches. Viewing
distance was 65 cm.

Continuous display and stimuli. The apparatus consisted of a wheel
whose circumference presented a locally flat surface 174 cm around and
3 cm wide. Rotation of the wheel was achieved by a DC motor rendering
speeds between 43 and 243 rpm. Square wave gratings of 0.2 and 1
cycle/cm were laser printed at 600 dots per inch, and the printouts were
mounted around the wheel. The apparatus was hidden from view by a
board with an opening 8 X 2 cm. Marks on the board immediately below
the viewing aperture served as guides for saccades. From the viewing
distance of 57 cm, rotation at 1 rpm produces an almost flat stimulus
drifting at 2.9 °/sec. A DC light source illuminated the front of the
apparatus.

Control of eye movements. Subjects were tested for accurate fixation
and appropriate saccades. They performed the experimental tasks while
their eye movements were recorded with an infrared corneal-reflection
eye-tracking system (ISCAN Inc., Burlington, MA). Off-line analyses
indicated that all subjects maintained fixation when required and that
they executed appropriate 2 and 10° saccades. In early recordings during
fixation, subjects occasionally reported a flash-like appearance of the
gratings with microsaccades that were impossible to tell from others that
did not elicit this appearance. Given the impossibility of discarding
inappropriate data by analysis of eye-movement patterns, subjects were
warned that the stimuli in the experiment requiring fixation had a long
presentation duration and, then, that they should discard trials in which
stimulus duration appeared to be much briefer. None of the subjects
reported any difficulty in identifying the trials in which this had occurred.
All other experiments involved saccades and did not require such action
on the part of the subjects.

Visibility elicited by saccades: sampled display. Stimuli (9 X 9°) consisted
of gratings of 0.2 and 1 cycle/° in apertures with space constants of 3°. In
the experiment requiring fixation, carriers were oriented vertically and
drifted to the right. In the experiment involving saccades, carriers were
vertical drifting rightward, vertical drifting leftward, and horizontal drift-
ing downward. A cross (luminance, 41 cd/m?; arm length, 0.2°) served as
a fixation aid in the experiment requiring fixation. In the experiment
involving saccades, two dots (luminance, 3 cd/m? radius, 0.1°) were
aligned horizontally and centered on the image area of the monitor,
either 2 or 10° apart from one another to induce horizontal saccades. A
spatial two-alternative forced-choice (2AFC) detection task was used
with the method of constant stimuli, and the stimulus appeared either
directly above or below the center of the monitor (at random on each
trial). In the central (but not foveal) fixation condition, the fixation mark
was on the center of the monitor; in the peripheral condition, it was 5° to
the left of that position. The subject responded whether the stimulus had
appeared in the upper or the lower location. In the experiment involving
saccades, each trial started while the subject was fixating on the mark on
the left. One third of the time into the presentation interval, this mark
was removed, and the mark on the right presented, directing the subject
to execute a saccade. The subject responded whether the stimulus had
appeared above or below the saccade path.

Visibility elicited by saccades: continuous display. Using a modified
method of constant stimuli, the experimenter decided on the number of
trials at each velocity, which varied between 10 and 40 depending on the
subject’s performance. Order of presentation was reasonably random. On
each trial, the wheel was first set in motion with the opening blocked,
then the subject was asked to fixate on the mark on the left of the viewing
aperture, and the opening was exposed. The subject was asked to execute
a saccade to the fixation mark on the right, pause briefly, and return with
a saccade in the reverse direction. Subjects indicated which saccade
direction made the stimulus visible. Saccades had amplitudes of 2, 10, or
20°. Auditory masking prevented frictional noise—which was directly
related to speed—from providing contaminating clues.

Intrasaccadic motion perception. Stimuli (11 X 3°) consisted of vertical
gratings of 0.2, 0.5, and 1 cycle/°. A spatial 2AFC task was used with the
method of constant stimuli. A grating drifting in one direction (at
random on each trial) was displayed directly above and vertically cen-
tered with the saccade path while the same grating but drifting in the
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opposite direction was displayed directly below the saccade path. Sac-
cades were induced as described earlier. Subjects responded whether the
rightward-drifting grating was above or below the saccade path, and they
were asked to respond either by direct perception of the rightward-
drifting grating or by elimination after perception of the leftward-drifting
grating. Subjects were instructed to ignore differences other than in
direction of motion. To prevent subjects from using a guessing strategy
that might contaminate the results, they were instructed to use always the
same response key when they could not see motion. This strategy does
not bias the results because target location was randomized.

Direction-related differences in perceived contrast. This experiment used
the same stimulus set and procedure as the preceding one, but subjects
indicated which stimulus had higher contrast.

Contrast-matching of stimuli drifting in opposite directions. Trials had
the same design as in the preceding experiment. Subjects indicated
whether the contrast of the grating in the upper position was higher than
that of the grating underneath. Data were collected with an adaptive
method of constant stimuli governed by two interwoven, 40-reversal,
up—down staircases with step sizes of 0.05 log units. Trial responses were
aggregated and binned by contrast level to obtain percentage points, and
a logistic function was fitted by maximum-likelihood methods.

RESULTS

Visibility elicited by saccades

A preliminary experiment showed that when grating speed is such
that temporal frequency is above ~45 Hz, the gratings cannot be
detected under fixation, neither foveally nor peripherally (Fig.
la). However, when the subjects execute saccades during the
presentation period, the gratings are detected almost always (Fig.
1b), regardless of the amplitude of the saccade (2 or 10°) and also
regardless of the direction of the saccade with respect to the
direction of stimulus motion (along, against, or orthogonal). Be-
cause the gratings were not detected peripherally under fixation
(Fig. 1a), their detection is not a result of their falling onto the
motion-sensitive peripheral visual field (Kelly, 1984) before or
after saccades. The gratings were definitely detected during the
saccade.

Our results under fixation agree with extensive data on the
temporal-frequency cutoff of vision (Robson, 1966; van Ness et
al., 1967; Kulikowski, 1971; Kelly, 1979; Koenderink and van
Doorn, 1979; Burr and Ross, 1982; Watson et al., 1986), and our
results during saccades can be interpreted with reference to the
peculiarities of motion induced by saccades. (A formal analysis is
presented in the Appendix.) The fact that all gratings are visible
with saccades along their direction of motion (Fig. 1b, left col-
umn) agrees with the principle that these saccades reduce retinal
velocity, bringing energy into the window of visibility (Fig. 2a).
But stimuli are also visible with saccades against their direction of
motion (Fig. 1b, center column) although, by the same principle,
these saccades increase retinal velocity and, then, they should
further hinder detection. Yet, because cathode-ray tubes (CRTs)
are time-sampled devices, drifting stimuli displayed on them have
always temporal-frequency replicas that are usually outside the
limits of the window of visibility. These replicas are responsible
for the spread of energy into the window of visibility, thus helping
detection with saccades against the direction of motion of the
stimulus (Fig. 2b).

On the other hand, orthogonal saccades also help detect the
stimuli (Fig. 1b, right column), although these saccades do not
alter the retinal velocity of the gratings. Yet, horizontal eye
movements occasionally include some vertical motion, often at
the end and to compensate for vertical drift along the horizontal
displacement (Rottach et al., 1998). This vertical component is
sufficient to spread energy into the window of visibility in a
manner that is consistent with our results. For a given temporal
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Figure 1. Visibility of gratings as a function of their temporal frequency

of drift. @, Results under fixation, whether central (open symbols) or
peripheral (solid symbols). b, Results during saccades along, against, and
orthogonal to the direction of motion of the grating, where open and solid
symbols respectively represent data for saccade amplitudes of 2 and 10°. In
all panels, circles represent data for 0.2 cycles/® gratings, triangles represent
data for 1 cycle/® gratings, and gray shading indicates the region where
percentage correct does not differ significantly (e = 0.05) from the chance
level of 50%. The vertical span of this region depends on the number of
trials. b includes only stimuli that are invisible under fixation, as indicated
by chance performance in @, and reveals that the stimuli are detected
during saccades.

frequency, detectability should and actually does increase with
increasing spatial frequency and with increasing saccade ampli-
tude (i.e., peak velocity), because either condition increases the
amount of energy that spreads into the window of visibility.

Contrary to our results, it has been reported (Deubel et al.,
1987; Castet and Masson, 2000) that fast-moving stimuli are not
seen with saccades against their direction of motion, but this
stems from the use of a higher display frame rate at which the
replicas from which energy spreads toward the window of visibil-
ity lie too far above its limits. Because some of our results thus
appear to be an artifact of the time-sampled operation of CRTs,
we replicated the study using an apparatus that renders continu-
ous motion.

Continuous display

When the gratings were in continuous motion, subjects never
reported seeing stimuli with saccades against their direction of
motion. With saccades along, performance varied with saccade
amplitude and stimulus speed (Fig. 3). Saccades of a given am-
plitude bring into visibility stimuli drifting at all velocities below
a limit that is fairly constant despite a fivefold change in spatial
frequency, strikingly suggesting a velocity limit on performance.
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The window-of-visibility theory (Watson et al., 1986) predicts
that performance should be determined by a temporal-frequency
limit, not a velocity limit. Two gratings drifting at the same
velocity and differing in spatial frequency by a factor of five have
their temporal-frequency content confined within ranges that are
also separated by a factor of five. Saccades of a given peak velocity
reduce the peak retinal velocity of either pattern by the same
amount, but their corresponding temporal-frequency ranges re-
main separated by a factor of five. If detection requires that the
temporal-frequency range of the retinal stimulus falls at least in
part within the window of visibility, the curves for 1 cycle/
gratings (Fig. 3, open symbols) should be horizontally shifted to
the left of the corresponding curve for 0.2 cycle/® gratings (solid
symbols) by the magnitude that corresponds to a factor of five,
more than half of the span of the horizontal axis. We fitted a
logistic function to each data set in Figure 3 and determined the
lateral shift by measuring the distance between the 50% points on
the 0.2 and 1 cycle/® curves (indicated by the horizontal segments
in Fig. 3). These distances imply factors ranging from 1.03 to 1.38,
with an average of 1.17 which is significantly different from 5
(one-sample ¢ test; £, = —123.37; p < 0.00005). Thus, our data do
not support the prediction of the window-of-visibility theory.

Furthermore, the fact that gratings drifting at ~125 °/sec be-
come visible even with fast, 20° saccades (~400 °/sec) seems to
suggest that the process involved in their detection is not simply
related to retinal velocity at the peak of the saccade (as suggested
by Castet and Masson, 2000): peak retinal velocity is approxi-
mately —275 °/sec in this condition, corresponding to peak tem-
poral frequencies of ~275 Hz (for the 1 cycle/® grating) and ~55
Hz (for the 0.2 cycle/° grating), both of which are beyond the
limits of the window of visibility. All subjects reported that these
gratings had the most clear appearance of a high-contrast flash of
a static pattern, something that is at odds with the fact that the
patterns were never even remotely close to static on the retina for
any significant amount of time over the course of the saccade (Fig.
4). We will further comment on the implications of these results
in our Discussion.

In a separate session we transformed the continuous display into
a sampled one by replacing the DC light source with stroboscopic
illumination at 333 Hz. Subjects reported seeing the grating with
every saccade, whether along or against its direction of motion.
Thus, on a continuous display, fast-moving gratings are detected
only when the eyes move along their direction of motion and
provided their velocity does not exceed a limit that is minimally
dependent on their spatial frequency. All subjects reported that the
pattern did not appear to be moving, but they guessed that seeing
it only during saccades in one direction would imply that it was
moving in that direction. Making use of this affordable conclusion,
the subjects could have reported the direction of motion of the
pattern despite being unable to see motion.

Intrasaccadic motion perception

The panels on the right of Figure 2 show that the retinal stimulus
during saccades contains directional information for the imputa-
tion of motion (Garcia-Pérez and Peli, 1999). If intrasaccadic
perception had access to this information, subjects should per-
ceive motion during saccades. However, our subjects reported
informally that the stimuli did not appear to move. This contrasts
with the results of Castet and Masson (2000), whose subjects
reported seeing motion during saccades. A possible explanation
for the discrepancy is that our subjects were not paying attention
to a feature that they had not been asked to identify. Another
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Figure 2. The retinal stimulus in the temporal vicinity of a saccade. The 0.2 cycle/° grating drifts at 49.04 Hz (rightward motion) in a and at —49.04 Hz
(leftward motion) in b. In both cases, the rightward saccade has an amplitude of 10° so it is along the direction of motion of the grating in @ and against
it in b. The space—time plots on the left show the retinal stimulus (the fovea is at the center of the 30° horizontal span) over a brief temporal interval
containing the saccade (time increases upwards), and the trajectory of the saccade is given by Equation A5 in the Appendix. The meshes on the
right—with the grayed parts approximating the region beyond the window of visibility—display the corresponding amplitude spectra. Arrows indicate the
blobs that correspond to the nominal stimulus; the remaining blobs are replicas produced by the time-sampled display. Saccades introduce energy into
the window of visibility in both cases, regardless of the direction of the saccade with respect to the direction of motion of the grating.

possibility arises from the remark of Castet and Masson (2000)
that their stimuli were only visible with saccades along their
direction of motion, not with saccades against it. This is a result
of their using a 160 Hz frame rate and a 10% contrast. Castet and
Masson (2000) thus placed their subjects in a situation similar to
that in our continuous display, where stimuli are detected only
with saccades along their direction of motion, thus allowing
motion to be guessed without seeing it. Our next experiment
removes this potential contamination by using a display rate at
which the stimulus is seen with saccades along and against its
direction of motion (Fig. 1) and by using a forced-choice
direction-discrimination test in which subjects can only perform
above chance if they actually see motion.

Intrasaccadic motion perception occurred only with 2° saccades
over 0.2 cycle/° gratings (Fig. 5Sa). We thus have reasons to believe
that the results of Castet and Masson (2000) indicating intrasac-
cadic perception of motion across a broad range of conditions are
a consequence of the inappropriate mixture of display frame rate
and experimental procedure. Yet, their major conclusion that
motion perception may occur during saccades remains true in the
light of our results. We are, however, less keen on ascribing this
event to the workings of the magnocellular pathway: our subjects
did not see the 0.2 cycle/° grating in motion when they executed
10° saccades (Fig. Sa, right column), despite the fact that this
grating is processed by the magnocellular system.

Our data also suggest that intrasaccadic perception of the

gratings is not mediated by a compensation of motion at the
retina, because none of our subjects ever perceived reversed
motion. (In a forced-choice task, reversed motion perception
manifests as below-chance performance, which our data do not
show) (Fig. 5a). Castet and Masson (2000) argued that saccadic
overcompensation of velocity would result in the perception of
reversed motion, on the assumption that perceived velocity equals
peak retinal velocity, i.e., the signed difference between grating
velocity and peak saccadic velocity. Also according to this as-
sumption, the grating is seen as a static flash when the peak
velocity of the saccade is close to the velocity of the grating.
Castet and Masson (2000) provided empirical evidence support-
ing their hypothesis, but it was again based on subjective reports
in yes—no tasks. Our forced-choice results provide countering
evidence: the velocity of our forward-drifting gratings varied from
~49 °/sec (for 1 cycle/® at 49.04 Hz) to ~276 °/sec (for 0.2 cycles/®
at 55.17 Hz), and saccade velocities varied between ~100 and
~300 °/sec, resulting in peak retinal velocities ranging from high
and negative (approximately —250 °/sec; backward retinal mo-
tion) to high and positive (~175 °/sec; forward retinal motion).
Our subjects perceived veridical motion in only two of these
conditions, they never perceived reversed motion and most often
they perceived what they informally reported as static flashes,
despite the fact that peak retinal velocity for these sampled
stimuli was never close to null over any significant amount of time
during the saccade.
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Figure 3. Visibility of gratings in continuous motion, as a function of
their speed. Circles, triangles, and squares respectively represent data for 2,
10, and 20° saccades; solid and open symbols respectively represent data
for 0.2 and 1 cycle/® gratings. All data correspond to saccades in the same
direction as the stimulus motion; saccades in the opposite direction did
not elicit visibility. Solid curves (for 0.2 cycle/® gratings) and dashed curves
(for 1 cycle/® gratings) are the best-fitting logistic functions to each data
set. The locations of the curves for 0.2 cycle/° gratings and the corre-
sponding 1 cycle/® gratings, as indicated by the distance between their
50% points (horizontal segments), are not laterally shifted by the distance
that corresponds to a factor of five, indicating that performance does not
have a temporal-frequency limit.

Direction-related differences in perceived contrast

Our theoretical analysis of intrasaccadic visual processing (see
Discussion) predicts that perceived contrast should be higher
when the saccade is along than when it is against the direction of
motion of the stimulus. The present experiment tests this predic-
tion and explores whether direction-related differences in per-
ceived contrast are limited to stimuli seen in motion during
saccades or extends also to stimuli with which intrasaccadic mo-
tion is not perceived.

Stimuli drifting in the direction of the saccade were indeed
generally perceived as higher in contrast (Fig. 5b). A comparison
with our direction-discrimination results (Fig. 5a) reveals that this
occurs for all stimuli that were seen in motion during saccades
and also for stimuli not seen in motion. Differences in the per-
ceived contrast of gratings drifting in the direction of the saccade
and gratings drifting in the opposite direction reveal that intrasac-
cadic perception has finer grain than would be considered neces-
sary from the theoretical standpoint that intrasaccadic visual
processing is disruptive and ought to be reduced or suppressed.
The next experiment further assesses the granularity of intrasac-
cadic contrast perception.
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Contrast-matching of stimuli drifting in

opposite directions

If intrasaccadic contrast perception had the broad range that it
has with static eyes, subjects would be able to perform contrast-
matching tasks during saccades. We checked this out by measur-
ing the contrast that the grating moving in the direction of the
saccade must have to be perceived as having the same contrast as
a similar grating moving in the opposite direction. This experi-
ment also provides quantitative data on differences in the per-
ceived contrast of stimuli drifting in opposite directions.

The results (Fig. 6) reveal that intrasaccadic contrast percep-
tion can be well described by psychometric functions similar to
those describing contrast comparisons in static viewing: the prob-
ability of perceiving one grating as having higher contrast than
the other increases with distance from the point of subjective
equality given by the 50% point on the fitted curve. This point
(vertical lines) differs from the point of objective equality (arrows),
and the difference is larger at the lower temporal frequency (solid
lines, circles, and arrow).

Note that only small differences exist between retinal stimuli in
the “along” and “against” conditions (Fig. 2): the most salient
characteristic (which both situations share) is that the saccade
introduces the same continuous motion during each of the oth-
erwise static display frames (since both gratings were presented
simultaneously and, then, both were affected by exactly the same
saccade-induced motion). The only minor difference that remains
is the spatial offset that each new display frame introduces. This
minor difference must cause the observed differences in perceived
contrast. The classical explanation for the invisibility of high-
frequency flicker and fast-moving gratings under fixation is that
temporal contrast is blurred away by a temporal integration
process (Levinson, 1968). If this process also operates during
saccades, the perceived contrast of stimuli drifting in opposite
directions must reflect the different outcomes of this process. We
present theoretical results supporting this hypothesis in the last
section of our forthcoming discussion.

DISCUSSION

The status of saccadic suppression

Intrasaccadic perception argues against saccadic suppression as
an active process affecting suprathreshold vision. Research on
saccadic suppression has focused on threshold perception, and it
has also generally failed to design conditions that unequivocally
indicate whether lower sensitivity during saccades is indeed the
result of degraded processing. A comparison between thresholds
under fixation and during saccades is biased, because the stimulus
is hardly the same in both cases: in fixation trials it falls onto a
single retinal location for its entire duration, whereas in saccade
trials it is broadly spread across a larger retinal area. Each of the
retinal areas involved during saccade trials receives a weaker
stimulation for a shorter time, and multiple factors will produce a
threshold elevation in these conditions: retinal inhomogeneity,
Bloch’s law (Gorea and Tyler, 1986), exposure duration
(Tulunay-Keesey and Jones, 1976), temporal integration (Burr,
1981), and probability summation (Watson, 1979; Robson and
Graham, 1981).

A careful study has recently been published that overcomes
these difficulties by comparing the threshold effects of real and
simulated saccades (Diamond et al., 2000). The authors claimed
that suppression occurs only during real saccades, although one of
the experiments remarkably showed the same suppression during



7318 J. Neurosci., September 15, 2001, 27(18):7313-7322

2-deg saccade

0.2 c/deg§
125 deg/s

Time (200 ms)

1.0 c/deg
125 deg/s

Time (200 ms)

Retinal space (30 deg)

10-deg saccade

Retinal space (30 deg)

Garcia-Pérez and Peli « Intrasaccadic Perception

20-deg saccade

Retinal space (30 deg)

Figure 4. Retinal projection of square-wave gratings drifting in continuous motion. Saccade trajectories are given by Equation A5 in the Appendix. Top
shows 0.2 cycle/® grating drifting at 125 °/sec; bottom, 1 cycle/° grating drifting at 125 °/sec. Left shows 2° saccade (duration, 6 = 0.044 sec; peak velocity,
99.43 °/sec); center, 10° saccade (8 = 0.073 sec; peak velocity, 299.66 °/sec); right, 20° saccade (6 = 0.109 sec; peak velocity, 401.38 °/sec). Retinal motion
is continuous, and gratings are never static on the retina over any significant amount of time.

real and simulated saccades (Diamond et al., 2000, their Fig. 5).
This contradictory evidence demands further research, a research
that should also solve a minor methodological problem described
next.

In the experiments of Diamond et al. (2000), the task was one
of luminance-change detection, because the study used a Gabor
patch whose space constant was <1/5 the grating period: presen-
tation of the patch then resulted mainly in a luminance change.
Also, 0.5° fixation spots were used that provided a contaminating
local contrast clue, whose effect was maximal because spots were
located along the line of maximal luminance. Finally, in trials
with real saccades the subjects moved their eyes from one of these
spots to the other, whereas in trials with simulated saccades a
mirror moved the entire display in the opposite direction, away
from fixation spots (Diamond et al., 2000, their Fig. 1). Then, real
and simulated saccades differed in that a fixation spot was foveally
available after real saccades but not after simulated saccades.

These details may explain the minor difference that was found
between real and simulated saccades when the task was detection
against a structured background, namely, a “slower recovery of
sensitivity in the no-saccade condition” (Diamond et al., 2000, p.
3454). This outcome seems to reflect that, for stimuli displayed
after simulated saccades, subjects could not use the foveal con-
trast clue that facilitated detection after real saccades. It is un-
certain why suppression was specific to real saccades in other
cases, but the lack of specificity under some conditions indicates
that active saccadic suppression is not always operative. Being
diurnal mammals, our visual system has evolved to deal with high
contrast and structured backgrounds. The demonstration of the
lack of saccadic suppression with structured backgrounds of Di-
amond et al. (2000) and our demonstration of intrasaccadic per-
ception of high-contrast stimuli support the idea that saccadic
suppression does not play any role under the conditions in which
our visual system has evolved.

Motion perception during saccades

Castet and Masson (2000) hypothesized that intrasaccadic mo-
tion perception occurs for stimuli that are optimal for the mag-
nocellular system (low spatial and high temporal frequencies) if

retinal temporal frequency at the peak of the saccade is within the
optimal range for motion detection. If v, is this peak velocity (in
degrees per second) and w, is the temporal frequency (in Hertz)
of a grating with a spatial frequency of p, cycles/®, the retinal
temporal frequency at the peak of the saccade is w, = w, — v,p,.
Accordingly, 2° saccades yielding v, ~ 100 °/sec should elicit
veridical motion perception when p, = 0.2 cycles/* and w, = 49.04
or 55.17 Hz (so that w, =~ 29.04 or 35.17 Hz), and our empirical
data indicate that this is the case (Fig. 5a). However, 2° saccades
should also elicit veridical motion perception when p, = 0.5
cycles/® and w, = 55.17 Hz (so that w, ~ 5.17 Hz), and our data
indicate this is not the case (Fig. 5a). Similarly, 10° saccades
yielding v, ~ 300 °/sec should elicit reversed motion perception
when p, = 0.2 cycles/® and w, = 49.04 or 55.17 Hz (so that w, ~
—10.96 or —4.83 Hz), but our empirical data also disconfirm this
prediction (Fig. 5a).

Our results indicate that intrasaccadic motion perception does
not depend on isolated events at around the time that the saccade
reaches peak velocity.

Visual processes mediating intrasaccadic perception
Deubel et al. (1987) suggested that intrasaccadic detection might
be either a result of reduced retinal velocity or a result of the
temporal transient that occurs when the image “disappears” from
one retinal location and “reappears” on another one. The first
possibility was also considered by Castet and Masson (2000), but
our data disprove it: our subjects detected gratings whose retinal
velocity at the peak of the saccade is not within the window of
visibility. The second possibility lines up with a recent hypothesis
stating that the unexpected flash of a stimulus resets motion
integration (Eagleman and Sejnowski, 2000), a hypothesis that
seems to account for the flash-lag effect (Nijhawan, 1994). This
hypothesis seems also disproved by our results, because orthog-
onal saccades yield poorer performance than saccades along or
against the direction of motion of the stimulus (Fig. 1b). A third
possibility, namely, that temporal integration processes taking
place locally in space are also operative during saccades, makes
predictions that are consistent with our results.

Consider the temporal impulse response (TIR) of the visual
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Figure 5. Performance in the direction-discrimination and contrast-
discrimination tests. Solid and open circles respectively represent data for
49.04 and 55.17 Hz drift. Gray shading indicates the region where per-
centage correct (or percentage “right”) does not differ significantly (o =
0.05) from the chance level of 50%. a, Intrasaccadic motion perception
only occurs with 2° saccades over 0.2 cycle/® gratings. Subject BCH found
the direction-discrimination task with 10° saccades so difficult that half-
way through the session she started executing smaller saccades that made
the task easier; she could not prevent this from happening, and her data
were discarded, but she was essentially performing at chance level. b,
Although gratings drifting along and against the direction of the saccade
had the same physical contrast, the grating drifting to the right (i.e., in the
same direction as the saccade) was perceived to have a higher contrast in
a number of conditions including that sustaining intrasaccadic motion
perception.

system to be the difference between n, stage and n, stage filters
(Bergen and Wilson, 1985; Watson and Ahumada, 1985),

g(t)

a(t/m)" lexp(—t/m)  blt/m)"™ 'exp(~1/m,)
= ’Tl(f’ll - 1)' TZ(”Z - 1)'
0 otherwise.

(1)

To illustrate the effects of temporal integration over the period
containing a saccade, we willuse n;, = 9,n, = 10,a = 1,b = 0.9,
7, = 0.004 sec, and 7, = 0.0053 sec (Watson and Ahumada, 1985)
(Fig. 7).

Assuming that temporal integration takes place whether or not
the eyes are static, the outcome of this process is given by
temporal convolution of the TIR and the retinal stimulus, which
may include shifts caused by saccades. Parameter b in Equation 1
mostly determines whether the resulting TIR has a bandpass or a
lowpass characteristic which, in turn, determines whether the

ift>0

J. Neurosci., September 15, 2001, 27(18):7313-7322 7319

a 0.5 c/deg, 2-deg saccades b 0.2 c/deg, 10-deg saccades

100r o 49.04 Hz 100
80} © 5517Hz
60
40

20

® 49.04 Hz
O 5517 Hz
MAG

0
-1.

100
80
60
40
20

Percent seen as higher in contrast
Percent seen as higher in contrast

0
—1.

100
80
60
40
20

FVM

0
-12 10 08 06 04 02 00 10 08 06

Percent seen as higher in contrast

100 - e oo 100
8o} oz 80
60 | . ] AKN 60
4w} 9‘: 40
201 ! 20

Percent seen as higher in contrast

-12 10 08 06 04 02 00 10 08 06 04 02 00

Log contrast of “along” grating Log contrast of “along” grating

Figure 6. Performance in the contrast-matching test. Data indicate the
percentage of times that a grating drifting in the direction of a saccade was
perceived as having higher contrast than a grating drifting in the opposite
direction, as a function of the contrast of the former. The contrast of the
grating drifting in the opposite direction was fixed at the value indicated by
the arrows. Solid and open circles respectively represent data for drift at
49.04 and 55.17 Hz; solid and dashed curves represent maximum likelihood
fits to the corresponding data, and their 50% point (vertical lines) is an
estimate of the contrast at which the “along” grating is perceived to have
the same contrast as the “against” grating. This matching contrast is lower
than the actual contrast of the “against” grating, and the difference is larger
at the lower temporal frequency (solid symbols, solid lines, and solid arrow).
a, Results for 0.5 cycle/® gratings and 2° saccades. b, Results for 0.2 cycle/
gratings and 10° saccades.

output will include what is referred to as “off” responses in the
neurophysiological literature (Garcia-Pérez, 1999). “Off” re-
sponses are the temporal (causal) analog of lateral inhibition in
space, and they explain why gratings briefly flashed in sequence
summate better in counterphase (Watson and Nachmias, 1977).
The following results do not depend on b.

Temporal integration blurs away contrast before and after
saccades—consistent with the invisibility of stimuli under fixa-
tion—and only the retinal stimulus over a brief period around the
saccade survives the integration—also consistent with the visibil-
ity of stimuli during saccades. For stimuli displayed on a CRT,
non-null output occurs for saccades both along (Fig. 8, left) and
against (Fig. 8, right) its direction of motion, but there are quan-
titative differences between the two conditions. The maximal
instantaneous spatial contrast is generally higher for saccades in
the direction of stimulus motion, consistent with our contrast-
matching results (Fig. 6): the difference is larger at the lower
temporal frequency.

Also consistent with our results in Figure 3, the output for
stimuli in continuous motion (data not shown) is null for saccades
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Figure 7. Shape of the TIR in Equation 1 with parameters from Watson
and Ahumada (1985). This TIR consists of an initial delay of ~10 msec
followed by a positive lobe that spans ~35 msec, determining the time
over which temporal oscillations in the stimulus will be blurred away. The
subsequent negative lobe spans ~65 msec and will produce an “off”
response. If the temporal input were a single, above-threshold flash of
infinitesimal duration, the temporal output would have the shape de-
scribed by this function: a slightly delayed flash-like appearance followed
by a short and weaker contrast-reversed version (the “off” response).

against the direction of stimulus motion, whereas saccades along
that direction produce similar output as with the sampled display.

Temporal integration also explains the puzzling velocity limit
on performance (Fig. 3). The stimulus is blurred away before and
after the saccade because its fast temporal variations are filtered
out at all spatial locations. Yet, during saccades the retinal stim-
ulus has “elbows” that extend the time over which any retinal
location receives stimulation of the same polarity (Fig. 4), and
this perturbation passes through the temporal filter. The duration
of this transient is not well described in temporal-frequency terms
and depends mostly on grating velocity (hence the velocity limit)
and minimally on spatial frequency: all else equal, the duration of
the perturbation increases slightly as spatial frequency decreases,
consistent with our result that the velocity limit is slightly higher
for 0.2 than for 1 cycle/° gratings (Fig. 3). Variations in the
duration of this perturbation are too small to be noticed (consis-
tent with the flash-like appearance reported by our subjects), and
the two occasions of its occurrence (at the beginning and at the
end of the saccade) are merged into a single event by the spread
of the TIR: the perturbation at the output is a single event with
a fairly constant duration of 50-100 msec.

Our results thus suggest that visual processing operates during
saccades in much the same way as under fixation, and failure to
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notice intrasaccadic perception is likely a result of visual masking
caused by presaccadic and postsaccadic perception (Campbell
and Wurtz, 1978; Corfield et al., 1978).

APPENDIX: THE RETINAL STIMULUS DURING
SACCADES

During a saccade, the distal stimulus sweeps the retina according
to the path of the eye movement. Let f be the distal stimulus, and
consider for simplicity that it is a Gabor function whose Gaussian
aperture has a circular spatial spread of 0° and whose carrier has
a spatial frequency of p, cycles/° and a velocity of v, °/sec and that
is further windowed with a temporal contrast envelope that spans
t, sec and whose onset and offset are linearly ramped for 7, sec (7,
= t,/2). Assuming foveal presentation and foveal spatial coordi-
nates, and setting the arbitrary origin of time at stimulus onset,
the nominal stimulus is

fx,y, 1)
2 2

= LO{ 1+ m(t)exp[— %}cos[}npo(x -V t)]}, (A1)

where L is mean luminance and

Mumax if0=r< To
To
m if rg=t<ty— 7
m(t) = P ! o (A2)
My —— g — T9=t =1
0 otherwise

is the temporal contrast envelope, with maximal contrast m,,..

When displayed on a CRT at a frame rate of w, Hz, the actual
stimulus f, consists of a discrete sequence of n static frames,
where n = [t w,] (i.e., the least integer value greater than or equal
to f,w,). Apparent motion occurs because the carrier shifts in
space across frames, although it remains static over the entire
duration of a frame. Disregarding the mean luminance pedestal,
the actual stimulus is then:

! x? +y2
fa(xa y7 t) = LO 2 miHi(t)eXp - T..Z COS[ZWPO(X _xi)]7
i=1

(A3)

Figure 8. Output of a temporal integration process operat-
ing at each retinal location. The input is the retinal stimulus
resulting from saccades of given amplitudes over gratings of
given spatial and temporal frequencies, as rendered on the
time-sampled display used in our experiments (Fig. 2). The
origin of the temporal axis is at the midpoint of the saccade,
when saccadic velocity peaks. The delay of the temporal
perturbation produced by the saccade with respect to the
saccade itself is determined by the shape of the causal TIR
(Fig. 7). The top panels pertain to the stimuli in Figure 2. The
maximal instantaneous spatial contrast at the output is gen-
erally larger in the “along” condition (left column) than in
the corresponding “against” condition (right column), and
the difference is larger at the lower temporal frequency (top),
in agreement with our intrasaccadic contrast-matching re-
sults (Fig. 6).
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where m; = m((i — 1)/w,) is the contrast of the Gabor function
displayed on the ith frame, x; = vy(i — 1)/w, is the spatial shift of
the carrier at the ith frame, and

i—
1 i =t=—
IL,(r) = if o) ! o0

0 otherwise

(A4)

is the temporal window that describes the duration of the ith
frame. We will assume that the stimuli are displayed in conditions
that minimize artifacts caused by interactions along raster lines,
by phosphor decay over the duration of a frame, and by phosphor
persistence across frames (Garcia-Pérez and Peli, 2001).

When a saccade occurs whose midpoint is at time ¢, (¢, < t),
the stimulus changes retinal position continuously over time as a
result of the saccadic trajectory, and the retinal stimulus f, is given
by f(x,yt) = f,(x —x'(t — t,),y —y'(t — t,), t), where x’ and y’ are
parametric functions, respectively, describing the trajectory of the
saccade in the horizontal and vertical directions. Here we will
assume y'(f) = 0 and will thus only consider horizontal saccades
whose trajectory is given by

x'(t)
5
A it o =_°
1 = 2
3350 218 200 b 5
[ Q— — - - 4 - i =
7 T DG Ty ) T T =
5
B if 0
1 t>2
(AS)

where B — A (in degrees) is the amplitude of a saccade that
changes the retinal location of the stimulus from 4 to B (4 < B
for rightward saccades; A > B for leftward saccades) and & (in
seconds) is its duration (Fig. 9). This sigmoidal trajectory corre-
sponds to a minimum-snap model (Harwood et al., 1999), and it
is easy to show that the velocity of such saccade is given by:

, 35(B — A) 4\ 8 8
dx — 1 -—== if—-=t==,
vi(t) = ar s 166 [ 2 2
0 otherwise
(A6)
B
]
(3]
z
L]
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Figure 9. Sigmoidal trajectory of a saccade as given by Equation AS. The
arbitrary origin of time is at the midpoint of the saccade, when velocity is
at its peak.
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yielding a peak velocity v, = 35(B — A4)/163 °/sec at the midpoint
of the saccade (i.e., peak velocity varies inversely with duration
and directly with amplitude).

It is also useful to look at this retinal stimulus in the
spatiotemporal-frequency domain, since it gives some insight as
to the effect of saccades on the spectral content of the retinal
stimulus. The functional form of x" does not permit obtaining the
Fourier transform of f,, in closed form, but an analytical approx-
imation can be obtained to the desired precision by noting that x’
can be approximated through a stepwise linear function with
constant-velocity segments of appropriate durations. Thus, con-
sider that the duration of a display frame is partitioned into
adjacent epochs each lasting 8, = 1/kw, sec, with k sufficiently
large so that the velocity of the eye over each epoch can be
considered constant. The retinal stimulus can then be formally
represented as

filx, y, 1)
i (x—x'(t — 1)) +y
=L, ; mil'[[(t)exp[— 252
X cos[2mpy(x —x'(t — t;) —x;)]
n k
) (x —x) — vt — ;) + 52
~Ly >, >, min:f(’)eXP[_ : 102 :
i=1 j=1 2
X cos[2mpy(x — xj; — vyt — t;) — x)], (A7)
where
[ 1 iy =t=t+ 6,
ﬂij(t) - { 0 otherwise (A8)

with 7; = (i — 1)/, + (j — 1)d,, defines the jth epoch of the ith
frame, x; = x'(t; — t,) is the location of the stimulus at the begin-

> ij

ning of that epoch, and

_x’(tij + 50 - ts) 7x’(tij - ts)
[/ 80

v (A9)

is the (constant) velocity of the stimulus over that epoch. The
Fourier transform F, of the latter expression for f,. can easily be
shown to be

Fr(px7 Py (1))

n k .
sin[ 78y(w + v;p,
~ L() 2 E m,-o-z [ 0( ;P )]

i=1 j=1

Py exp[—Im(8 + 2t;)(w + v;p,)]

X {exp[—27*((p, — po)* + Pyz) — Ra((xj; — vity)pe + Xipo)]

+exp[ — 20 ((pe + po)” + py) — 127(xf = vity)ps + Xipo)]

(A10)

where I 2 = —1.

The space-time aspect (Eq. A7) and amplitude spectrum
(modulus of Eq. A10) of some stimuli during saccades are shown
in Figure 2. In space—time, saccades have the effect of introducing
continuous motion into the stimulus: what otherwise would be
static within-frame stimulation gets swept across the retina con-
tinuously, and it is this additional motion introduced by the
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saccade itself that is responsible for the temporal-frequency
spread of energy. This within-frame motion also contributes to
strengthening a local temporal signal caused by the abrupt phase
shifts across frames.
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