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Abstract

Does the moment when an event is perceived depends on where it is presented? To measure

when participants perceived events, they were first familiarized with trial duration, by watching

the hand of a clock rotating. Then, the hand was removed, and stimuli were presented at a

random time from the trial onset. Participants indicated the location where the hand would

have been when the stimulus was presented. The stimuli’s eccentricity, the appearance, and

location of the spatial features of the clock were varied. The targets were reported earlier if

they were presented in spatial proximity to the clock outline, even when it was not presented

during the trial. The effect was replicated with stimuli presented at the same distance from fixation

but at different distances from the spatial features. In summary, the time of an event is perceived

earlier if it is presented near attended features in the visual scene.
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Introduction

Directing attention to relevant locations in space improves the performance in a multitude of

tasks (e.g., Cameron, Tai, & Carrasco, 2002; Carrasco & Yeshurun, 2009). There is, however,
a complex relationship between attention and temporal processing.

For example, attended events are perceived earlier than not attended ones, as described in

Titchener’s law of prior entry (Spence & Parise, 2010; Titchener, 1908). It is assumed that

attention affects prioritization of the stimuli processing, resulting in the earlier apparent time

of attended stimuli (Shore, Spence, & Klein, 2001). Furthermore, both sustained and tran-
sient attention can impair temporal resolution. Discrimination thresholds for two successive

visual pulses are higher when transient attention is directed to their spatial location

(Yeshurun & Levy, 2003), or when the attentional focus is diffused across a large area

(Poggel, Treutwein, Calmanti, & Strasburger, 2006). Furthermore, when attention is divided

across different, spatially disparate durations, spatial uncertainty decreases the precision of
duration judgments (Ayhan, Revina, Bruno, & Johnston, 2012). Finally, when attention is

divided between the temporal properties of a stimulus and its other features, the perceived

duration of the stimulus is reduced, suggesting that the processing of duration shares the

same, limited attentional resources as the processing of other features of that stimulus

(Block, Hancock, & Zakay, 2010; Coull, Vidal, Nazarian, & Macar, 2004; Klapproth,

2011; Macar, Grondin, & Casini, 1994; Tse, Intriligator, Rivest, & Cavanagh, 2004;
Zakay & Block, 2004).

Here, we report that when an event is perceived depends on where it is presented relative

to some attended spatial location. In our task, participants estimated the passage of time,

while simultaneously monitoring locations in the visual field where the stimulus appeared. At

the beginning of the experiment, participants were familiarized with a fixed duration. For
this purpose, they watched the hand of a clock rotating at a constant velocity to complete a

single revolution. In the main part of the experiment, the hand of the clock was removed, and

participants were asked to attend to an event that would occur within an interval that lasted

the familiarized duration. The event of interest consisted of a pair of white discs that were

flashed briefly at different locations on the horizontal meridian. At the end of the trial,

participants reported their estimated time of the event by moving the cursor to indicate
where the hand of the clock would have been at the time of the flash.

To investigate whether the reported time of visual events depended on the position of the

event relative to the salient spatial features of the clock, we varied the appearance of the

spatial features. We varied the size of the clock hand, so that the tip of the hand was in

spatial proximity of different tested locations. Furthermore, the spatial features presented
during the trial were different in the three experiments. In Experiment 1A, the outline of the

clock and the stimulus outline were presented during the trial. In Experiment 1B, they were

not presented, and only the fixation point was presented for the full duration of the trial.

Finally, to disentangle the effects of the eccentricity (Carrasco, McElree, Denisova, &

Giordano, 2003) and distance of the events from the salient features, in Experiment 2, we

presented stimuli at the same eccentricity and varied their distance from the spatial features.

Experiment 1

Methods

Stimuli and apparatus. Stimuli were white discs with a radius of two degrees of visual angle

(dva), flashed briefly (33 ms) at different positions on the screen. The background was
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mid-gray, and the fixation point was a white disc, size 1 dva, that changed luminance to dark
gray as a preparation signal, just before the beginning of the trial. The hand of the clock had
radius of 5 dva (Experiment 1A) or 9 dva (Experiment 1B), and it was also white. In
Experiment 1A, a white circle, representing the face of the clock was presented during the
familiarization phase and remained on the screen throughout the experiment. Each trial
started and ended with a 33 ms pure tone, frequency 1 kHz. The experiment was conducted
in a dark room.

Experiments were created using Matlab R 2016a and Psychtoolbox-3 (Brainard & Vision,
1997; Kleiner et al., 2007). Stimuli were presented on an LCD flat screen (ViewSonic
V3F245), with diagonal 24 in., resolution 1,920� 1,080 pixels, and refresh rate 60Hz. The
viewing distance was 30 cm.

The analysis of the data was conducted in the R Studio environment, using packages lme4
(Bates, Machler, Bolker, & Walker, 2014) and (Hothorn, Bretz, & Westfall, 2008) for mixed-
effect regression analysis. We excluded trials with an error larger than 120 degrees from
analyses (less than 5% of the trials were excluded).

Participants. Eleven participants took part in Experiments 1A and 1B. All but one of the
participants (the first author, who took part in both experiments) were naive to the purpose
of the experiment and gave written informed consent. The experiments were conducted in
agreement with the Declaration of Helsinki and local ethics committee.

Procedure. At the beginning of the experiment, participants were familiarized with a fixed trial
duration by watching the hand of a clock rotating at a constant speed, one cycle in 2 seconds.
To provide an additional cue for remembering the duration of the trial, a brief tone (33 ms, 1
kHz) was presented at the beginning and the end of each revolution. During the main
experiment, the hand of the clock was no longer presented, and participants were asked to
fixate at the center of the screen during the trial. At the beginning and the end of the trial,
two brief tones were presented. A stimulus was flashed briefly (33 ms) at a random time
between the beginning and the end of the trial. To minimize attentional redirection to one
hemifield if only one stimulus was flashed in periphery, two stimuli were simultaneously
presented at the same eccentricity on either side of fixation. Participants were asked to
attend to the time from the beginning of the trial, and estimate when the stimulus was
presented within the time interval defined by the beginning and the end of the trial. When
the trial ended, participants used the mouse to place a cursor at the position where the hand
of the clock would have been at the time of the flash. On each trial, the timing of the target
relative to the onset of the trial was chosen randomly. The stimulus was never presented 150
ms after the beginning or before the end of the trial. In five blocks, stimuli were presented at
different locations in the visual field.

In Experiment 1A, the length of the hand of the clock was 5 dva. We tested five loga-
rithmically equally spaced positions in the visual field, from 0 to 36 dva. During the exposure
phase and the trial, the outline of the clock and stimuli were presented (Figure 1(a) and
Figure 2(a) and (b)). In Experiment 1B, the length of the hand was 9 dva, and stimuli were
presented at the same five eccentricities. We also minimized the spatial features by removing
the clock outline and stimulus placeholders both from the exposure and the test phase
(Figure 2(c) and (d)). The response probe was also changed: instead of placing the cursor
on the outline of the clock, the hand of the clock reappeared and participants adjusted its
orientation to match the perceived time, by moving the mouse. An illustration of the stimuli
in the two experimental conditions is shown in Figure 2. Importantly, there was no uncer-
tainty about the spatial locations of the stimuli, as the location of the stimuli was always the
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same within one block. In addition, the location of the features of the clock was not predic-

tive of the stimulus location.
Before the start of the experiment and after each break, participants were presented with a

full cycle of the rotating clock’s hand 15 times to help them memorize the duration of the

trial, followed by a short training session with feedback. During the training, the target was

always presented centrally. In the main part of the experiment, no feedback was provided. In

Experiment 1A, participants completed 50 trials for each position of the stimulus (250 trials

in total), and in Experiment 1B, 40 trials in each condition (200 trials in total). Perceived time

of the stimuli at different positions was tested in separate blocks. After each block, partic-

ipants had a short break, followed by a retraining. Each experiment was conducted in a

single session, and each lasted for approximately 1 hour.

Results

To quantify the performance, we calculated the temporal error as a difference between

reported and presented time of the stimuli. Average temporal errors for the two experiments

are shown in Figure 3. The performance in Experiments 1A and 1B is shown with filled and

open symbols, respectively. The location of the spatial features in the two experiments is

shown with two vertical lines. We found an overall bias to report events earlier than they

were presented, indicated by negative errors. The bias was largest for events presented close

to the spatial features of the display (the two vertical lines). In addition, there was an effect of

eccentricity, and targets presented further in the periphery were reported earlier.

Figure 1. Representation of the temporal sequences of the familiarization phase and an experimental trial.
(a) Familiarization with trial duration. At the beginning of the experiments, participants were presented with
a clock. The hand of the clock rotated at a constant velocity, 2 seconds per revolution. A brief 1 kHz pure
tone was presented at the beginning and at the end of each revolution, as an additional cue to facilitate
learning of the trial duration. (b) Illustration of the stimulus sequence in Experiment 1. During the exper-
iment, the hand of the clock was removed and the white circle representing the face of the clock remained on
the screen. At the start of the trial, the fixation disc changed to a placeholder for the stimulus, and a brief
tone was presented. After a random delay, two stimuli at either side of fixation were simultaneously
presented. The trial ended after 2 seconds. The end of the trial was marked by a change of the placeholder to
the fixation disc and a brief tone. Participants moved the mouse cursor to place it on the clock face at the
location where the hand of the clock would have been at the time of the targets presentation. The procedure
was similar in Experiment 1B, but the spatial features of the clock were reduced, and the response probe was
changed. For details, see Figure 2.
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We quantified the effect in the two experiments by means of two linear mixed-effect models.
The temporal error was the dependent variable, and the tested locations in the visual field
were included as a fixed factor. We also included participants as a random effect (intercept
only), to account for additional variability. We tested whether the temporal errors were
different for each eccentricity level, relative to the centrally presented stimuli, and corrected
the significance level for simultaneous inference, using Bonferroni correction (Hothorn
et al., 2008).

In Experiment 1A, we found an effect of eccentricity, F(4, 1411)¼ 10.704, p< .01. The
contrasts revealed that the targets presented at all tested locations in the visual field were
reported earlier than the targets presented at the central fixation. In Experiment 1B, the effect
of eccentricity was also significant, F(4, 1411)¼ 8.53, p< .01. The targets presented at each
peripheral location were reported earlier than the targets presented at the center of the visual
field. In addition, the bias for the targets that were presented close to the spatial features of
the display (4.5 dva) was greater than bias at other peripheral locations in Experiment 1A.

Figure 2. Illustration of layout and stimuli locations in Experiments 1A and 1B. (a) In Experiment 1A, during
the exposure phase, the hand of the clock and the clock face were presented. In the test phase, the clock face
and a placeholder for the stimuli were presented during the trial. Stimuli were briefly presented at the
location of the placeholder, and participants estimated when the stimuli were presented. The response was
given by placing the cursor on the clock face, at the location where the hand of the clock would have been at
the time the stimulus was flashed. (b) Stimuli locations in Experiment 1A for the four tested eccentricities
(4.5–36 dva) and their spatial relation to the face of the clock and the probe (c). In Experiment 1B, the spatial
features of the clock were reduced, and the response probe was changed. In the exposure phase, only a
rotating hand was presented. During the test phase, only the fixation point was presented, except when the
stimuli were briefly shown. The response was given by rotating the hand of the clock, thereby indicating the
time that elapsed from the beginning of the trial until the target was shown. The hand length was 9 dva
(instead of 5 dva in Experiment 1A). (d) The four tested eccentricities (4.5–36 dva) and their spatial relation
to the probe in Experiment 1B.
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In Experiment 1B, the bias for the target presented at 9 dva was greater for all the positions

except for the bias for the targets presented at 36 dva.

Experiment 2

In Experiments 1A and 1B, we tested when a visual event is perceived as a function of its

location across the visual field. We found a large bias to report events earlier when they were

presented near salient spatial features of the display. The spatial position of the stimuli

reported with the greatest bias was different in the two experiments, suggesting that this

effect is independent of the eccentricity-induced bias.
To directly test this hypothesis, we conducted Experiment 2. Here, we presented targets on a

virtual circle around the fixation, keeping the eccentricity constant across the tested positions (2

dva, Figure 4(b)). Instead of attending to the passage of time by tracking a rotating hand of the

clock, participants were presented with a horizontal line at the top of the screen. In the exposure

phase, the line slowly changed its color (from left to right) indicating the passage of time. As a

result, stimuli presented below and above the fixation point could be presented at the same

eccentricity, but with a different distance relative to the probe. If the distance from the probewas

responsible for the underestimation of the presented time of the stimulus, we would expect that

stimuli presented above the fixation are reported earlier than the stimuli below.

Methods

Stimuli and apparatus. The passage of time was indicated by a change of color of a

horizontal bar (size 8 dva) presented 6.5 dva above the fixation. To indicate the trial duration

(2 seconds), the color of the bar gradually changed from white to gray (from left to right,

see Figure 4(a)). During the main part of the experiment, the gray line remained on the

Figure 3. Results of Experiments 1A and 1B. The mean temporal errors in Experiments 1A and 1B are
plotted against the tested locations. Temporal errors in Experiments 1A and 1B are shown in filled and open
symbols, respectively. Negative errors indicate that the target was reported earlier than presented. Spatial
location of probes in Experiments 1A and 1B is shown by the two dashed vertical lines. The targets are
reported earlier if they are presented close to the spatial features of the clock (blue vertical dashed line for
Experiment 1A and black for Experiment 1B). In addition, the targets are reported earlier if they are
presented further in the periphery. Error bars represent standard error of the mean between participants
(Loftus & Masson, 1994).
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screen. A pure tone duration 33 ms and frequency 1 kHz was presented at the start and end

of each trial. Stimuli were white discs, presented on a Triton CRT screen (21 in.), with

resolution 1,600� 1,200 pixels and refresh rate 120Hz. The viewing distance was 64 cm.

Participants. Six participants took part in the experiment. All but one of the participants (the

first author) were naive to the purpose of the experiment and gave written informed consent.

The experiment was conducted in agreement with the Declaration of Helsinki and local

ethics committee.

Procedure. At the beginning of the experiment, participants were familiarized with a fixed trial

duration by watching the line filling in, from left to right, with a constant speed. We pre-

sented a tone (33 ms, 1 kHz) at the beginning and the end of each trial, to provide an

additional cue for remembering the trial duration. During the exposure phase, fixation

was at the center of the probe. In the main part of the experiment, the gray line was

presented, but it provided no temporal cues. Participants were asked to fixate at the

center of the screen, and a single stimulus was flashed briefly (33 ms). The stimulus was

presented at a random time relative to the onset of the trial. As in Experiments 1A and 1B,

participants were asked to attend to the time from the beginning of the trial, and estimate

when the stimulus was presented. When the trial ended, participants gave their answer by

placing the cursor of the mouse on the horizontal line, to indicate the position they believed

reflected the time of the flash. In five different blocks, we varied the position of the stimulus.

The stimulus was presented 2 dva above, below, left or right from the fixation point, or at the

location of the fixation (Figure 4(b)).
Before the experiment and after each break, participants had 15 practice trials with feed-

back. In each block, participants completed 50 trials (250 trials in total). The experimental

session lasted approximately 1 hour.

Results. Mean temporal error across participants for the five tested target positions is shown in

Figure 5. Therewas an overall bias to report targets earlier, indicated by average negative temporal

errors. Importantly, targetswere reported later if theywere presented further away from the probe.

Figure 4. Illustration of the temporal sequence in Experiment 2. (a) At the beginning of the experiment,
participants were presented with a horizontal bar. The bar changed its color gradually, indicating the passage
of time. Brief tones were presented at the beginning and the end of each trial. (b) Illustration of the positions
of stimuli in Experiment 2. We tested performance for five different positions of the stimuli: above, below,
left, right of the fixation point, and at the location of the fixation. The horizontal gray bar was presented
during the trial. The four locations around the fixation had the same eccentricity but were at different
distances away from the probe.
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To test whether temporal errors were significantly different for different positions of the
target relative to the probe, we conducted a linear mixed-effect model analysis. Temporal
errors were the dependent, and positions on the screen were the predictor variable (categor-
ical variable with five levels). We also included subject as a random effect to account for
interindividual variability. There was a significant effect of the target position on temporal
errors, F(4, 1487)¼ 4.05, p< .01. The contrasts revealed that the temporal error for targets
presented at all positions except at the fixation were different from that of the target pre-
sented near the probe (i.e., above the fixation; Bonferroni corrected).

Discussion

In the work reported here, we asked when an event is perceived when it is presented at
different locations in the visual field. We adapted the procedure previously used to investi-
gate the perceived time of decisions (Libet, Wright, & Gleason, 1983). In Experiments 1A
and 1B, we varied the spatial features of the clock used to indicate when events were per-
ceived (the size of the hand of the clock and the presence of the clock and stimulus outline).
We found that the targets were reported earlier if they were presented in spatial proximity to
the salient spatial features. The bias was found in both experiments; even though in
Experiment 1B, no spatial features were presented during the trial. Importantly, the position
in the visual field where the effect was found depended on the position of the spatial features.

The findings in Experiment 1 suggest that in order to perform the task, participants mentally
attended to the positions of the clock’s hand during the trial. During this tracking, attention
could be allocated to the spatial locations of the hand of the clock in the exposure phase. There
are different possible interpretations of the observed bias. First, events that were presented close
to the attended location could be perceived earlier. This hypothesis is in an agreement with
previous work showing that attended targets are perceived earlier (Spence & Parise, 2010), and
that attention can speed up processing at attended locations in space (Carrasco et al., 2003;
Carrasco, Giordano, & McElree, 2006). Nevertheless, unlike in this previous work, here the
location of the attended spatial features was not predictive of the stimulus location. In addition,
the prior entry effect is considerably smaller when the attention is endogenously oriented to a
target (Shore et al., 2001). Alternatively, adaptation studies provide evidence for the existence of

Figure 5. Results of Experiment 2. The mean temporal errors are plotted against the tested locations.
There was an overall bias to report targets earlier, as indicated by negative errors. The targets are reported
earlier if they are presented closer to the probe (above the fixation), relative to targets presented further
from the probe (below fixation). Error bars represent standard error of the mean between participants
(Loftus & Masson, 1994).
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local clocks across the visual field, whose speeds can be selectively changed by adaptation
(Johnston, Arnold, & Nishida, 2006). In agreement with this hypothesis, targets presented at
different eccentricities are processed by these localized mechanisms. Sharing attention at a par-
ticular spatial location, by allocating the central time-keeping mechanism that is shared across
the eccentricities and the local clock at the same location, could cause slowing downof the timing
mechanism at that location (Zakay & Block, 2010).

In Experiment 1, we presented stimuli at different locations across the periphery. Previous
work has shown that temporal processing is not homogeneous across the visual field (Aedo-
Jury & Pins, 2010; Kliegl &Huckauf, 2014), and that speed of temporal processing increases as
a function of eccentricity (Carrasco et al., 2003). In agreement with this work, we found that
stimuli were reported earlier in the periphery relative to when they were presented centrally. To
disentangle these known effects of eccentricity and the effect we report here specific to the
attended spatial location, we conducted Experiment 2. In this second experiment, we presented
stimuli at the same eccentricity, but at different distances away from the assumed attended
position. As predicted, stimuli that were presented closer to the probe were reported earlier.

In summary, we found that the time of an event is perceived earlier if it is presented near an
attended feature in the visual scene. These results are consistent with previous work indicating
a limited attentional resource for time estimation (Ayhan et al., 2012; De Montalembert &
Mamassian, 2012; Morgan, Giora, & Solomon, 2008; Van Rijn & Taatgen, 2008). Our findings
support the hypothesis of a single shared resource that is employed to compare the perceived
time of an event at one location and the time elapsed from the beginning of the trial. It is an
open question whether this mechanism is part of the dedicated temporal processing mecha-
nism, or it is operating at another, possibly higher, level of cognitive processing.
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