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Saccadic eye movements cause compression of time as
well as space
M Concetta Morrone1, John Ross2 & David Burr3,4
There is now considerable evidence that space is compressed when stimuli are flashed shortly before or after the onset of a
saccadic eye movement. Here we report that short intervals of time between two successive perisaccadic visual (but not auditory)
stimuli are also underestimated, indicating a compression of perceived time. We were even more surprised that in a critical
interval before saccades, perceived temporal order is consistently reversed. The very similar time courses of spatial and temporal
compression suggest that both are mediated by a common neural mechanism, probably related to the predictive shifts that occur
in receptive fields of many visual areas at the time of saccades.

We continually make ballistic eye movements, called saccades, in order
to redirect the fovea to objects of interest. Although this strategy is
highly efficient in allowing the visual system to analyze a wide field of
view at high resolution, it poses serious problems for perception by
changing the mapping of external space onto the retina. In normal
viewing, stationary objects do not appear to shift their positions in
space with eye movements, implying that continual corrective changes
are made to neural frames of reference. But the corrections are not
entirely successful. Experiments show that stimuli flashed briefly just
before or early in a saccade are seen in false positions (for review, see
ref. 1). Two components of error have been identified: a shift in the
direction of the saccade2,3 and shrinkage of distances between stimuli,
compressing them toward the saccade’s target4–6. The compression is
primarily one-dimensional, parallel to the saccadic path5,7. The shift
has been attributed to a mismatch between actual eye position during
saccades and a prediction of position from an internal corollary
discharge signal. But such a mismatch fails to explain compression:
that remains a mystery. However, it has been suggested1 that compression may be linked to the anticipatory shift of the receptive fields of
neurons in many cortical areas, particularly the lateral intraparietal area
(LIP), that become transiently craniotopic from well before until well
after saccades, up to the next intention to move the eye8–10.
LIP neurons have recently been implicated in encoding temporal
duration as well as spatial distance11,12. If their perisaccadic activity is
responsible for the perceived compression of space, we may well expect
that the perception of intervals of time will also be altered when
saccades are imminent or in progress. Here we show that time, like
space, is indeed strongly compressed during saccades, following similar
dynamics as spatial compression. Furthermore, during a critical duration just before saccade initiation, temporal order of briefly presented
stimuli is consistently reversed.

RESULTS
Temporal compression
We asked observers to compare the time interval between two pairs of
extended horizontal bars while they made large horizontal saccades
(Fig. 1). The first pair was a test stimulus, with the interval between
bars fixed at 100 ms, presented at unpredictably varying times relative
to the saccade. The second pair was a probe stimulus of variable
interval, presented 2 s after the test (see sample results for two subjects
in Fig. 2a). The data for intervals well before saccadic onset are well fit
by a cumulative Gaussian curve with a mean of 100 ms (corresponding
to the point of subjective equality (PSE)) and s.d. of around 40 ms
(corresponding to the precision of the match). The data for stimuli
presented to stationary eyes just before saccadic onset are also well fit by
a cumulative Gaussian, but its mean (and hence PSE) is not 100 ms, but
50 ms. This suggests that subjective time has been compressed by a
factor of two. Results for stimuli presented perisaccadically to a region
near the saccadic target, where attention is known to be directed well
before saccades begin13,14, were very similar to those with large
peripheral targets remote from the saccadic target (Fig. 2a).
We observed compression over a wide range of saccade sizes (3.5 to
451), with only modest variation of magnitude for the very short
saccades, even though saccade duration varied from 30 to 120 ms over
that range (Fig. 2b). The compression of time was specific to visual
stimuli and to saccades. We did not observe compression for auditory
clicks presented just before saccades, nor for visual stimuli presented
just before a blink (known to cause saccade-like visual suppression15,16). Comparing PSEs and judgment precision as a function of
test presentation time shows that the compression of time was greatest
when the test bars were presented near the start of saccades and
extended over a period of some 300 ms around saccadic onset
(Fig. 3a). Compression of time is associated with an improvement in
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A closer examination of reversal of the
perception of time is shown in Figure 4c,d.
A plot of data for stimuli presented 100 ms or
more after a saccade (Fig. 4c) produces a
conventional psychometric function, varying
monotonically with bar separation. The psyTest
Probe
chometric function for data within the range
of –70 to –30 ms (Fig. 4d) is far from conventional: it is triphasic, and for bar separations within the range 750 ms, it runs in the
–500
0
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1,000
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opposite direction, as if time had reversed.
Time (ms)
Yet despite the reversal of time, observers
Figure 1 Schematic illustration of the experimental setup. (a) Impression of the screen, with fixation
did not see bars as simultaneous at some nonand target spots and upper and lower bar stimuli (which never actually appeared simultaneously). Both
zero separations. Figure 4e,f shows signed
stimuli were brief (8 ms), 60  61 horizontal, near-equiluminant green bars, one 181 above and one
magnitude estimates of perceived bar separa181 below screen center. Color and separation were chosen to minimize the sensation of motion (and
tion for a subset of the data of Figure 4c,d. For
subjects reported no motion perception). (b) Schematic saccade about 50 ms in duration, beginning
stimuli
presented after the saccade (Fig. 4e),
at time zero (by definition). The lower trace illustrates the timing of the test and probe stimuli for the
the estimates were near veridical, but when
perceived duration experiment. The pairs of ticks illustrate the presentation time of upper and lower
bars (order randomized). The test bars were always separated by 100 ms, the probe separation variable.
they were centered within the critical interval
of 30 to 70 ms, duration was underestimated, consistent with compression of time,
precision, both relative to early presentation and to presentation during and perceived order was often inverted for stimulus separations less
fixation (Fig. 3a). Plotting precision against perceived duration for than 100 ms. Note that for some separations (around 70 ms), stimuli
saccadic conditions for 100 ms tests and also for fixation with variable were sometimes reversed and sometimes not (leading to 50% perfortests (Fig. 3b) shows this relationship more clearly. In both cases mance in Fig. 4d), but the magnitude of the estimation never
precision was directly proportional to perceived duration, yielding approached zero, which would imply perceived simultaneity.
Weber fractions around 30%.
DISCUSSION
Our results show that at the time of saccades, a strong compression of
Temporal inversion
Observers were next asked to judge the temporal order in which a pair time accompanies the well-known shift and compression of space2–6,
of horizontal bars had been presented. The order and temporal suggesting a common cause for these phenomena. Both the temporal
separation of the bars and the time of presentation relative to the and spatial effects occur within approximately the same saccadic epoch,
saccade were all varied unpredictably. Figure 4a,b shows for two from shortly before to shortly after saccades, and both are maximal just
observers the proportion correct as a function of stimulus presentation at the start of saccades.
time, for three ranges of bar separation. When bar separation was large
As eye movements and attention are known to be tightly related, it is
(76–200 ms), temporal order was almost always judged correctly, with a worthwhile to consider the possible role of attention in temporal
small drop in accuracy for bins just before saccades. However, for compression. Attention is known to influence perceived duration
shorter separations (20–44 ms and 44–75 ms), bars presented just before and also temporal order: salient, attention-grabbing stimuli have longer
saccades were seen in reversed order, with very high probability. When apparent duration17–19 and can be seen to precede less-attended stimuli
presented at times remote from saccadic onset, order judgments within that were presented earlier20–24. The extended horizontal bars of this
this range of bar separations were correct with high probability.
study presumably engage attention mechanisms, especially as subjects
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Figure 2 Compression of time during saccades. (a) Psychometric functions showing proportion of trials where two subjects (one author, M.C.M., and one naive,
J.E.D.) judged the temporal separation of the probe to be longer than that of the test while they made large (301) horizontal saccades. The interval between
test bars was fixed at 100 ms, whereas that of the probe was varied as indicated by the abscissa. Open squares refer to presentations when the temporal center
of the test pair fell between 400 and 200 ms before saccadic onset, and the open circles when it fell in the interval of 100 to 50 ms. Filled triangles
show results when stimuli were short vertical bars (6  151) near the saccadic target, 100 to 50 ms before saccadic onset. All data were fit with
cumulative Gaussian functions to derive the PSE (given by the mean) and the precision (given by the s.d.). (b) Apparent duration of a 100-ms double-bar
perisaccadic stimulus (100 to 50 ms) as a function of saccadic amplitude (filled circles: M.C.M., open circles: J.E.D.). Upper abscissa: duration of
saccades calculated from Carpenter’s40 formula d ¼ 2.2A + 20 ms (d, duration; A, saccadic amplitude), which agreed well with our own measurements. Right
panel shows results for two controls: the blink condition (when stimuli fell 100 to 50 ms before the onset of a voluntary blink) and the apparent temporal
separation of clearly audible clicks (4-ms duration, 100-ms separation, 100 to 50 ms before saccadic onset). Vertical bars: s.e.m., bootstrap method.
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had to attend to them in order to judge their duration or temporal
order. However, as all bars were of equal size, duration, brightness and
eccentricity, it is unlikely that some were more attention-grabbing than
others. As saccades cause shifts in spatial attention toward the saccadic
target13,14, it may be argued that the effects reported here are due to
reduced spatial attention for stimuli not at saccadic target, but as
compression also occurred for stimuli near saccadic target (Fig. 2a),
this seems unlikely.
There is also evidence for a general damping of attention at the time
of saccades25–27, a time when information is least reliable28. As
perceived duration varies with attention, this inattention could reduce
the apparent duration of stimuli presented at the time of saccades.
However, although inattention can reduce perceived duration, the
reported effects are small (about 12%) and are associated with an
increase in variability in judgment18: our results (Fig. 3) show a
decrease in perceived duration of about 50%, together with a decrease
in variability (implying increased precision) in temporal judgments.
The temporal inversion is even more difficult to account for by
attention, as the prediction runs in the wrong direction. The inversion
was maximal when the stimulus pair was centered 50 ms before
saccadic onset, so the second bar occurred near saccadic onset. If the
system were less attentive at saccadic onset, the second bar should have
less attentional weight22 and therefore should be pushed even further

Figure 4 Temporal inversion. (a,b) Proportion of correct judgments of
temporal order for two observers (averaging ‘top first’ with ‘bottom first’) as
a function of stimulus presentation time (the average time of the pair from
saccadic onset), for three levels of separation of stimulus pairs. (c,d) Two
psychometric functions from the data of Figure 3a (subject J.E.D.) for
presentation times more than 100 ms after saccadic onset (c) and for
a critical perisaccadic interval 70 to 30 ms (d). Each curve incorporates
about 150 trials. (e,f) Magnitude estimations of perceived duration for
a subset of the data in c,d (61 points for e, 81 for f). For presentation
times 100 ms after saccadic onset (e), the judgments were near veridical
(slope of linear fit of all points 0.93, r ¼ 0.98, solid black line). During
the interval 70 to 30 ms (f), magnitudes were underestimated and
consistently reversed (non-inverted data indicated by solid black line:
slope 0.47, r ¼ 0.90; inverted data by solid gray line: slope 0.80,
r ¼ 0.82). For clarity, the inverted data points of both graphs are shown
as open squares.
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back in temporal priority, rather than ‘jumping the cue’ to invert
perceived order. Although we cannot exclude completely the role of
attention in this study, its precise role is far from obvious at this stage.
It is unlikely that the changes in perceived duration result from lowlevel processing of the stimulus. The use of widely separated equiluminant stimuli minimized the impression of apparent motion (and
indeed, no subjects reported the sensation of motion). Saccades
change neither the amplitude nor the dynamics of the temporal impulse-response function for equiluminant stimuli29. For
luminance-modulated stimuli, the impulse response becomes slightly
faster (consistent with a decrease in contrast gain), but the difference in
peak response is only about 8 ms, far shorter than needed to account
for the results reported here.
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Figure 3 Compression and increased precision of time during saccades.
(a) Point of subjective equality (PSE) and precision as a function of stimulus
presentation time (mean time of the two bars relative to saccadic onset).
The data were calculated from psychometric functions like those of Figure 1,
with 50–80 trials per point. The upper solid horizontal line and the lower
horizontal dotted line show estimates of PSE and precision during fixation.
Vertical bars refer to s.e.m. (bootstrap method), and horizontal bars to the
width of the averaging bin. (b) Precision of temporal judgment as a function
of perceived duration, for test stimuli of 100 ms presented at various times
relative to saccadic onset (open triangles, from Fig. 2a) and for tests of 50,
75 and 100 ms during fixation (gray diamonds). In all cases, precision is
proportional to perceived duration, suggesting a Weber relationship. The
dashed gray and black lines show the best linear regressions (constrained
to pass through zero) for the saccadic and fixation data, respectively. The
slopes of these fits give an estimate of the Weber fraction: 0.28 and 0.25,
respectively, for saccadic and fixation for M.C.M., and 0.4 and 0.35
for J.E.D.
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Previous studies30 have shown that saccades and other voluntary
movements can cause time distortions, increasing the apparent duration of stimuli following saccades. This effect, termed ‘chronostasis’, is
thought to compensate perceptually for the time lost during saccadic
suppression. Chronostasis may be related in some way to the compression and inversion effects reported here, but the connection is not
obvious: chronostasis shows a strong dependency on saccadic size and
duration, is neither tightly linked to the saccadic time course nor
restricted to saccades31,32, and also occurs in the auditory domain33.
The temporal compression reported here does not occur with blinks or
auditory clicks, follows a precise time course and is almost independent
of saccadic size. Chronostasis is thought to compensate for the time lost
during saccades, with a lengthening of post-saccadic time (a ‘cut and
stitch’ model), but we find no lengthening of apparent duration as late
as 500 ms after the saccade; the time lost by compression during
saccades is not recovered. Perhaps chronostasis is more related to
perceptual compensations for movement intentions34 and attention.
The effects observed here were specific for visual stimuli and for
saccades, implicating a timing mechanism for visual stimuli that is
modulated by saccade-related neural circuitry. Neurons in parietal
cortical area LIP have been implicated both in anticipatory remapping
around the time of saccades8 and also in encoding brief temporal
durations in behaviorally relevant locations11,12. Although the effect of
saccades on the temporal encoding of these neurons has not yet been
measured, it is conceivable that it changes markedly around the time of
saccades, as these neurons shift receptive fields. Our results suggest that
the change is tantamount to a slowdown of the neural clock on which
judgments of time depend. Not only were temporal intervals for stimuli
presented near saccades seen as shorter, but the precision of the
temporal judgment was higher, with the Weber fraction remaining
constant as a function of perceived rather than actual duration
(Fig. 3b). This is to be expected if the precision of the judgment is
determined by neural noise that varies inversely with the number of
ticks of an internal clock35. If the clock slows momentarily around the
time of saccades, fewer clock ticks will occur during stimulus presentation, so the temporal match should be less noisy. It is worth emphasizing that temporal judgments are one of the very few tasks that actually
improve during saccades, and by a significant amount (see ref. 36).
The slowing of a neural clock at the time of saccades does not in itself
explain temporal reversal. However, the reversal can be explained within
this framework by incorporating the notion of ‘retrospective perception’37 or ‘postdiction’38,39, that has been applied successfully to describe
temporal phenomena such as the ‘flash-lag’ effect. If each of the two
successive bars is labeled independently and then referred backward in
time by N clock ticks (to compensate for delays in neural processing),
the second bar could be pushed backward beyond the first if the clock
were ticking more slowly when the second bar was presented.
Saccades, common though they are, have effects that can escape
notice in normal viewing because they are partially nullified by an
anticipatory shift of spatial frame of reference. Our results make clear
that temporal compression is found only with saccades, not with
blinks, and, like spatial compression, occurs just when the predictive
remapping of receptive fields that shifts frames of reference is in
progress. Perhaps the spatial and temporal distortions that we find
for transient stimuli are a consequence of these fast, but not instantaneous, shifts; they may be fast enough to cause both a dilation of clock
time and a compression of spatial metric.
METHODS
Stimuli and procedure. Observers fixated a 11 black disk 151 left of center of
an otherwise uniformly red screen (CEI x ¼ 0.55, y ¼ 0.40, mean luminance
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17 cd/m2) of an NEC monitor running at 250 Hz and subtending 60  421
from the viewing distance of 30 cm (Fig. 1). On warning, the fixation spot
disappeared and a black 11 saccadic target appeared 151 right of center, to
which the subject saccaded (with the individually stereotypical latency of about
160 ms). After a randomly variable delay from saccadic target presentation, a
pair of horizontal green bars (near-equiluminant; 6  801: CEI x ¼ 0.26,
y ¼ 0.63, mean luminance 17 cd/m2) were displayed at the top and bottom
of the screen, each for 8 ms (two frames) with onset asynchrony of 100 ms.
The eccentricity, wide separation and color where successfully chosen to
minimize the sensation of motion. Two seconds later a comparison pair
appeared, whose onset asynchrony varied randomly from 8 to 200 ms. Subjects
reported verbally which stimulus pair appeared longer. The experimenter
recorded the responses after verifying that the saccade had been correctly
executed (eye movements were monitored with an HVS SP150 limbus eye
tracker at 1,000 Hz); otherwise the trial was aborted. Data were analyzed by an
offline program that binned and averaged responses according to their
presentation time relative to saccadic onset.
Magnitude estimation. In the second experiment, the subject was required to
report which of the two bars appeared first. Presentation order, bar separation
duration and display latency after saccade target were all varied randomly from
trial to trial. For the latter half of the trials, subjects were required to report
both the apparent order of the bars and the apparent separation. After their
response, a stimulus pair with the reported separation and order was presented
(during post-saccadic fixation); subjects either confirmed their estimate or
revised it. They were given extensive training on fixation before the experiment
and, in practice, rarely needed to revise their estimates.
Control experiments. Three control experiments were performed for compression. In one, the stimuli were short vertical, equiluminant bars (6  151)
straddling the saccadic target, one above and one below but overlapping by 61.
In another control condition subjects were required to blink on cue. As before,
the stimuli were presented just before the blink (measured by the eye-tracker).
Finally, we measured apparent temporal separation of auditory clicks. The
procedure was otherwise the same as that described above, except the bars were
replaced with a pair of 4 ms clearly audible clicks.
Four subjects were used in this experiment, two naive and two authors (all of
whom provided informed written consent). Complete data is reported only for
naive observer J.E.D., and authors M.C.M. and D.B.
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