Chapter 12

Temporal dilation: the chronostasis
illusion and spatial attention

Kielan Yarrow

Have you ever found yourself in a busy train station, looking across from the overhead informa-
tion board to the station clock to see if you can make the next train? You may recall thinking, just
for a moment, that the clock was not working, as it seemed to dwell too long on the current
second. Then it ticked on, and you forgot this odd experience as you rushed to get to that train.
Or perhaps you have experienced the stopped clock illusion when glancing at your wrist watch,
or even when returning your gaze to the blinking cursor of your word-processing display? These
anecdotes are familiar to many of us. Brown and Rothwell (1997) reported that the stopped clock
illusion is most common when a saccadic eye movement causes us to foveate a counter just after
it advances, right at the beginning of a new one-second interval.

It is unlikely that time actually dilates whenever we move our eyes. A more plau51ble account
suggests that it is only our experience of time that has changed, in an illusory fashion. Perceptual
illusions can provide insights regarding how the brain draws inferences about the state of the
world (e.g. Gregory, 1997). With this in mind, Yarrow and colleagues (2001) developed a proto-
col to estimate the magnitude of the stopped clock illusion, and labelled the effect ‘chronostasis’
to reflect the apparent dilation of time.

The experimental task was straightforward. Participants fixated a cross on one side of a
computer screen, then made a saccade to a counter presented on the opposite side. The counter
initially showed a zero, but eye movements were monitored, with these recordings being used to
trigger a change in the display during the saccade. Hence when the eyes arrived at the counter,
a new number (‘1’) was displayed. The display change was assumed to be masked by saccadic
suppression (see following section). The new digit (the comparison stimulus) was presented for a
variable duration, and followed by a short sequence of reference stimuli (the digits 2, ‘3’, ac<i
displayed for 1 second each. Participants were required to judge whether they had seen the variable-
duration comparison stimulus for more or less time than the standard-duration reference stirmul’
that followed. Their responses were used to determine a point of subjective equality (I*5E;
at which the comparison stimulus seemed identical to the reference stimuli. In a control condi-
tion, part1c1pants made the same judgement, but without any saccadic eye movement. They
started by fixating the ‘0, which advanced through the numbers 14, all presented at fixation.
PSEs were compared between the experimental and control conditions to estimate the chronos-
tasis effect.

The most striking finding came from an experiment in which the size of the saccadic =y«
movement was varied. Two experimental conditions involving a large (22°) or a very large (55°)
saccade were compared with two control conditions in which the counters appeared at matched
peripheral positions. To elicit such a large saccade, subjects were seated very close to the monitor:
in the 55° condition. On average, the smaller saccade took 72ms, and the larger one 139ms, a
differenceof 67ms. PSEs were lower in the experimental conditions compared with the control
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conditions, implying a relative overestimation of the first interval following the saccade. This
finding describes the chronostasis effect. Critically, the PSE in the larger saccade condition was
69ms lower than that obtained for the smaller saccade, implying that the size of the chronostasis
effect had grown linearly with the duration of the preceding saccade. It was as if the extra time
taken to complete the larger saccade had been added on to the estimated duration for the
post-saccadic comparison stimulus.

While more recent work has modified and improved this task in a number of ways
(see Box 12.1), temporal dilation of the first interval perceived after a saccade has been a
consistent finding. In the remainder of this chapter, I will first briefly review some accounts of the

Box 12.1 Control conditions for saccadic chronostasis

The first chronostasis experiments used a counter to allow comparison of the post-saccadic
interval with a series of subsequent 1-second reference intervals. Because temporal biases had
already been shown to arise when the first of a series of stimuli is compared with subsequent
stimuli (Rose and Summers, 1995; see also Eagleman, Chapter 11, this volume) it was impor-
tant to include a constant-fixation control condition. This allowed the additional effect of a
saccade to be determined. While this protocol reproduces the conditions of the stopped clock
illusion, it is unnecessarily complicated. Reducing the number of reference intervals from
three to one simplifies the procedure (although it does not obviate the need for a control con-
dition, as two-interval comparison tasks can also yield a bias, known as the ‘time-order error’;
see Hellstroem, 1985, for a review). Furthermore, reducing the reference interval from 1000ms
to 500ms (or even less) reduces variance in the data, because time perception appears to follow
a generalized version of Weber’s law (Wearden and Lejeune, 2008). ,

In addition to controlling for order effects and related biases, constant fixation conditions
should ideally also control for the unusual pattern of visual stimulation experienced in sac-
cadic conditions, as this might itself give rise to changes in temporal perception. Early experi-

"ments did so only approximately. For example, in the saccade conditions of Yarrow
et al. (2001) and Park et al. (2003), participants foveated a cross, then experienced a brief |
period of degraded visual motion during the saccade. They then foveated a ‘1, followed by
subsequent reference digits. In control conditions, they foveated a ‘0’ immediately followed
by a ‘!’ and subsequent reference digits.

More recent investigations have included improved control conditions, which berrer
match the foveal saccadic experience (e.g. Yarrow et al., 2006a). These conditions match the
stimulus that is fixated as the participant prepares to move their eyes, and include a short
blank interval to simulate the saccade itself. This still leaves open the possible uie
of peripheral visual movement experienced during the saccade. However, displacing the
saccade target object in a manner that approximates its retinal motion during the saccade does
not produce equivalent temporal dilation, as demonstrated in an early control experiment
(Yarrow et al., 2001) and subsequently replicated with an improved display (Yarrow et al,
2004a). Furthermore, a chronostasis effect can be obtained relative to such a motion control !
condition (Georg and Lappe, 2007) which rules out any issues of experimental power v th:
previously described null effects. As yet, no one has reported a control condition in which the |
entire visual scene moves with a saccadic time course. This is impossible to achieve using a
CRT (cathode ray tube) monitor, but has been accomplished with alternative displays in
experiments investigating saccadic suppression (e.g. Diamond etal,, 2000).




he saccade. This
ie condition was
‘the chronostasis
if the extra time
duration for the

iumber of ways
cade has been a
e accounts of the

e post-saccadic
>oral biases had
vith subsequent
=) it was impor-
ional effect of a
e stopped clock
: intervals from
r a control con-
ne-order error’s
ral from 1000ms
ppears to foliow

ition conditions
erienced in sac-
n. Early experi-
ons of Yarrow
erienced a brief
‘1°, followed by
diately followed

s, which better
tions match the
include a short
e possible role
, displacing the
the saccade does
trol experiment
y (Yarrow et al.,
.motion control
-al power for the
ion in which the
. achieve using a
itive displays in

SACCADIC SUPPRESSION AND SACCADIC CHROE

chronostasis effect. Then, in view of the theme of this volume, I will consider the relationship
between chronostasis and spatial attention.

Saccadic suppression and saccadic chronostasis

Saccadic eye movements are a ubiquitous behaviour, yet we are rarely aware of them. A moment’s
thought illustrates how strange this situation is. When the eye sweeps across a complex visual
scene during a saccade, the retina is subjected to a rapidly changing pattern of stimulation. One
question that arises is why motion detectors remain quiet in the presence of such a potent motion
stimulus?

It now seems likely that an active process of ‘saccadic suppression’ decréases the responsiveness
of visual cells, particularly in the magnocellular division that is most sensitive to motion (Ross
etal., 2001; but see Castet et al., 2002). A key finding comes from experiments measuring contrast
sensitivity during saccades, which decreases for luminance-modulated stimuli presented at
low spatial frequencies, but not for isoluminant colour-modulated stimuli (Burr et al., 1994).
Anatomically, saccadic suppression is found in single-cell recordings from extrastriate areas
such as middle temporal (MT) and superior middle temporal (MST) (e.g. Thiele et al., 2002) but
suppression is greater for phosphenes generated at the eye than those generated in primary visual
cortex (Thilo et al., 2004) so the process must start in the lateral geniculate nucleus (LGN)(see
also Reppas et al., 2002; Sylvester et al., 2005). :

Active suppression is one thing, but for a fuller account of peri-saccadic visual insensitivity
we should add the smearing effects of rapid retinal motion on high spatial frequency visual com-
ponents, and the backwards masking effect of the post-saccadic image (Campbell and Wurtz,
1978). One question that has rarely been asked is why a suppressed or empty period should not
register in temporal consciousness. Saccadic chronostasis may offer an explanation, because our
experience of time is effectively stitched up to take account of the saccade. The influence of
saccade duration on saccadic chronostasis suggests that time is being added on to compensate for
the period of degraded vision caused by the saccade (Yarrow et al., 2001). This extra time is pre-
sumably tagged on to the beginning of the comparison interval, when the saccade is occurring.
This antedating account (see also Spence, Chapter 7, this volume), then, suggests that we see the
post-saccadic stimulus earlier in time than the moment of foveation (or indeed the mos:2nf 5

comparison stimulus first appeared physically, during the saccade) and that this illusory impres-

sion about the timing of an event subsequently influences our judgement about the interval
which that event initiates.

The issue of saccadic suppression is important when explaining saccadic chronostasis, b
also when measuring it, because the interpretation of experimental results requires an assump-
tion about what can be seen during the saccade. The simplest assumption is that the cha:ge -
stimulus to the variable duration comparison, which occurs during the saccade, is not registered
due to saccadic suppression. Hence the duration of the comparison stimulus is often corrected
before analysis to reflect the time it was foveated, rather than the time it was present on the screen.
This assumption was considered reasonable based on a control experiment showing that the pre-
cise time at which the comparison stimulus changed during the saccade did not influence the
magnitude of the chronostasis effect (Yarrow et al., 2001).

If the assumnption is false, the chronostasis effect will have been overestimated. More criticaliy,
the dependency of chronostasis on saccade size might be artefactual, reflecting differences in
the size of the corrections applied in the different saccade conditions. For this Ieason, one
recent investigation replicated this imiportant result, but reported effect sizes with and without a
correcti‘pn for saccadic suppression (Yarrow et al., 2006a). This paper demonstrated clearly thata
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larger saccade yields a larger chronostasis effect in a situation where the correction was carefully
equated (or indeed absent). See Yarrow et al. (in press) for a fuller discussion of this issue.

Comparing accounts of saccadic chronostasis

The ‘antedating’ account is by no means the only explanation that has been offered for saccadic
It chronostasis. One early alternative posited instead that the act of making a saccade increases
physiological arousal (Hodinott-Hill et al., 2002). Arousal is known to prolong subjective time,
i :A perhaps by increasing the speed at which a putative internal clock runs (e.g. Penton-Voak et al,
H 1996). Under this account, the events that border the post-saccadic comparison interval are not
shifted, but the intervening time nonetheless dilates.

i Another suggestion is that the time at which the sensory consequence of any movement, not
i just a saccade, is perceived to occur, shifts towards the time of the action (Park et al., 2003). This
proposal builds on experimental evidence favouring so-called ‘intentional binding’ (Haggard
‘ et al., 2002; Buehner, Chapter 15, this volume). This is essentially a more general event-shift
account. Box 12.2 discusses non-saccadic illusions that have been linked with chronostasis.

Box 12.2 Chronostasis for non-saccadic movements

Chronostasis-like effects have been reported following manual actions, and even in the absence
of any movement at all. Alexander et al. (2005), building on work by Hodinott-Hill et al.
(2002), investigated an illusion analogous to the stopped clock illusion, in which the repetitive
} tone of an engaged telephone may appear delayed when we return our attention to it.
l Participants heard five tones that marked out four consecutive intervals. The tones were either
Do presented all to one ear (the control condition) or with the first tone in one ear and all subse-
P quent tones in the other ear. The first interval seemed prolonged in comparison to the subse-
f 5 quent intervals when the auditory stimuli that bordered it were presented to different ears,
' with PSEs reduced by around 160ms compared to the control condition. Presumably, atten-
tion was refocused from one ear to the other during the comparison interval of the experimen- °
tal condition, and this might explain the result. However, increasing the volume of the second
tone also yielded somewhat reduced PSEs (an effect of around 50ms) even when all tones were
presented to the same ear. These are interesting findings, but temporal dilation can result from
a variety of mechanisms. Given the differences in the methods used to elicit auditory and
saccadic chronostasis, it is not clear that they are related, or that a common explanation should
; necessarily be sought.

i 1 , Chronostasis-like effects have also been sought where a movement is required, but not a
’ saccadic movement. Yarrow and Rothwell (2003) asked participants to make reaching move-
ments towards a vibrating tactile stimulus which marked out target and reference intervals.
Participants overestimated the duration of the post-movement interval by 60~120ms com-
pared to a static control condition, but the size of the effect did not change for reaches of dif-
; ferent extents/durations. This situation is closely analogous to the saccadic case, because '
participants only feel the vibrator when they first touch it, leaving its state ambiguous prior t¢ .
! contact. Another closely analogous situation was tested by Jackson et al. (2005) who investi-
: gated chronostasis for visual stimuli in a patient with congenital ophthalmoplegia who made
rapid head movements in place of saccades. No effect was obtained, although the absence ofa
matched cont‘,rol group complicates the interpretation.
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COMPARING ACCOUNTS OF SACCADIC CHRONOSTASIS

Box 12.2 Chronostasis for non-saccadic movements (continued)

When manual movements trigger the beginning of a visual interval, results have been
mixed. Park et al. (2003) initiated a digit sequence either randomly, 500ms after a key press, or
immediately after a key press. PSEs for the first interval were reduced by around 70ms when
the key press initiated the sequence compared to the random and delayed conditions. These
authors also observed a similar effect when a vocal signal initiated the digit sequence. These
results contrast with those of Yarrow and Rothwell (2003). They tested conditions in which
participants judged visual intervals initiated by reaching to and/or pressing a button. PSEs for
the first interval did not differ between movement and control conditions in any of three
experiments, with experimental powers ranging from 0.8-0.99. Most recently, Hunt et al.
(2008) found a key-press effect of around 70ms in two experiments using a digit sequence, but
not in three rather similar subsequent experiments reported in the same paper. It is worth
noting that the manual-visual situation, in contrast to the saccadic-visual or manual-tactile
cases, introduce no ambiguity about the time at which the critical interval begins. Hence there
seems less reason for misperception to occur.

Finally, and most recently, Ibbotson et al. (2007) have suggested that the rapid latency
responses recorded from motion-sensitive neurons in MT and MST during a saccade (which
contrast with longer latency responses in the post-saccadic epoch) may underlie the chronostasis
effect. This hypothesis again has strong similarities with the original antedating account, but
emphasizes a relative shift in latencies between the event that initiates the critical comparison
interval and the event that terminates it.

What evidence is there to distinguish these possibilities? One class of accounts suggest a shift
in the time at which the post-saccadic stimulus is perceived (hereafter referred to as event-shift
accounts). A second class suggest an-increase in the rate at which time is perceived to pass (here-
after referred to as rate-increase accounts). Behavioural evidence supports the former over the
latter. The saccade-length effect found with interval judgements is simple to explain under an
event-shift framework by assuming that the initial boundary event is shifted to a position that
is constant with respect to saccade initiation. In contrast to this, it is not obvious why a larger
saccade should yield a larger increase in the rate of perceived time (although the suggestion that
it might is not unreasonable). Furthermore, any rate increase account makes the straightforward
prediction that the size of the chronostasis effect should grow in proportion to the duration of
the post-saccadic interval that is judged, because perceived time should equal clock rate multi-
plied by actual time. This prediction has not been verified; for the shortest post-saccadic intervals
tested, the chronostasis effect was similar for intervals ranging from 100-300ms (Yarrow et al.,
2004a). These data strongly constrain rate-increase accounts, implying that the rate of perceived
time would have to rise sharply above baseline following a saccade, then return to baseline
within 100ms. .

However, the most direct evidence favouring event-shift accounts was obtained in an experi-
ment where the typical interval comparison task was replaced with a temporal order judgement
task (Yarrow et al., 2006a). Participants judged whether a brief auditory event occurred before or
after they first perceived the post-saccadic target. Relative to control conditions without a sac-
cade, the point of subjective simultaneity (PSS) between these events was shifted substantially.
Participants judged the beep to be synchronous with the onset of the post-saccadic visual target
when it occurred when they had only just begun to move their eyes, long before the 'target”’s
physical onset on the screen. This was in direct contrast to an audio-visual PSS of the opposite,

o7
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sign found in control conditions, which fell in line with the typical observation that sounds must
be presented after lights to appear simultaneous. This pattern was obtained for both short and
long saccades, replicating the saccade-size effect found with interval-comparison tasks.

These behavioural data favour event-shift accounts, but leave open the question of whether
the change in event time is implemented as events unfold, or subsequently, based on a retrospec-
tive assessment of the preceding saccadic episode. There are two plausible physiological mecha-
nisms for an event shift, and both imply that the illusion reflects neural activity that is available
immediately. The first mechanism, proposed by Yarrow et al. (2001), depends upon a class of cells
known to shift their receptive fields prior to a saccade. The suggestion is that their neural activity
is used to mark the onset of the post-saccadic stimulus. These cells, first described in the lateral
intraparietal cortex, but subsequently found in regions such as frontal eye fields and superior
colliculus (Duhamel et al., 1992; Walker et al., 1995; Umeno and Goldberg, 1997), respond
predictively to a stimulus presented at a position their receptive field should occupy only after the
saccade. Across the cell population this predictive response occurs at a range of times, including
well before the saccade has even been made. Marking time based on the activity of such a popula-
tion provides a qualitative fit to behavioural data from chronostasis experiments.

The second mechanism, alluded to earlier and proposed by Ibbotson et al. (2007}, is based
on their finding that activity in MT or MST arising in response to the mid-saccadic onset of
a motion stimulus has a head start compared with activity arising in response to an identical
stimulus presented after the saccade. If such activity were used to demarcate the interval of inter-
est in chronostasis experiments, this interval would appear prolonged, because its onset occurs
during the saccade whereas its offset occurs after the saccade. This suggestion is intriguing, but it
is less easily reconciled with the dependency of the chronostasis illusion on saccade size than an
account based on shifting receptive fields.

Of course, the neural events highlighted in each account share some common features. Both
must depend upon some saccade-related input such as an efference-copy signal. Because saccadic
chronostasis has been observed following express saccades (Yarrow et al., 2004b), and these sac-
cades are commonly considered to arise without a significant contribution from cortical areas
involved in saccade generation (Hopp and Fuchs, 2002), it seems likely that the relevant efference
copy signal is sent just prior to saccade generation from a subcortical structure such as the supe-
rior colliculus. Appropriate pathways exist in the primate brain, including one from the superior
colliculus to the frontal eye fields via the dorsal thalamus (Sparks, 1986). This pathway has been
shown to carry efference copy information in a double-saccade task (Sommer and Wurtz, 2002).

Although the shift in event time that characterizes chronostasis might typically be implemented
in an online fashion, there is also evidence that peri-saccadic perception may be moulded in a
surprisingly flexible fashion over a longer time window. In early experiments, the saccade target
was made to step to a new position during the saccade (at the same moment that it changed to its
new post-saccadic form). The chronostasis illusion was eliminated when the step was
perceived, and reduced when it was not (Yarrow et al., 2001). Intuitively, it only makes sense
to assume that post-saccadic objects have occupied their current states throughout the saccade
(and thus to add on an appropriate amount of time) if things remain much as they were. If not,
it is better to make a different assumption. It is as though a veto were available to override the
standard mechanism for estimating the peri-saccadic timeline of events.

Even more striking results are obtained when a saccade is made to a moving object. Under
these circumstances, we might expect 2 backwards shift in the perceived position at which a post-

saccadic stimulus is first reported to be seen, mirroring the temporal report. There is some.
evidence for this, at least relative to the forward shift obtained in control conditions (Yarrow

et al., 2006b). However, the surprise result is that the position at which the post-saccadic stimulus

tem
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is seen to terminate actually shifts forwards compared to when no saccade is made. It appears as
though time added on to the beginning of a period of stimulus motion is compensated partially
by an illusory elongation of trajectory at the end of stimulus motion, up to 500ms later. In this
way, time, velocity, and position are made to cohere.

|
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; Chronostasis and attention

; Because chronostasis occurs in the aftermath of saccades, and saccades are intimately linked with
shifts of covert spatial attention (e.g. Deubel and Schneider, 1996; Moore and Armstrong, 2003),
itis natural to ask if a relationship exists between chronostasis and processes of selective attention.
There are a number of ways in which it is possible to envisage attention playing a role. In the
previous section [ alluded to physiological events that might operate as time markers for the onset
of the post-saccadic stimulus. The shift of attention that is hypothesized to precede saccade
initiation is a candidate for this role, although there is little data on its precise time course (but see
Montagnini and Castet, 2007). A related suggestion was made by Deubel and colleagues (1999) to
explain discrepancies in temporal order judgements for peri-saccadic stimuli (see Yarrow et al.,
20064, for a discussion).

One experiment that bears on this explanation was described by Yarrow and colleagues
(2001). Participants began by fixating centrally, then made unspeeded saccades to either the left
or right. In addition to a typical saccade condition used to measure chronostasis, a second condi-
tion included an additional central arrow cue prior to the saccade, pointing at the saccade target.
Participants were required to direct their attention voluntarily in the direction indicated by this
cue before beginning their saccade and then completing a duration judgement task as usual. An
interleaved reaction-time task, performed every other trial, required speeded saccades to a target
appearing randomly to the left or right, without any subsequent duration judgement. Again, some
trials included a central arrow cue, this time equally likely to predict the upcoming target or not,
but which participants were instructed to obey just as they did in the duration judgement trials. It
was concluded that participants were indeed allocating their attention as directed, based on an RT ) ¢
cost at the unattended location in RT trials. In the duration judgement trials, the chronostasis ' .
effect was identical regardless of whether attention had been deliberately allocated to the saccade
target long in advance of the saccade, or no such instruction had been given. This result suggests
that shifting attention is not the critical time marker used to estimate the onset of the post-
saccadic object. There are, however, a number of problems which might lead us to question such
an interpretation. Most critically, the relationship between an endogenous (instructed) shift of
attention and the shift of attention that automatically precedes a saccade is unknown when both
processes target the same location. It is far from certain that a pre-saccadic shift of attention
would not occur even when attention has already been voluntarily allocated to the saccade target.

Aside from its possible role as a temporal marker, attention will undoubtedly be tightly
focused at the position where the post-saccadic stimulus appears in typical chronostasis experi-
ments (Deubel and Schneider, 1996) and might influence judgements about time in other ways.
When attention is drawn to an object, it can give rise to temporal dilation (e.g. Tse et al., 2004;
Tse, Chapter 10; Brown, Chapter 8, this volume) We can, however, discount attentional modula- : ]
tion of the rate of perceived time as an explanation of chronostasis based on the behavioural data
described in the previous section. This is a rate-increase account, and does not fit with either the
constant effect size found when post-saccadic stimulus duration was manipulated or the saccade-
dependent shift in the PSS found using a temporal order judgement task.

Temporal dilation is, however, not the only way in which the focus of attention can influence
temporal judgements. ‘Prior entry’ refers to the advantage found for attended stimuli over .
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unattended ones when they are compared in a temporal order judgement task (Spence, Chapter 7,
this volume). Physiological evidence that attention affects the timing of neural activity has been
somewhat mixed (e.g. McDonald et al., 2005; Vibell et al., 2007). Behaviourally, however, this
speeding of attended stimuli is robust, although it may be exaggerated in tasks that encourage
response biases (Spence et al., 2001). Prior entry might, therefore, be responsible for the shift in
the time at which the post-saccadic stimulus is seen in chronostasis experiments.

There are, however, a number of caveats we should bear in mind when attempting to apply
prior entry as an explanation of chronostasis. Firstly, chronostasis is obtained with both interval
judgements and temporal order judgements, whereas prior entry has been described and explored
systematically only for the latter type of task. Secondly, prior entry does not currently explain the
saccade-size effect because there is no reason to believe that larger saccades invoke a greater
degree of attentional modulation at the saccade target than smaller saccades. Finally, chronostasis
experiments require subjects to judge time in both control and saccade conditions. There is
currently no evidence that visual attention is concentrated more completely at the target of a
saccade prior to the saccade, than it is at a fixed position during steady fixation. All we know is
that prior to a saccade, attention is concentrated more completely at the target of a saccade than
at other locations assessed at the same time. In summary, we need to make a lot of assumptions
in order to explain chronostasis with prior entry.

One recent paper has attempted to move beyond such speculation and explore the relationship
between chronostasis and attention directly by investigating how much of the visual
scene the illusion applies to. In their first condition, Georg and Lappe (2007) had participants
make a saccade to a counter, replicating the original demonstration of chronostasis. They
also included a constant fixation control condition, with a moving counter (see Box 12.1). The
critical new condition also involved a saccade to a target object (now a cross) but this time
the counter was presented mid-way across the screen at a position intermediate between the ini-
tial fixation and saccade target positions. This permitted the authors to assess temporal dilation
away from the saccade target object. No chronostasis effect was obtained for this intermediate
counter.

The result appears to suggest that chronostasis does not occur for the entire visual scene, but
only for the object targeted by a saccade, which is known also to be the target of covert attention
(e.g. Deubel and Schneider, 1996). It is noteworthy, however, that this result is the exact opposite
of that found in an experiment I carried out around the same time, in collaboration with John
Rothwell, Patrick Haggard, and Doeschka Ferro. This experiment has not been published, so
I present the details here.

Participants were required to saccade towards a letter target that might appear either alone,
or accompanied by additional letters arrayed beyond the target letter in a semicircle. There were
three possible arrays: target alone, five letters, or nine letters. The five-letter condition is shown in
the inset to Figure 12.1, which schematizes the procedure. In saccade conditions, participants
pressed a button to reveal the target array in peripheral vision. After 500ms, they had to react to a
change of colour at the initial fixation cross by saccading to the middle target letter, then main-
taining their fixation at this point. Any one of the letters in the array could change colour during
the saccade, signifying that the duration for which that letter was presented in its terminal colour
should be judged on an absolute scale. The dependent variable was mean judgement error.
A further manipulation varied the degree of advanced knowledge about the letter that would
form the basis of the subsequent judgement. On half of all trials, a red outline box cue appeared
for 100ms around the letter that would change colour (at the same moment the array appeared)
disappearing 400ms before the signal to make a saccade. The same factors were manipulated in
control conditions, but/subjects fixated a cross while the letter array first appeared in peripheral
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Fig. 12.1 Mean judgement errors in all 12 conditions of an experiment investigating the spatial
extent of saccadic chronostasis. Both corrected and uncorrected values are shown for saccade
conditions (see section entitled “saccadic suppression and saccadic chronostasis” for explanation of
these terms) alongside results from a constant fixation control task. Durations were selected
randomly on each trial from a uniform distribution with a range from 250-750 ms, and participants
made absolute duration estimates with a range from 0 to 1000 ms. The mean judgement error is
the mean difference between subjects’ absolute duration estimates and stimulus display times.
Positive values denote overestimations. Error bars show standard error of the mean. The inset
schematises the experimental task, with the saccade task shown on the left and the control task
shown on the right. The schematic shows black letters, with one letter turning white to indicate
that its duration should be judged. in"the actual experiment, stimuli were black or white fixation
crosses (subtending 1° visual angle; cross turned white as an imperative stimulus), blue or red
capital letters (approx. 1° visual angle; one letter turned red (here, shown as white) for duration
judgement), and a red open square (2° visual angle; used to cue the location of the red letter on
50% of trials). The blue (here, shown as black) letters remained on screen after the red letter had
disappeared to ensure that only the red letter could be used when estimating duration. Around
10-15% of trials were rejected and repeated, mainly because of failures to saccade and/or hold
fixation according to instructions. Participants completed 45 trials in each of 12 conditions for a
total of 540 pseudorandomised trials. Their heads rested in a chin/forehead rest, 41 cm from a 22
CRT colour monitor {refresh rate 120 Hz). Eye movements were recorded from both eyes (left for
horizontal, right for vertical) using an infra-red eye tracker (Applied Science Laboratories Eye-trac
model 310) and sampled at 200 Hz (12 bit A/D card; National Instruments DAQ 1200).

vision, then disappeared and reappeared around fixation with a time course that approximated
visual input in the saccade conditions.

If chronostasis were limited to the saccade target, the effect should have been drastically
reduced in the five- and nine-object conditions (because only a small minority of trials in
those conditions required a judgement about the saccade target letter, whereas in most trials a
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peripheral letter was being judged). Figure 12.1 shows that this was not the case. The data were
corrected to reflect saccadic suppression and entered into a three-factor ANOVA. There was a
difference between saccade and control conditions, representing the classic chronostasis effect.
The presence or absence of the cue also had an effect, and these two factors interacted, indicating
that the presence of a cue had no effect in the control conditions, but elevated estimates in saccade
conditions.! Figure 12.1 also shows the data without any correction for saccadic suppression. The
pattern of significance was identical. Critically, the number of objects was not significant in either
ANOVA and did not interact with the other factors. Hence the chronostasis effect extended to all
the objects in an array of up to nine objects separated by up to 7° visual angle. Visual attention, by
contrast, modulates performance at the target of a saccade compared to locations only 1° away
(Deubel and Schneider, 1996).

Why the difference in results between this experiment and that of Georg and Lappe (2007)?
It is possible that Georg and Lappe’s choice of location for the second object represents a special
case. Following a saccade, it would have required a shift of attention directly back along the
saccade path. This shift of attention might have been unusually slow because of inhibition of
return (Posner and Cohen, 1984), an RT effect that is often interpreted as a difficulty in shifting
attention back to a location that has recently been visited (Lupidfiez, Chapter 2, this volume).
Inhibition of return might affect duration estimates by delaying perception of the mid-trajectory
object (i.e. prior entry), counteracting the typical temporal bias caused by a saccade.

Another difference between the two studies is that the study I have described here used a
relatively complex semicircular array of objects rather than just two objects. Might such an array

_ have been combined via gestalt grouping, operating like a single object and extending the tempo-

ral bias to all component objects in an artificial manner? In other unpublished work, my co-
workers and I have used only two objects, with the second object presented at one of three
positions 7° beyond the saccade target. We still obtained identical temporal biases when judging
either this additional object or the saccade target object. However, these two objects would still be
more likely to group than the two objects used by Georg and Lappe (2007) which were separated
by 8°. Further research appears necessary to explain the difference in findings, as the outcome is

of theoretical importance. For example, an account of chronostasis in terms of the predictive

activity of cells with shifting receptive fields implies that the illusion should be obtained at multi-
ple spatial locations (because remapping, which is typically measured in cells with somewhat
peripheral receptive fields, can be assumed to occur in numerous cells which combine to form a
fairly complete retinotopic map).

Conclusions

The term saccadic chronostasis describes the temporal overestimation of a stimulus seen imme-
diately following a saccade. The effect can also be observed as a relative misperception of the time
at which the post-saccadic stimulus is first seen. It seems likely that both behaviours result from
a tendency to time erroneously the uncertain onset of the post-saccadic stimulus using a pre-
saccadic marker. The most plausible physiological marker suggested so far is the activity of a class
of cells which shift their receptive fields ahead of a saccade in order to gain a head start when

' This small but reliable effect appears to contrast with the result of Yarrow et al. (2001) described earlier (no
effect on temporal estimates for an endogenous cue dirécting attention to a single target). Because of the
nmany differences between the two studies, it is difficult to draw any strong inferences about the reason for,
the diverging effects.
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responding at their new position. However, the nature of the illusion also suggests explanations
in terms of mechanisms of spatial attention. At this point, the exact role played by such mecha-
nisms in generating saccadic chronostasis is unclear. Prior entry and attention-based temporal
dilation are not particularly convincing explanations for the illusion, but there is some contro-
versy regarding the spatial extent of chronostasis and its relationship with the shift of attention

that precedes a saccade. Further research may help resolve these issues. Whichever explanation

wins out, I hope this review will give you pause for thought the next time you glance at your
broken watch, or catch the gaze of someone who’s been looking at you for a little too long!
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