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Abstract 15 
 16 
It has long been debated whether visual processing is, at least partially, a discrete process. 17 
Although vision appears to be a continuous stream of sensory information, sophisticated 18 
experiments reveal periodic modulations of perception and behavior. Previous work has 19 
demonstrated that the phase of endogenous neural oscillations in the 10 Hz range predicts the 20 
“lag” of the flash lag effect, a temporal visual illusion in which a static object is perceived to 21 
be lagging in time behind a moving object. Consequently, it has been proposed that the flash 22 
lag illusion could be a manifestation of a periodic, discrete sampling mechanism in the visual 23 
system. In this experiment we set out to causally test this hypothesis by entraining the visual 24 

system to a periodic 10 Hz stimulus and probing the flash lag effect (FLE) at different time 25 
points during entrainment. We hypothesized that the perceived FLE would be modulated over 26 
time, at the same frequency as the entrainer (10 Hz). A frequency analysis of the average FLE 27 
time-course indeed reveals a significant peak at 10 Hz as well as a strong phase consistency 28 
between subjects (N=26). Our findings provide evidence for a causal relationship between 29 
alpha oscillations and fluctuations in temporal perception.           30 
 31 

1. Introduction 32 
 33 
It has been suggested that perception may be a periodic process (VanRullen, 2016). The 34 
detection probability of near-threshold stimuli has been shown to oscillate at around 10 Hz in 35 

vision (Busch, Dubois, & VanRullen, 2009). Reaction times are governed by similar periodic 36 
fluctuations in the 10 Hz range (Callaway & Yeager, 1960; Başar, Başar-Eroglu, Karakaş, & 37 

Schürmann, 2001). While it was theorized that the endogenous alpha oscillations of the brain 38 
might give rise to these periodicities, their functional relevance is an ongoing enigma. One 39 
possible functional role for these neural rhythms is that of a periodic sampling mechanism 40 
(Busch et al., 2009; Haegens, Nácher, Luna, Romo, & Jensen, 2011; Lőrincz, Kékesi, Juhász, 41 
Crunelli, & Hughes, 2009; Samaha & Postle, 2015; VanRullen, 2016; VanRullen & Koch, 42 

2003; Vijayan & Kopell, 2012): in order to reduce the complexity of the visual stream, the 43 
brain is repeatedly dividing the incoming visual information into temporal chunks or 44 
windows; these chunks are then passed on for further processing and subsequently made 45 
consciously available. Evidence for rhythmic fluctuations in perception is abundant 46 
(VanRullen, 2016). It was repeatedly shown that the phase of 5-15Hz oscillations has an 47 

influence on the efficiency of stimulus processing, mostly by providing correlational evidence 48 

via EEG (Ai & Ro, 2013; Busch et al., 2009; Dugué & VanRullen, 2017; Mathewson, 49 
Gratton, Fabiani, Beck, & Ro, 2009). These findings are supported by causal evidence from 50 
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neural entrainment studies. Periodic stimulation at 10 Hz interacts with the endogenous alpha 51 
rhythm, which is a prime candidate for the brain mechanism for visual sampling. Crucially, 52 
the entrained oscillations were behaviorally significant, influencing the rate of target detection 53 
and the visibility of masked stimuli (Keitel, Quigley, & Ruhnau, 2014; Mathewson, Fabiani, 54 
Gratton, Beck, & Lleras, 2010; Mathewson et al., 2011; Romei, Gross, & Thut, 2010; Spaak, 55 
Lange, & Jensen, 2014; Thut et al., 2011). However, while these findings show clear 56 
periodicities in perception, they might be simply explained by fluctuations in neural 57 
excitability, and thus may not provide direct evidence for a true discreteness of visual 58 
perception. In order to prove the latter, one needs to show a rhythmic modulation of the 59 
temporal parsing of events, i.e. a periodicity in time perception itself. These two notions, 60 
rhythmic fluctuations of excitability versus rhythmic fluctuations of temporal perception, can 61 
be thought of as “soft” and “hard” versions of the discrete perception idea (VanRullen, 2016).  62 

The “soft” version claims that it is merely the excitability state of the brain that is oscillating, 63 
leading to fluctuations in detection probabilities or perceived intensities. The “hard” version 64 
goes one step further and claims that within these windows, time perception is impossible. In 65 
other words, according to the “hard” version the visual system can be imagined as a biological 66 
camera with a certain framerate, averaging collected information within one frame. Few 67 
studies have explicitly tested the periodicity of temporal perception (and thus, the more 68 
conservative or “hard” definition of discrete perception). Samaha and Postle demonstrated 69 
that the individual alpha peak frequency is predictive of the performance in the two-flash-70 
fusion paradigm (Samaha & Postle, 2015). Opposite phases of the alpha rhythm are related to 71 
perception of synchronicity and a-synchronicity respectively (Milton & Pleydell-Pearce, 72 
2016; Valera, Toro, Roy John, & Schwartz, 1981). Of high importance for this study are the 73 
findings by Chakravarthi and VanRullen (2012), relating the perceived flash lag duration to 74 

the phase of endogenous alpha oscillations using EEG.  75 
 76 
In this study we were interested in providing causal evidence for a periodic modulation of 77 
time perception. To our knowledge only one study has succeeded in this so far. In a recent 78 
publication by Ronconi et al. (Ronconi, Busch, & Melcher, 2018) it was shown that visuo-79 
auditory entrainment at the individuals alpha frequency + or – 2 Hz was able to modulate the 80 
integration or segregation of two stimuli in close temporal proximity. In this study we seek to 81 
provide an important addition to these findings by demonstrating a causal influence of alpha 82 
on the perception of time, using a well investigated visual illusion, the flash lag effect (FLE).  83 
 84 

Discrete sampling in the visual system has previously been hypothesized to underlie the FLE 85 
(Chakravarthi & Vanrullen, 2012; Schneider, 2018). In the FLE a stationary object is shortly 86 

presented (“flashed”) alongside a moving object. Although the position of both objects is 87 
identical at the onset of the flashed, stationary object, observers systematically judge the 88 
flashed object to be lagging behind (Figure 1A). 89 
 90 
Multiple explanations have been put forward to explain this phenomenon. We are going to 91 

briefly highlight the two most prominent ones, the differential latency theory (Whitney & 92 
Murakami, 1998) and the postdiction theory (Eagleman & Sejnowski, 2000). The differential 93 
latency hypothesis assumes that moving objects have a processing advantage over static 94 
objects and are therefore processed faster. The postdiction theory, on the other hand, proposes 95 
that position information is integrated for about 80 ms after the occurrence of the flash and is 96 

then used to compare the position of the two objects (for a more detailed comparison: 97 

Schneider, 2018).  98 
 99 
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A third hypothesis has been suggested, most prominently by Schneider (2018). He suggests 100 
that the FLE and other related illusions are a natural result of a discrete periodic sampling 101 
process. The theory states that visual information is collected over the time course of a so 102 
called “perceptual moment”. While information is collected continuously, the position of the 103 
object is registered only at the end of the perceptual moment and at its last known position. 104 
We can imagine a scenario where the static object is flashed right at the beginning of the 105 
perceptual moment (Figure 1A). The moving object would then move on for a specific period, 106 
until the end of the perceptual moment, at which the position of both objects is registered. In 107 
case A the perceived offset between moving and static object would be maximal. On the 108 
contrary, if the static object is flashed right at the end of the perceptual moment, the moving 109 
object would not move any further before the positions are registered, and the perceived offset 110 
would be minimal (Figure 1B). Based on the findings that the average perceived FLE is 111 

around 50 ms, with a standard deviation of 50 ms, the duration of a perceptual moment should 112 
be around 100 ms, which was verified by Schneider who investigated a large FLE dataset by 113 
Murakami (2001).  114 
 115 
In this account, whether a long (Figure 1A) or short (Figure 1B) flash-lag illusion occurs on a 116 
given trial is mainly determined by the phase of the discrete sampling cycle at the moment of 117 
the flash onset. As this phase is generally unknown to the experimenter, the trial-to-trial 118 
variability in the illusion strength is often interpreted as noise. Some studies, however, have 119 
directly measured this phase with EEG, and verified that it influenced the flash-lag magnitude 120 
(Chakravarthi & Vanrullen, 2012). Here, our aim was to causally modulate the phase of the 121 
discrete sampling cycle by modulating the luminance of an annulus that surrounded a clock 122 
stimulus, and to prove that this phase had a causal influence on the flash-lag illusion. The FLE 123 

was randomly probed at 120 consecutive time points over the course of the entrainment 124 
(Figure 2). A frequency analysis of the average time course revealed a modulation of the 125 
perceived FLE duration at 10 Hz. We conclude that the visual stimulus entrained the discrete 126 
neural sampling mechanism, leading to a periodic modulation of the FLE.     127 
 128 

2. Results 129 
 130 
In the current study, we investigated the causal influence of a periodic entrainer on the 131 
perceived FLE duration. We presented participants with a clock stimulus containing a clock 132 
hand revolving at 1 Hz. The clock stimulus was surrounded by an entrainer annulus that 133 

changed its luminance from black to white periodically (following a sine function) at 10 Hz. 134 
At random SOAs we presented a cue by turning the frame of the clock red. Participants were 135 

then instructed to indicate the position of the clock hand at the onset of the Cue.  136 
The mean FLE duration (misperception in milliseconds) across observers was 32.4 ms (± 6.48 137 
ms, SEM) (Figure 2B). Across trials the perceived FLE had an average standard deviation of 138 
75.4 ms (±6.42 ms, SEM across subjects) (Figure 1C). Large standard deviations have been 139 
previously reported and have been shown to be unaffected by low level stimulus features 140 

(Chakravarthi & Vanrullen, 2012; Linares, Holcombe, & White, 2009). We were specifically 141 
interested in explaining this variability over trials in the context of a discrete sampling 142 
framework.  143 
 144 

2.1 Visual entrainment modulates the perceived FLE  145 
In order to verify an effect of the visual entrainment on the perceived FLE we calculated the 146 

average FLE time-series over individuals across the 120 SOAs. The original FLE time-series 147 
were down-sampled from 120 to 60 Hz, detrended by subtracting the 1 Hz Fourier component 148 
and normalized using a moving z-score, before averaging (window length 116 ms. See 149 
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Methods section). Initial inspection of the time course (Figure 3A,B) indicates a strong 150 
oscillatory component, coupled with the background luminance modulation, in the 10 Hz 151 
range. To quantify this, we performed a frequency analysis on the preprocessed FL time-152 
series. The resulting power spectrum revealed a dominant oscillation at 10 Hz (Figure 3C).  153 
To statistically test the significance of this peak we created 5000 surrogates by shuffling the 154 
120 SOA-bin labels within subjects and recalculating the power spectrum. P-values were 155 
computed as the percentile of the mean power values within the bootstrapping distribution. 156 
This allowed us to test the null-hypothesis that the power spectrum of the average FLE time 157 
course does not show a peak at a specific frequency. All preprocessing steps were kept 158 
identical for the surrogates. The FLE time course oscillatory power at 10 Hz was significantly 159 
higher compared to the surrogate distribution (Figure 3C, p = 0.028, FDR corrected). 160 
We also analyzed the phase-consistency of the 10 Hz oscillation across subjects. The complex 161 

FFT coefficients at 10 Hz were extracted to calculate individual phase angles. We then 162 
compared these angles using Rayleigh’s test for non-uniformity testing the null hypothesis 163 
that the phase angles are randomly distributed. Phase angles were significantly clustered 164 
(Figure 3D, p < 0.05).  165 
 166 

2.2 Control for annulus luminance 167 
Figure 3 A and B show that bright luminance values tend to induce lower FLE values 168 
compared to dark luminance values. In accordance with our hypothesis, we interpret this 169 
effect as a result of the entrainment of the discrete sampling mechanism to the rhythmic 170 
luminance modulation. However, an alternative interpretation could be that the luminance of 171 
the background (even when it is not rhythmically modulated) has an effect on FLE. In order to 172 
control for the possible confound that the modulation in perceived FLE was caused merely by 173 

the luminance values of the annulus rather than neural entrainment caused by the dynamics of 174 
the stimulus, we conducted a control experiment (N = 25). The experimental parameters were 175 
kept identical to the dynamic entrainment condition with the exception of the annulus, which 176 
had a static luminance of 0% (black), 50% (gray) or 100% (white) throughout the trial. We 177 
statistically compared the perceived FLE in the three static luminance conditions using a one-178 
way ANOVA (Figure 4). No significant difference in perceived FLE was observed between 179 
luminance conditions (F(2,1977) = 0.02, p = 0.98). We conclude that the luminance of the 180 
entrainer is not the main factor that explains the observed FLE modulation in the main 181 
experiment. Instead, it is likely that the rhythmic modulation of this luminance played a key 182 
role via rhythmic entrainment, in line with our hypothesis. 183 

 184 

3. Discussion 185 

 186 
In this study we tested the causal influence of a visual entrainer at 10 Hz on the flash lag 187 
illusion. We found that the perceived FLE duration was periodically modulated at the 188 
entrainer frequency of 10 Hz and that these oscillations in the individual FLE time-series were 189 
strongly phase coherent between subjects. The oscillatory fluctuation in the perceived 190 

temporal offset between the moving and flashed object in the flash lag illusion is a direct 191 
demonstration of a rhythmic modulation of time perception. Our findings therefore provide 192 
strong causal evidence for the “hard” theory of discrete perception.  193 
 194 
Our experiment was based on the discrete sampling hypothesis of perception (Busch et al., 195 

2009; Haegens et al., 2011; Lőrincz et al., 2009; Samaha & Postle, 2015; Schneider, 2018; 196 

Valera et al., 1981; VanRullen, 2016; VanRullen & Koch, 2003; Vijayan & Kopell, 2012), 197 
which claims that the visual system periodically divides incoming visual information in 198 
discrete chunks. In the context of the flash lag illusion, visual information is assumed to be 199 
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periodically collected over the course of a fixed time frame, sometimes called a “perceptual 200 
moment”, at the end of which the last known positions of the objects are registered 201 
(Schneider, 2018). If two objects are presented, one static and flashed and another moving 202 
continuously, a systematic offset between real and registered position is introduced, 203 
depending on the relative timing between presentation of the static object and the end of the 204 
perceptual moment (Figure 1).  205 
 206 
The idea of a discrete sampling mechanism in vision affecting temporal perception has 207 
enjoyed a recent upswing in interest. Most recently it was shown that audio-visual 208 
entrainment at a participant’s individual alpha frequency influences performance in a visual 209 
integration/segregation task (Ronconi et al., 2018). Similarly, the phase of alpha oscillations 210 
can predict performance in a synchronous/asynchronous task (Milton & Pleydell-Pearce, 211 

2016; Valera et al., 1981). Furthermore the frequency of individual alpha oscillations has been 212 
related to the participant’s two-flash fusion threshold, suggesting that visual systems with 213 
faster alpha rhythm sample the visual scene more frequently (Samaha & Postle, 2015). The 214 
above findings forward the existence of a certain integration window in the visual system 215 
within which information is merged. The fact that these windows can be dynamically 216 
modulated by rhythmic stimulation in psychophysical experiments as well as the correlational 217 
evidence provided by electrophysiological measurements hint at a neuro-oscillatory origin in 218 
the 8 to 12 Hz range, the alpha rhythm. Our findings fit well in this context, by providing 219 
causal evidence that a prominent temporal perceptual illusion can be dynamically modulated 220 
under the assumption of this discrete sampling mechanism. 221 
 222 
What is the physiological explanation for our findings? The phase of alpha oscillations has 223 

been shown to be predictive of cortical excitability (Busch et al., 2009; Dugué, Marque, & 224 
VanRullen, 2011), of neuronal firing rates (Haegens et al., 2011; Lőrincz et al., 2009; Vijayan 225 
& Kopell, 2012) as well as of the amplitude of gamma oscillations (Osipova, Hermes, & 226 
Jensen, 2008; Voytek et al., 2010). As these neural signatures have been frequently implicated 227 
in neuronal processing it seems therefore logical that visual processing is concentrated on 228 
specific reoccurring intervals. The brain might use these naturally occurring periodicities, in 229 
the form of oscillations, to reduce the complexity of incoming information by compressing it 230 
into discrete packages. This compression might come at the cost of a reduced temporal 231 
resolution, leading to systematic errors in the perceived timing of stimuli as shown in this 232 
study (Schneider, 2018).  233 

 234 
While our experimental paradigm was successful in eliciting the flash lag illusion, the mean 235 

perceived lag (32.4 ms) and the variation within participants (mean std: 75.4 ms) was 236 
different compared to some previous studies (Eagleman & Sejnowski, 2000; Kerzel, 2010; 237 
Murakami, 2001; Schneider, 2018). We attribute this discrepancy mainly to the paradigm that 238 
was applied in this experiment. Previous experiments have typically used only two visible 239 
stimuli to assess the FLE. In our paradigm multiple reference objects (i.e. minute markers) are 240 

on the screen that may aid the correct localization of the stimuli. An almost identical 241 
paradigm using the same clock stimulus was used by Chakravarthi and VanRullen (2012)and 242 
a highly similar mean FLE (27 ms) was observed, supporting this account. The mean std. 243 
across trials found here is somewhat closer to what has previously been reported. We think 244 
that the increase in variability might be a result of the highly dynamic entrainer annulus which 245 

might have had a distracting effect on attention. Without further experiments, however, we 246 

will not be able to explain these discrepancies fully.  247 
 248 
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Two important questions remain unanswered by our findings. First of all we only tested one 249 
specific frequency for the visual entrainment. While the alpha band has been previously 250 
related to the flash lag illusion (Chakravarthi & Vanrullen, 2012) and visual entrainment 251 
seems to be most effective at the brains endogenous alpha frequency (Herrmann, 2001), we 252 
cannot exclude the possibility that entrainment at a different frequency could lead to a similar 253 
modulation of the FLE. In order to address this question, this experiment should be repeated 254 
in the future, using different frequencies for entrainment. Second, it is unclear if a periodicity 255 
of the entraining stimulus is necessary. In our case it is unlikely but imaginable that transient 256 
annuli of white (or black) could be interpreted as single events by the brain, and lead to a 257 
subsequent dynamic modulation of the FLE. If this FLE modulation by each white (or black) 258 
transient was fast enough, this would become apparent as a 10 Hz oscillation in our FLE time-259 
series. Unfortunately the two possibilities are close to impossible to disentangle, because 260 

single impulses, visual or applied with TMS, are often sufficient to elicit alpha oscillations as 261 
measured by EEG, and in turn would rhythmically influence the perceived FLE, which would 262 
also be consistent with our theory (Herring, Thut, Jensen, & Bergmann, 2015; VanRullen & 263 
Macdonald, 2012). 264 
 265 
In this study, we successfully demonstrated that visual entrainment at 10 Hz leads to a 266 
periodic modulation of the FLE at an identical frequency. Furthermore this modulation was 267 
evident in most subjects, demonstrated by a strong inter-individual phase coherence of the 268 
individual FLE time courses. Our findings cannot be explained by static luminance states of 269 
the entrainer annulus, which we verified in a separate control experiment. In conclusion, we 270 
were able to provide causal evidence for the existence of a discrete sampling process in the 271 
visual system that gives rise to the flash lag illusion and can be dynamically modulated using 272 

visual entrainment. Our findings are in support of a “hard” version of discrete perception 273 
(whereby oscillations modulate not only sensory excitability, but also time perception), and 274 
highlight the involvement of the endogenous alpha rhythm of the brain.  275 
 276 

4. Materials and Methods 277 
 278 

4.1 Participants 279 
26 participants (aged 18-30, 13 females) with normal or corrected to normal vision 280 
participated in the experiment. Informed consent forms were signed before the experiment. 281 
The experiment was carried out in accordance with the protocol approved by the Centre 282 

National de la Recherche Scientifique ethical committee and followed the Code of Ethics of 283 
the World Medical Association (Declaration of Helsinki). 284 

 285 

4.2 Protocol 286 
Stimuli were presented at a distance of 57 cm with a LCD display (1920 x 1080 resolution, 287 
120 Hz refresh rate) using the Psychophysics Toolboxi running in MATLAB (MathWorks). 288 
Stimuli consisted of a central fixation dot (diameter = 0.3°), a central clock stimulus (radius = 289 

2°) with a black border (width = 0.3°), 60 evenly spaced clock markers (12 with length = 0.4°, 290 
48 with length = 0.3°) and a rotating clock hand (length = 0.7°). The gap between the clock 291 
hand and the clock border was 1.3° and between clock hand and long clock marker 0.9°. The 292 
entrainer annulus and the clock hand were separated by 1.5°. The clock was surrounded by an 293 
entrainer annulus (outer radius = 11.5°, inner radius = 3.5°). Stimuli were presented on a gray 294 

background. 295 

 296 
Trials started with the fixation point on the screen (Figure 2A). Participants initiated the trial 297 
via button press. Directly after the button press the entrainer annulus as well as the clock 298 
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stimulus appeared on the screen with the clock hand rotating with 1 rotation/s. The luminance 299 
of the entrainer annulus was modulated sinusoidally at 10 Hz with the luminance ranging 300 
from 0 to 255 (0.68 to 100.8 cd/m2). At a random time point between 1000 ms and 2000 ms 301 
(SOA window) a cue was presented (the frame of the clock stimulus turned red) for 66 ms (8 302 
frames). Afterwards the clock hand continued rotating until the 3000 ms mark was reached. 303 
After a delay of 1000 ms an identical clock with a static hand was presented. The participant 304 
could rotate the clock hand with the arrow keys to indicate the perceived location of the clock 305 
hand at the time point of Cue onset. The Cue onset was randomly chosen from a discrete 306 
uniform distribution of the 120 SOAs between 1000 ms and 2000 ms. Participants each 307 
performed 480 trials resulting in 4 responses per SOA. Participants were instructed to 308 
maintain central fixation during the 3 second window when the clock was on the screen. The 309 
starting position of the clock hand was randomized between subjects but was kept constant for 310 

a single subject. 311 
 312 

4.3 Control experiment 313 
We conducted a control experiment to verify that the observed modulation was due to neural 314 
entrainment and not simply due to the luminance of the annulus. A new set of participants 315 
(N=25) conducted a similar experiment where the luminance of the annulus was kept constant 316 
throughout the trial. Instead of testing all 7 luminance values we tested the most extremes 317 
ones (black and white) as well as 50% luminance at which the annulus is indistinguishable 318 
from the background. In the original experiment 40 trials were collected for each of the two 319 
extreme luminance values and 80 trials for the 50% luminance per participant. In the control 320 
experiment we collected 40 trials for each of the three luminance values resulting in 120 trials 321 
per subject. To compare the perceived FLE between the luminance values in the control 322 

experiment a one-way ANOVA was conducted. 323 
 324 

4.4 Data Analysis 325 
Attributing one SOA (frame 1 to frame 120) to every position of the clock hand we can define 326 
the FLE duration as the temporal distance (in frames) between the actual onset of the Cue 327 
(position of the clock hand when clock border turns red) and the orientation of the clock hand 328 
that the participant indicated. Note that we define SOA as the temporal distance to the onset 329 
of the central 1 s window, within which the Cue could appear. We restricted our analysis on 330 
responses that were within 3.5 times the standard deviation of each individual participant 331 
(mean: 290.2 ms, SEM: +- 22.3 ms) before or after the actual Cue onset. Single trial responses 332 

were averaged over the respective SOA (4 per SOA, 120 SOAs).  The resulting time course 333 
represents the average FLE as a function of time for one individual. The individual time 334 

course was then down-sampled from 120 to 60 Hz. To eliminate effects of the position of the 335 
clock hand on the flash lag illusion, we fitted a 1 Hz sinus function and subtracted it from the 336 
individual time course. The frequency of the fit was determined by assuming that any effects 337 
stemming from the clock hand position should influence the flash lag illusion at a frequency 338 
identical to the revolution frequency 1 Hz. We then normalized the data by applying a moving 339 

z-score window of length 116 ms. A 116 ms window (7 SOAs) of the original data was z-340 
scored and the central value was saved in a separate array. The window was then shifted by 341 
16 ms (1 SOA) and the process was repeated resulting in one normalized time course per 342 
subject. We validated in a separate re-analysis that the length of the window did not affect our 343 
findings. Window lengths of 60 ms up to 208 ms lead to comparable modulations at 10 Hz. 344 

Individual time courses were then averaged and analyzed in the frequency domain using FFT. 345 

60 SOAs at 60 Hz allowed for a Nyquist frequency of 30 Hz. Only frequencies from 1 Hz to 346 
2/3 of the Nyquist frequency (1 to 20 Hz, 20 values) were considered. The complex FFT 347 
coefficients were squared to obtain oscillatory power at each frequency. To statistically test if 348 
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the power at 10 Hz is significant we calculated 5000 surrogates by shuffling the SOA-labels 349 
between trials, and repeating all analysis steps for each surrogate as explained above (60Hz 350 
down-sampling, 1Hz detrending, normalization). The original power-spectrum was then 351 
compared to the surrogate distribution and p-values were corrected for multiple comparisons 352 
using the False Discovery Rate. Individual Phase angles were extracted from the 10 Hz 353 
component of the FFT of the down-sampled and normalized time-courses. Rayleigh’s test for 354 
non-uniformity was used to statistically test if individual phases were significantly coherent.   355 
 356 
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Figures 498 

 499 
[Figure 1. The flash lag illusion as a consequence of discrete sampling. Following the 500 
hypothesis of Schneider (2018), the visual system samples the visual scene, here a clock with 501 
rotating clock hand, during reoccurring intervals (“perceptual moments”, indicated by spaces 502 
between camera symbols). The end of these perceptual moments or “snapshots” (camera 503 
symbols) marks the registration of the stimulus position (the orientation of the clock hand and 504 

the flashed cue (red circle)). The stimuli are registered at the last known position. This is 505 
always the correct position for the clock hand, since it is moving at a fixed speed and 506 
constantly updated, but not for the transient red cue since the presentation dates back in time, 507 
and instantaneous updating cannot occur. Hence, a systematic lag of the red cue is perceived, 508 
its magnitude depending on the relative onset between cue and snapshot (camera symbol). In 509 
Panel A the red cue is presented very early in the perceptual moment. The temporal distance 510 
between the cue presentation and the end of the snapshot is large, leading to a long perceived 511 
flash lag. In Panel B the red cue is presented very shortly before the end of the perceptual 512 
moment. A short amount of time passes until the stimulus position is registered, and the 513 
perceived flash lag is brief.]     514 
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 515 
 516 
[Figure 2. Experimental Paradigm. A. We presented a clock consisting of a static frame and a 517 
rotating clock hand for 3000 ms. The clock hand was rotating at 1 revolution per second and 518 
was surrounded by an entrainer annulus that periodically changed its luminance (from white 519 
to black) with a frequency of 10 Hz. At a random time point, within the central 1000 ms, a 520 
cue was presented in the form of the clock frame flashing red for 67 ms. Subsequently 521 

Participants reported the orientation of the clock hand at the onset of the cue. B. Behavioral 522 
Data. The mean perceived FLE duration was 32.4 ms (SEM across subjects: 6.48 ms). C. The 523 
mean std across trials was 75.4 ms (SEM across subjects: 6.42 ms).]  524 
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 525 
 526 

[Figure 3. Main findings. A. Average time course of FLE (N = 25). Before averaging the 527 
individual time courses were down-sampled from 120 to 60 Hz, detrended by subtracting the 528 
1 Hz Fourier component and normalized using a moving z-score (window length 100 ms. See 529 

Methods section.). The gray bars in the background indicate the luminance of the entrainer 530 
annulus at the moment of cue presentation. Transparent area shows the inter-subject SEM for 531 
the respective time point. B. Average cycle of the oscillation observed in A. Background 532 
Gray-scale bars indicate the luminance of the annulus at cue onset. Note that due to the down-533 
sampling of the time course the 6 points of this average cycle always fall between two 534 
consecutive luminance bars. C. Power-spectrum of the average FLE time-course. The peak at 535 
10 Hz was statistically compared to a surrogate distribution (5.000 surrogates) and was 536 
significant after correcting for multiple comparisons (p = 0.004, FDR-corrected: p = 0.028). 537 

Colored areas: Dark gray: Mean of the surrogate distribution; Light gray: 95% Confidence 538 
Interval; Green: 99% Confidence Interval; Brown: >99% Confidence Interval. D. Rose Plot of 539 

the 10 Hz Phases angles of individual FLE time-courses. The Rayleigh’s test of non-540 
uniformity reveals a significant phase coherence between individual 10 Hz Phases (p = 541 

0.007).]  542 
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 543 
[Figure 4. Control Experiment. Static luminance anuli were used to measure the effect of 544 
background luminance on the perceived FLE. The task paradigm was kept constant to that of 545 
the main experiment with the exception of the static annulus luminance. We did not find a 546 
significant effect of annulus luminance on the perceived FLE between any luminance 547 
conditions (one-way ANOVA, F(2,1977) = 0.02, p = 0.98).] 548 
 549 
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