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Biases in the perceived timing of
perisaccadic perceptual and motor events
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University College London, London, England

Subjects typically experience the temporal interval immediately following a saccade as longer than
a comparable control interval. One explanation of this effect is that the brain antedates the perceptual
onset of a saccade target to around the time of saccade initiation. This could explain the apparent
continuity of visual perception across eye movements. This antedating account was tested in three
experiments in which subjects made saccades of differing extents and then judged either the duration
or the temporal order of key events. Postsaccadic stimuli underwent subjective temporal lengthening
and had early perceived onsets. A temporally advanced awareness of saccade completion was also
found, independently of antedating effects. These results provide convergent evidence supporting
antedating and differentiating it from other temporal biases.

In everyday life, people regularly make rapid saccadic
movements of the eyes to bring objects of interest onto the
high-acuity fovea. Saccades raise serious computational
problems that the visual system must overcome (Bridge-
man, van der Heijden, & Velichkovsky, 1994). Perisaccadic
biases in spatial vision have provided insights into the way
the brain solves these problems (Schlag & Schlag-Rey,
2002). Recent data suggest that temporal judgments are
also biased when we make saccades to fixate new targets.
Subjects consistently overestimate the duration of a post-
saccadic stimulus, in comparison with the same stimulus
seen at fixation, an illusion termed saccadic chronostasis
(Yarrow, Haggard, Heal, Brown, & Rothwell, 2001; Yar-
row, Haggard, & Rothwell, 2004; Yarrow, Johnson, Hag-
gard, & Rothwell, 2004). In a typical experiment, subjects
saccade to a target that changes form or color during the
saccade. The subjects judge whether the new target stimu-
lus was presented for a longer or a shorter time than were
subsequently presented reference stimuli, and these judg-
ments are used to determine a point of subjective equal-
ity (PSE; the point at which target and reference stimuli
are perceived to have identical durations). The same task
performed at fixation forms a control. Reduced PSEs in
saccade conditions, in comparison with control condi-
tions, imply temporal overestimation of the postsaccadic
stimulus.

One finding from previous saccadic chronostasis ex-
periments is particularly noteworthy. When saccades of
different extents are made, the size of the illusion changes;
the duration of the illusion reflects the duration of the pre-
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ceding saccade (Yarrow et al., 2001). This suggests the
following explanation. Both retinal blur and active sup-
pression degrade visual input during saccades (Ross, Mor-
rone, Goldberg, & Burr, 2001), leaving a gap in percep-
tion corresponding to the saccade duration. The brain may
simply assume that the information in the postsaccadic
image has remained constant across the saccade. Hence,
the perceived onset of the saccade target is effectively an-
tedated to a moment just prior to saccade initiation, help-
ing to provide the visual continuity we experience. The
illusion arises following many different kinds of saccades
with partially separable neural substrates and has an effect
size that typically exceeds the duration of the saccade by
around 50 msec (Yarrow, Johnson, et al., 2004). These ob-
servations suggest that an efference copy signal originat-
ing in a subcortical region such as the superior colliculus
could act as a trigger or time marker for the antedating
process. The same signal may initiate receptive field shifts
occurring in cells in the parietal cortex and other areas,
which might, in turn, influence conscious visual percep-
tion (Duhamel, Colby, & Goldberg, 1992; Goldberg,
Bisley, Powell, Gottlieb, & Kusunoki, 2002; Sommer &
Wurtz, 2002; Umeno & Goldberg, 1997; Walker, Fitzgib-
bon, & Goldberg, 1995).

Two key objections have been made to this antedating
account. These two problems are described below in some
detail, because the experiments and analyses presented
later were intended to provide new positive evidence for
antedating that is not subject to these concerns.

Perceived Duration Is an Indirect Measure
of Perceived Event Timing

Previous studies of saccadic chronostasis have used in-
terval judgments such as those employed to investigate
how humans assess the duration of perceptual epochs
(Allan, 1979, 1998). However, an interval is bounded by
the events marking its onset and offset (see Figure 1). Few
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Figure 1. Schematic showing the physical relationship between temporal intervals and the events
that bound them. For both instantaneous and extended stimuli, it is possible to make judgments
about both intervals (bounded durations) and events (moments of occurrence/onset/offset).

studies have been done to look for consistent temporal
effects, using measures of both interval and event timing.
The extent to which these different measures are biased
together might provide valuable insights about the fine-
grained structure and coherence of conscious temporal
experience. In the present context, interval judgment
tasks can provide only indirect evidence that a postsac-
cadic event, such as the visual onset of a saccade target
stimulus, is antedated. This leaves open the possibility that
the changes in perceived interval duration do not reflect
antedating of postsaccadic events but, rather, alterna-
tive processes, such as changes in internal clock speed
(Hodinott-Hill, Thilo, Cowey, & Walsh, 2002; but see Yar-
row, Haggard, & Rothwell, 2004). However, another type
of task that can be used to investigate event timing could
provide direct evidence for the antedating of events: the
temporal order judgment (TOJ).

In TOJ tasks, subjects judge the relative timing of two
stimuli or events presented in close temporal proximity.
These judgments can be used to determine a point of sub-
jective simultaneity (PSS), at which the events appear to
have occurred at the same moment. The resulting PSS may
be biased, with factors such as sensory modality, stimulus
intensity, attentional allocation, and even recent sensory
experiences influencing when each stimulus is perceived
to occur (Fujisaki, Shimojo, Kashino, & Nishida, 2004;
Hirsh & Sherrick, 1961; Jaskowski, 1999; Shore, Spence,
& Klein, 2001; Spence, Shore, & Klein, 2001; Stone et al.,
2001).

In a few studies, TOJ tasks have been used to study
temporal perception in the context of saccadic eye move-
ments. Park, Schlag-Rey, and Schlag (2003) had observ-
ers judge the order of two 3-msec spots flashed near the
target of a saccade and found a temporal advantage for the
spot perceived as closest to the saccade end point. Deubel,
Irwin, and Schneider (1999) had subjects perform a rather
different task, judging their position of gaze at the time a
ring stimulus was flashed. The subjects showed a marked
bias that varied with stimulus position, interpreted by the

authors as a tendency to feel that the eyes had moved to
the target early, at the moment the shift of spatial atten-
tion that preceded the saccade occurred. Diamond (2003)
found a bias in the same direction as Deubel et al. His
observers used a 7-point scale to judge the timing of a
briefly flashed green bar (equiluminant against a red back-
ground), relative to a saccade. Two out of 3 perceived the
bar as delayed, although the bias tended to disappear for
stimuli presented during the saccade. Finally, Volkmann
and Moore (1978) had observers report whether a grating
was displayed before, during, or after a saccade. No sim-
ple direction of temporal bias could be determined from
the complex pattern of results that emerged.

It is challenging to relate these studies to the hypoth-
esis that the target of a saccade is antedated. A particu-
lar difficulty arises because the TOJ that is being made
is typically between a brief visual reference and the sac-
cade itself, rather than the postsaccadic target stimulus.
Temporal biases arise when motor acts are judged relative
to brief sensory stimuli (Dassonville, 1995; McCloskey,
Colebatch, Potter, & Burke, 1983). In chronostasis ex-
periments, however, the illusion biases judgments about a
visual stimulus (the saccade target), not a motor act. Con-
sequently, the question of whether the perceived time of
postsaccadic events is antedated remains open. By asking
specific questions about the timing of either the postsac-
cadic stimulus or the motoric act of saccading, we can
both seek direct evidence for antedating and begin to dis-
sect the various biases that may have been conflated in
previous investigations.

Evidence Favoring Antedating
Relies on Incorrect Assumptions
About Saccadic Suppression

In typical chronostasis experiments, the PSEs reported
in saccade conditions are not simply calculated using the
duration for which the target stimulus appeared on the
screen in each trial. These PSEs incorporate an additional
correction based on the time between the (presumably



unseen) target change and the target foveation at the end
of the primary saccade. The rationale for this correction
is as follows. The target stimulus changes into its target
state during the subject’s primary saccade, at a time when
perception is degraded (Ross et al., 2001). This suggests
that it is not perceived to a degree compatible with the
initiation of a mental timing operation until it is actually
foveated (or at least parafoveated, in the case of trials in
which a corrective saccade follows the primary saccade).
Hence, the time for which the stimulus was on screen dur-
ing the primary saccade (the period from stimulus change
to saccade termination) is subtracted from presentation
times before PSEs are calculated. The effects that are re-
ported (the difference between control and saccade PSEs)
can therefore be broken down into two components: (1) an
increase in perceived duration relative to the on-screen
presentation time and (2) the correction.

Although saccadic suppression is a robust phenome-
non, only magnocellular input is strongly suppressed, and
even this suppression is not complete (Ross et al., 2001).
There are cases in which visual information presented
during a saccade is processed quite effectively (e.g., Eg-
gert, Ditterich, & Straube, 1999; Hunt, Chapman, & King-
stone, 2006). If the mid-saccadic target change occurring
in chronostasis experiments is clearly perceived, the cor-
rection procedure may not be justified, with two implica-
tions. First, the magnitude of the saccadic chronostasis ef-
fect will be overestimated (although not eliminated). This
problem can be addressed by analyzing the data without
applying the correction to demonstrate that a reliable ef-
fect still exists. A second implication, however, is more
critical for the antedating hypothesis. The saccade size
effect is an important result because it demonstrates that
perceived time is being adjusted in direct response to a key
motor parameter of the eye movement itself. In the origi-
nal experiment for which this effect was reported (Yarrow
et al., 2001, Experiment 1), the change to the target stimu-
lus was triggered a set proportion of the distance into the
saccade. This means that the size of the correction varied
in the short and long saccade conditions, being larger in
the latter case. Hence, if the correction is unwarranted,
the saccade size difference may have been artificially en-
hanced.! In this case, the link between the visual illusion
and saccadic motor control would be undermined. In the
experiments that follow, we adjusted trigger times so that
our correction was constant across conditions, eliminating
this potential artifact.

The Present Experiments

In light of these concerns, we designed three conver-
gent, parallel experiments to investigate antedating in the
saccadic chronostasis illusion and its relation to the per-
ceived timing of saccades. By using both interval and TOJ
tasks, we aimed to cross-validate our previous findings on
saccadic chronostasis and counter explanations and criti-
cisms that are tied to a specific experimental task.

The aim of the first experiment was to replicate the
finding of a chronostasis effect that scales with saccade
size, and a standard interval duration judgment was used
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(chronostasis experiment; cf. Yarrow et al., 2001). An
adjustment was made to the timing of the mid-saccadic
stimulus change to equate the correction procedure across
conditions. In the second experiment, a procedure very
similar to the first was used. Again, a visual change in
the target stimulus was triggered during a saccade. Now,
however, the subjects judged whether they first perceived
the postsaccadic visual stimulus before or after a brief
auditory tone (auditory—visual TOJ experiment). The an-
tedating hypothesis predicts a bias to perceive the visual
onset of the saccade target as shifted back to an earlier
time. Moreover, this bias should again scale with saccade
duration. In the third experiment, a TOJ was also used. In
this experiment, however, the visual stimulus remained
constant, and the subjects made their TOJs relative to the
time point at which they considered their eyes had arrived
at the saccade target (auditory—saccade TOJ experiment).
This replicated the situation that has been used in most
previous studies of the relation between saccades and time
perception (Deubel et al., 1999; Diamond, 2003; Volk-
mann & Moore, 1978). In contrast to these studies, in the
auditory—saccade TOJ experiment, an auditory reference,
rather than a visual one, was used. This change is not
trivial, given recent evidence that transient visual events
are themselves subject to perisaccadic temporal biases,
whereas transient auditory events are not (Morrone, Ross,
& Burr, 2005). The auditory—saccade TOJ experiment also
assessed biases with saccades of different extents, further
differentiating it from previous work. Judgments about
the timing of actions, relative to sensory events, are often
biased (see above), and we wished to establish whether
such a bias existed alongside the chronostasis effect and
could be distinguished from it.

METHOD

Subjects

The same 18 subjects (13 of them male; mean age, 29.2 years,
SD = 6.6) completed all three experiments. A further 2 subjects
were tested and subsequently rejected because of high trial-to-trial
variability in one or more experiments (logistic regression p >
.05 for combined short/long saccades in either control or saccade
conditions).

Apparatus

The subjects sat before a 22-in. CRT color monitor refreshing at
120 Hz. Eye to screen distance was maintained at 41 cm, using an
adjustable chin-and-forehead rest. Horizontal eye movements were
recorded from the left eye, using an infrared eyetracker (Applied
Science Laboratories Eye-Trac Model 310) and were sampled at
200 Hz (12-bit A/D card; National Instruments DAQ 1200). Visual
stimuli were black or gray crosses and filled squares on a white
background (average luminance, 91 cd/m2) subtending 0.6° of visual
angle. Auditory stimuli in the TOJ experiments were pure tones of
600-Hz pitch and 25-msec duration, delivered from a piezoelectric
speaker behind the subject’s head.

Design

Each experiment employed a two factor (2 X 2) repeated mea-
sures design. The first factor, eye status, compared trials involving
saccades with constant fixation (control) trials. The second factor,
saccade size, varied the position of the visual stimuli to produce sac-
cades of either 10° or 50° extent, with constant fixation trials com-
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pleted at matched eccentricity (£5°, 25°). The subjects completed
75 randomly interleaved trials from each condition in a single block
of 300 trials. Rejected trials (see the Procedure section, below) were
repeated at the end of the block. The subjects completed the three
experiments in a counterbalanced order.

Procedure

A schematic of the experimental procedure is shown in Figure 2.

Chronostasis experiment. In saccade trials, the subjects ini-
tially fixated a peripheral black cross. They began the trial with a
mouse keypress, at which point a second black cross appeared on
the opposite side of the screen. The subjects maintained fixation at
the initial black cross until it became gray (500 msec after the key-
press) and then made a speeded saccade to the second black cross.
The eye movement triggered this black cross to be replaced with a
black square when the saccade had traveled a set proportion of the
distance to target (30% in the 10° saccade condition, 80% in the 50°
condition; see our earlier methodological comments). The square
remained on screen for a variable duration (125875 msec) and then
disappeared, to be replaced by an identical square (the reference
stimulus, 500-msec duration) after 500 msec. The subjects indicated
whether they saw the first square for more or less time than the
second square. The first square’s duration was selected randomly on
each trial from a condition-specific distribution containing values
between 125 and 875 msec in 25-msec increments. The distribution

A
Chronostasis
(Exp. 1)

Frame Duration
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was initially uniform, in the region 300—-700 msec, but was updated
after each accepted trial according to the generalized P’olya urn
model (Rosenberger & Grill, 1997; Type IV, k = 8). This procedure
produces many values close to the PSE.

In the saccade conditions, each trial’s actual target stimulus du-
ration value could be corrected post hoc to match the duration for
which the stimulus was seen after the primary saccade landed at or
near the target (the same correction as that employed in our pre-
vious studies). This was accomplished by subtracting the time the
eye was in motion following the triggered change to a square (not
including any subsequent corrective saccades). We produced a cor-
rected data set in this manner but also retained an uncorrected data
set for comparison. PSEs were then obtained from both data sets,
using logistic regression. Saccade start/end points were calculated
automatically. Velocity was calculated on the basis of the difference
between samples » and n+3, and saccades were typically taken to
start (end) at sample »+ 1 when this velocity rose above (fell below)
120° (75°) per second.? Estimates were superimposed on saccade
traces and were displayed trial by trial, along with other key saccade
statistics. Trials were rejected automatically for a number of reasons,
most critically (1) when the first saccade did not exceed 90% of the
total distance recorded (summed across all detected saccades) and
(2) when the stimulus change at the saccade target was not triggered
during the first saccade. The program maintained a running average
of reaction time (RT) and saccade duration for the last 10 trials of
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Figure 2. Schematic of experimental procedure. (A) Sequence of stimuli presented in the saccade and control
conditions in the three experiments. (B) Timing of the saccade in both the long and the short saccade conditions
and timing of the auditory stimulus for the two temporal order judgment (TOJ) experiments, relative to the se-

quence shown in panel A.



a given condition (initially set at 200/50 msec and 200/130 msec
for the RT/duration of the 10° and the 50° conditions, respectively).
Trials were also rejected when eye movements were initiated either
anticipatorily or too slowly (> running average RT + 300 msec
from cross-graying). Subsequent to the experiment, each accepted
saccade trace was examined and classified as containing either a
single saccade or a primary saccade, plus one or more corrective
saccades (defined as additional saccades occurring within 300 msec
of primary saccade termination).

In control (constant fixation) trials, the subjects initially fixated
a cross at equivalent eccentricity. It turned gray 500 msec after the
subjects’ keypress for a duration determined by the running average
RT from the relevant saccade condition and then disappeared for a
duration determined by the relevant running average saccade dura-
tion. The variable-duration black square then appeared (still at fixa-
tion), with subsequent stimulus presentation and subject responses
as per saccade trials. Hence, foveal stimulation in control trials was
very similar to that experienced during saccade trials. Control trials
were rejected if a saccade was detected. Direction of saccade (sac-
cade conditions: left to right and vice versa) or position of the fixa-
tion cross (control conditions: left or right) alternated every trial.

Auditory—visual TOJ experiment. The procedure differed
from that employed in the chronostasis experiment in the following
respects. Only the first black square was displayed, its offset (after
500 msec) marking the end of the trial. An auditory beep sounded
once on each trial. The subjects judged whether the beep occurred
before or after they had first seen the black square. The time of de-
livery for the beep was randomly selected. In control trials, it came
from an adaptive distribution (see above) with a possible range from
375 msec before black square onset to 375 msec after black square
onset, but initially containing values only from —200 to +200 msec.
Delivery times and responses were entered into logistic regressions
to determine PSSs. In saccade conditions, the randomly selected
delivery time was targeted on the basis of relevant running average
values for RT and saccade duration. Recorded delivery times were
then adjusted so that the beep was correctly localized relative to the
moment the black square had first been seen with static eyes (the
end of the primary saccade). An uncorrected data set was also main-
tained, in which the beep was localized relative to the moment the
black square appeared on screen. In both the control and the saccade
conditions, no beeps were delivered prior to the point at which the
fixation cross grayed, meaning that few delivery times as extreme as
—375 msec actually occurred.

Auditory—saccade TOJ experiment. The procedure followed
was identical to that of the auditory—visual TOJ experiment, with the
following exceptions. In saccade conditions, the black target cross
did not change into a black square during the saccade. Instead, it
remained a black cross. The subjects judged whether the beep oc-
curred before or after their eyes had first arrived at the target (i.e.,
the end of their eye movement). In control conditions, the gray cross
and subsequent brief blank were followed by the reappearance of
the black cross. The subjects judged whether the beep had occurred
before or after this black cross reappeared.

RESULTS

Data Verification

Table 1 provides a summary of the extent and duration
of primary saccades and the timing features of saccade-
contingent display changes made in each experiment. Data
from the main analysis are shown on the left-hand side of
the table. As was expected, the manipulation of saccade
extent produced a large difference in saccade durations
between short and long saccades (mean change, 77 msec).
However, the timing of the mid-saccadic display change
(occurring in the first two experiments) remained constant

TIME BIASES FOR PERISACCADIC EVENTS

Table 1
Mean Saccade Extent (in Degrees of Visual Angle), Mean Saccade Duration (in Milliseconds), and Mean Time of Saccade-Contingent Display Change (“Trigger
Time” in Milliseconds From Saccade Onset, With the Corresponding Size of the Correction Typically Applied in Chronostasis Experiments Shown in Parentheses)

As a Function of Saccade Size for All Three Experiments

Complete Data Set

Single Saccade Trials Only

50° Saccade

10° Saccade

50° Saccade

10° Saccade

Trigger Time

Trigger Time

Trigger Time

Trigger Time

(Correction)

Duration

(Correction)  Extent

Duration

(Correction)  Extent

Duration

Duration  (Correction)  Extent

Extent

Experiment

90 (28)

118
129

131

46.9

17 (29)
17 (36)

46

8.3
8.6
8.5

100 (27)

127

6.0
8.6

4
4

19 (29)
18 (34)

48

8.0
8.7
8.7

Chronostasis

48.0 94 (35)

53
52

94 (34)

52
51

Auditory—visual TOJ

n/a

46.9

n/a

n/a

473 126
Note—Data from the subsets of subjects who could be assessed using only single saccade trials are also shown. TOJ, temporal order judgment.

n/a

Auditory—saccade TOJ
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for short and long eye movements when assessed relative
to the end of the primary saccade. More specifically, all
trigger times preceded saccade termination by approxi-
mately 30 msec.

Temporal Judgments

Results based on the judgments made in all three ex-
periments are displayed in Figure 3. In the chronostasis
experiment (top panel), PSEs in the control conditions
were reduced, relative to the reference stimulus duration

[] control B saccade
. Saccade (uncorrected)
Chronostasis Experiment
550 4
465 465
g 436
] 407
E
w
7
o
250 +
Auditory-Visual TOJ Experiment
150 4

PSS (msec)
o

-150

Auditory—Saccade TOJ Experiment
150 1

PSS (msec)
o
l
[00]

-150 -

10° Saccade 50° Saccade

Figure 3. Temporal judgment results. Top panel: Mean points
of subjective equality (PSEs) between variable and fixed-length
stimuli in the chronostasis experiment. Middle/bottom panels:
Mean points of subjective simultaneity (PSSs) in the auditory—
visual temporal order judgment (TOJ) experiment (middle) and
the auditory—saccade TOJ experiment (bottom). Positive values
on the y-axis indicate presentation of the auditory stimulus after
the appropriate referent. Error bars denote standard errors of
the mean.
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of 500 msec. That is, the subjects showed a general trend
to overestimate the first stimulus duration. PSEs were
further reduced in both saccade conditions, relative to
their respective controls. This difference is particularly
clear when the standard correction for saccadic suppres-
sion is employed but is also evident in the uncorrected
data. Crucially, this saccade-related reduction was around
45 msec greater for long saccades than for short saccades.
Two statistical analyses were conducted, one for the cor-
rected data and one for the uncorrected data. For the cor-
rected data, a 2 X 2 repeated measures ANOVA showed
significant main effects of eye status [control vs. saccade,
F(1,17) = 8.25, p = .011] and saccade size [F(1,17) =
4.53, p = .048] and a significant interaction [F(1,17) =
8.26, p = .011]. Pairwise follow-ups indicated a signifi-
cant difference between the long and the short saccade
conditions [#(17) = 2.73, p = .014] but no difference be-
tween control conditions. For the uncorrected data, the
ANOVA did not yield a significant main effect of eye sta-
tus [control vs. saccade, F(1,17) = 3.6, p = .075] but did
yield a significant effect of saccade size [F(1,17) = 4.5,
p = .05] and a significant interaction [F(1,17) = 8.8, p =
.009]. Pairwise follow-ups indicated a significant differ-
ence between long and short saccade conditions [#(17) =
2.7, p = .014]. Although not significant as a main effect,
the difference between the control and saccade conditions
was significant between the long saccade condition and its
matched control [¢#(17) = 2.6, p = .019].

The middle panel of Figure 3 shows PSSs for the
auditory—visual TOJ experiment. In the control condi-
tions, the positive PSSs indicate that the beep had to be
presented after the onset of the black square to be judged
simultaneous with it. In the saccade conditions employ-
ing the standard correction, the negative PSSs indicate
that the beep had to be presented well before target fovea-
tion to subjectively coincide with the perceptual onset of
the postsaccadic black square. The uncorrected saccade
data show that subjective simultaneity occurred when the
beep was presented before the target had even appeared
on screen. PSSs for short and long saccade conditions dif-
fered by over 50 msec, with control conditions differing
by 22 msec. ANOVAs were conducted on both corrected
and uncorrected data sets and yielded identical patterns of
significance. There were significant main effects of eye
status [corrected, F(1,17) = 12.15, p = .003; uncorrected,
F(1,17) = 6.2, p = .023] and saccade size [corrected,
F(1,17) = 22.57, p < .001; uncorrected, F(1,17) = 19.8,
p < .001] and also significant interactions [corrected,
F(1,17) = 5.36, p = .033; uncorrected, F(1,17) = 4.5,
p = .048]. Follow-ups indicated significant differences
between the two saccade conditions [corrected, #(17) =
4.11, p = .001; uncorrected, #(17) = 3.8, p = .001], but
also between the two control conditions [#(17) = 3.29,
p = .004].

In the auditory—saccade TOJ experiment (lower panel
of Figure 3), PSSs were close to zero in the control condi-
tions, indicating near veridical TOJs. The substantial nega-
tive PSSs in saccade conditions indicate that the beep had
to be presented well before the eyes arrived at their target to
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be judged simultaneous with this event. Short and long sac-
cade conditions yielded almost identical biases. An ANOVA
revealed significant main effects of eye status [F(1,17) =
12.90, p = .002] and saccade size [F(1,17) = 6.98, p =
.017], which also interacted significantly [F(1,17) = 4.83,
p = .042]. Follow-ups showed a significant difference be-
tween the two control conditions [#(17) = 4.78, p < .001],
but not between the saccade conditions.

Corrective Saccade Artifact

In all three experiments, short and long saccade con-
ditions resulted in significantly different percentages of
trials containing one or more corrective saccades [mean
across subjects: chronostasis experiment, short = 22.7%,
long = 62.8%, #(17) = 8.64, p < .001; auditory—visual
experiment, short = 22.0%, long = 62.3%, #(17) = 10.99,
p < .001; auditory—saccade experiment, short = 23.4%,
long = 59.8%, t(17) = 7.84, p < .001].

In order to assess the importance of this potential ar-
tifact, PSEs/PSSs were recalculated for each subject,
using only those trials that did not contain any corrective
saccades. Mean PSEs/PSSs were compared in each ex-
periment only on the basis of the subset of subjects for
whom these single-saccade PSEs/PSSs could be reliably
determined (logistic regression p < .05) in both long and
short saccade conditions. If differences between short and
long saccade conditions still emerged, they could not have
resulted from an increase in corrective saccades. These
PSEs employed the standard correction for saccadic sup-
pression and are plotted in Figure 4. The related saccade
extent/timing statistics are shown in the right-hand side
of Table 1.

For the subset of 9 subjects with reliable single-saccade
PSEs in both conditions, the critical decrease in PSEs
from short to long saccade conditions was numerically
comparable to that in the full analysis (41 msec) but did
not reach statistical significance, due to the reduced power
[#(8) = 1.478, p > .05; power = 0.36 to detect a 45-msec
difference]. For the auditory—visual experiment, a subset
of 12 subjects with reliable single-saccade PSSs showed a
significant decrease from short to long saccade conditions
similar to that obtained in the full analyses [60-msec de-
crease, #(11) = 4.08, p = .002]. Finally, in the auditory—
saccade experiment, for the subset of 13 subjects with
reliable single-saccade PSSs, scores now decreased sig-
nificantly from the short to the long saccade conditions
[25-msec decrease; #(12) = 2.886, p = .014].

DISCUSSION

The chronostasis experiment demonstrated a subjec-
tive temporal lengthening of postsaccadic stimuli, in com-
parison with identical stimuli viewed at fixation. The ef-
fect was greater following large saccades than following
smaller saccades, replicating our previous work (Yarrow
et al., 2001). Although the difference in PSEs between the
two saccade conditions was not numerically as large as the
difference in saccade durations, it was reliable. Moreover,
this result cannot have been an artifact of our correction
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technique, since target changes were triggered at a similar
time, relative to the end of the saccade, in both saccade
conditions.

Although we cannot rule it out entirely, it seems un-
likely than an increase in the frequency or size of correc-
tive saccades from the short to the long saccade conditions
was responsible for the reduction in PSEs. Although lack-
ing in power, our comparison based on single-saccade tri-
als showed a trend toward lower PSEs in the long saccade
condition even when no corrective saccades were made.
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This trend was of a magnitude very similar to the effect
found in our main analysis. In our previous work (Yarrow
et al., 2001), we obtained a large difference in PSEs when
comparing saccades of 22° and 55° extent. The difference
found in that experiment was actually larger than the one
obtained here, but the difference in proportions of trials
containing corrective saccades from the short to the long
saccade condition was much less striking (increase from
69% to 75%; Yarrow, 2003).

A previous study (Yarrow et al., 2001) showed that an
increase in saccade duration produced an almost numeri-
cally matched increase in the size of the chronostasis ef-
fect. In contrast, the present study showed that the effect
of saccade amplitude on chronostasis was numerically
smaller (45 msec) than the difference in saccade durations
(79 msec). We offer the following speculation relating to
the trigger times we employed. Saccadic suppression is
greater at the beginning of a saccade than toward its ter-
mination (Diamond, Ross, & Morrone, 2000). Although
we know of no experiments in which saccadic suppression
has been investigated for saccades as large as the ones em-
ployed here or in which it has been compared across sac-
cades of differing extents, it seems possible that suppres-
sion was less complete in our long saccade condition, in
which the change of stimulus occurred very late. The sub-
jects may have occasionally clearly perceived the genuine
onset of the postsaccadic square stimulus and failed to an-
tedate it in the typical manner, diluting the overall effect.
To summarize, we introduced a new correction procedure
to eliminate potential artifacts in estimating the numerical
magnitude of the chronostasis effect. However, the new
procedure would tend to reduce any effect of saccade am-
plitude on time perception. We nevertheless found that
saccade amplitude significantly affected chronostasis.

Turning briefly to the control conditions in the chrono-
stasis experiment, we found a bias in both conditions, im-
plying an extended perception of the first stimulus, rela-
tive to the second. This is an example of the time order
error (Hellstrom, 1985). Calculating chronostasis effects
as the difference between control and saccade conditions
takes account of this bias, which should be constant across
conditions.

In the auditory—visual TOJ experiment, PSSs were sub-
stantially reduced in the saccade conditions, in comparison
with the control conditions. The TOJ method measures the
difference between the perceived times of two events. If a
difference is found, however, the TOJ method cannot de-
termine which of the two events is perceived as shifted in
time and which is stable. Thus, when a saccade was made,
either the perception of the beep was delayed by around
100 msec, or the onset of the postsaccadic (square) stimu-
lus was perceived to have occurred correspondingly early.

Two considerations might suggest the former interpre-
tation. First, stimuli presented in unattended sensory mo-
dalities (and/or at unattended spatial locations) are typically
judged to arrive later than simultaneously presented stimuli
in attended modalities/locations (prior entry effect; see, e.g.,
Spence et al., 2001). Second, there is good behavioral and
neurophysiological evidence for a mandatory link between
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saccadic eye movements and shifts of spatial attention to
the saccade target (Deubel & Schneider, 1996; Moore &
Armstrong, 2003). Hence, attention might have been more
focused on the saccade target stimulus (and consequently,
less focused on the beep) in the saccade conditions. Note,
however, that to our knowledge, there is no evidence di-
rectly linking saccades with changes in the cross-modal
distribution of attention; the fact that attention is shifting
spatially does not actually imply that it is being withdrawn
from the auditory modality, although this is a possibility.

Despite this possibility, we favor the second interpreta-
tion, that the postsaccadic stimulus was antedated, for the
following reasons. Prior entry biases are typically much
smaller than the effect observed here (Johnson & Hag-
gard, 2003; Spence et al., 2001). Furthermore, a prior
entry account cannot straightforwardly explain why the
perceived time of the beep should vary with saccade size.
Our analysis of single-saccade trials gave no reason to
believe that the presence of corrective saccades was re-
sponsible for this result, which was significant even when
all corrective saccade trials were removed. In particular,
the possibility that large saccades require a greater alloca-
tion of attention than do small saccades is undermined
by the failure to obtain a saccade size effect of the same
magnitude in the auditory—saccade experiment discussed
next. Hence, we favor a saccade target antedating account
of both experiments, although we recognize that an addi-
tional independent prior entry effect might, perhaps, sum
with the chronostasis effect in TOJ tasks.

The auditory—saccade TOJ experiment showed a
slightly different pattern of results from those in the other
two experiments. Large negative PSSs in both saccade
conditions imply either that the beep was perceptually de-
layed, relative to the sensation of saccade termination, or
that the sensation of saccade termination was perceptually
advanced, relative to the beep. The relevance of the con-
trol conditions is less clear here than in the other two ex-
periments, because the control comparison was between
an auditory stimulus and a visual stimulus, whereas the
experimental comparison was between an auditory stimu-
lus and a movement. Judgments about the moment of sac-
cade termination might have depended partially on visual
cues (fixation of the saccade target) but might also have
depended on efferent or afferent information related to
production of the saccade.

The results from our reanalysis based on the presence
or absence of corrective saccades further complicate in-
terpretation of this experiment. For trials containing only
single saccades, a significant but numerically small dif-
ference between short and long saccades now emerged, in
contrast to analysis of the data set as a whole. This finding
suggests that the subjects’ judgments about the moment
their eyes stopped moving might, sometimes, have been
biased forward by the presence of subsequent corrective
saccades (i.e., making a corrective saccade makes you feel
that your eyes have finished moving later). Given the pre-
ponderance of such saccades in the large saccade condi-
tion, this would explain why a saccade size effect materi-
alized only when corrective saccade trials were excluded.



We offer the following interpretation of the auditory—
saccade TOJ results as a whole. In the saccade conditions,
the subjects displayed an advanced awareness of their eye
position, consistent with previous reports for arm move-
ments and pursuit (Dassonville, 1995; van Beers, Wolpert,
& Haggard, 2001). This bias may have been supplemented
by the prior entry effect discussed in relation to the
auditory—visual TOJ experiment. Both biases predict sim-
ilar effects in short and long saccade conditions. Because
judgments in the saccade condition in this experiment
could also be based, in part, on visual factors (subjects
might infer the timing of the end of their eye movement on
the basis of their foveation of the saccade target), some in-
fluence of antedating is possible. Such an influence might
have yielded the small but reliable saccade size difference
in our single-saccade analysis, although it is also possible
that the advanced awareness of eye position was greater
for large saccades.

The auditory—saccade TOJ experiment shared some
features with previous work in which the timing of vi-
sual events relative to saccades was investigated, so a brief
comparison seems appropriate. Deubel et al. (1999) have
conducted the most directly comparable study. They had
subjects judge the position of their gaze (whether they
were looking at the presaccadic or the postsaccadic tar-
get) at the time a ring stimulus was flashed. The subjects
showed a bias in the same direction as that reported here,
using an auditory stimulus: The ring had to be flashed well
before the saccade in order to seem coincident with pre-
saccadic fixation. This bias was most striking when the
ring appeared at the postsaccadic fixation position, was
reduced when it appeared at an opposite position, and was
absent when it appeared at the central presaccadic posi-
tion. Like the auditory—saccade TOJ experiment reported
here, interpretational difficulties emerged, because the
subjects may have been relying on efferent/afferent infor-
mation relating to their eye movement, visual information,
or both in order to determine their position of gaze. The
authors suggested that the subjects mistakenly believed
that they had moved their eyes when they had, in fact,
simply shifted their visual attention prior to an eye move-
ment. Presumably, this mistake was particularly compel-
ling when attention had already shifted to the position of
the flashed ring stimulus, accounting for the differences
observed when the flashed stimulus appeared at different
locations. If we apply such an account to the auditory—
saccade TOJ experiment reported here, we would predict
an effect that grows in line with saccade duration (because
the judgment we used related to the moment at which the
saccade ended, and the shift of visual attention would be
expected to precede the beginning of the eye movement
by a constant amount). This account received only limited
support from our data.

One further unpredicted and interesting result emerged
from the two TOJ experiments. In both experiments, the
control conditions employed an auditory—visual TOJ task.
Within each experiment, control PSSs were significantly
reduced in the long saccade condition, in comparison with
the short saccade condition. No actual saccade was being
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made in these conditions; the main difference was in the or-
bital eccentricity of the fixated sequence of visual stimuli.
Hence, this result could imply that stimuli that are periph-
erally located in egocentric space have shorter perceptual
latencies than do stimuli at the body midline, even when
both are foveated. The finding recalls results obtained in
tactile TOJ experiments with crossed or uncrossed hands,
which also suggest that the egocentric spatial localization
of a stimulus influences (and therefore, precedes) the de-
termination of stimulus timing (Yamamoto & Kitazawa,
2001). Spatial localization also appears to precede tem-
poral localization when perception is biased at the time
of the saccades (Park et al., 2003). However, the present
result needs further investigation, because visual stimula-
tion was not identical just before the appearance of the
critical visual stimulus. The blank period before stimulus
onset had a duration based on the running average saccade
duration from the equivalent saccade condition and was,
hence, longer in the long saccade control condition than in
the short saccade control condition. The implication here
is that a fixation blank period of approximately 130 msec
decreases the perceptual latency of a subsequent visual
stimulus, in comparison with a fixation blank period of
approximately 50 msec. If this interpretation is correct, it
is interesting to note that no compatible effect was found
in the control condition of the chronostasis experiment.
This would suggest that interval judgments and TOJs may
dissociate with respect to how prior visual stimulation
affects the onset of a target (see Jaskowski, 1999, for a
related discussion focusing on dissociations between TOJ
and RT data).

To summarize our main findings, our first two experi-
ments provided converging evidence for the antedating
of stimuli perceived following a saccadic eye movement.
Different tasks assessing both interval- and event-based
timing yielded consistent results. That is, measures of
saccadic chronostasis based on judgments of intervals
result from changes in the perceived time of the events
that bound those intervals. Given this convergence of two
psychophysical methods and the common effect of sac-
cade duration on perceptual timing, we suggest that the
target of a saccade is antedated toward the time of sac-
cade initiation. It may complement other processes that
give rise to perceptual continuity across saccades, such
as saccadic suppression and visual masking (Campbell &
Wurtz, 1978; Ross et al., 2001). Antedating is not, how-
ever, the only temporal bias that needs to be considered in
the context of saccades. In addition to possible prior entry
effects, we discerned a strong bias during movement com-
parisons to judge the end of a saccade as having occurred
earlier than was actually the case. This bias may relate to
the classic anticipatory awareness of actions (Dassonville,
1995; Haggard, Newman, & Magno, 1999; McCloskey
et al., 1983). The motoric bias in our final experiment had
a direction and magnitude similar to the perceptual (ante-
dating) bias in our first experiment but was less dependent
on saccade extent. Dissociations between action aware-
ness and the visual experiences that accompany move-
ments have been reported before (Johnson & Haggard,
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2005). Further investigations will need to take account
of these various biases, and perhaps others, in order to
provide a full explanation of temporal perceptions across
eye movements.
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NOTES

1. We originally addressed this concern in a control experiment in
which the trigger time for the display change was varied by 85 msec
within a large saccade. If the subjects perceived the mid-saccadic stimu-
lus change and this percept informed their duration judgments, their
duration judgments should have been affected by an equivalent amount.
This manipulation yielded only a small and nonsignificant (11 msec)
effect on duration judgments, but the negative nature of the result makes
experimental power (0.71 in this case) an issue.

2. On some trials, these thresholds were automatically raised in re-
sponse to high signal noise in the eyetracker.
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