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Abstract 

Recent findings indicate that timing perception is systematically changed after only a single presentation of 

temporal asynchrony. This effect is known as rapid recalibration. In the synchrony judgement task, similar 

timing relationships in consecutive trials seem more synchronous (positive rapid recalibration; Van der Burg 

et al., 2013, 2015). Interestingly, the direction of this effect is reversed for temporal order judgements 

(negative rapid recalibration; Roseboom, 2019). We aimed to determine whether negative rapid recalibration 

of temporal order judgements (TOJs) reflects genuine rapid temporal recalibration, or a choice-repetition 

bias unrelated to timing perception. In our first experiment we found no evidence of rapid recalibration of 

TOJs, but positive rapid recalibration of associated confidence. This suggests that timing perception had 

rapidly recalibrated, but that this was undetectable in TOJs, plausibly because the positive recalibration 

effect was obfuscated by a large negative bias effect. In our second experiment, we dissociated participants’ 

previous TOJ from the most recently presented timing relationship, mitigating the choice-repetition bias 

effect, and found evidence of positive rapid recalibration of TOJs. We therefore conclude that timing 

perception is rapidly recalibrated positively for both synchrony and temporal order judgements. It remains 

unclear whether rapid recalibration occurs at the level of sensory processing, leading to similar effects in all 

subsequent judgements, or reflects a generalised decision-making strategy. 
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Introduction 

It is well-established that our perception of the relative timing of simple physical events is malleable. For 

instance, repeated exposure to temporal asynchrony between physical signals (e.g., an audio-track lagging 

behind the picture at a cinema) leads to a shift in perception such that the events seem to occur more 

synchronously (e.g., Fujisaki et al., 2004; Vroomen et al., 2004). This effect is known as temporal 

recalibration, and can be induced experimentally by presenting participants with prolonged periods of 

asynchronous audio-visual signals. Interestingly, recent work has found that this effect does not require 

extensive periods of adaptation to manifest, instead, a single presentation is sufficient to influence 

subsequent timing perception (rapid recalibration). However, while temporal recalibration following 

prolonged exposure to asynchrony is consistently positive (timing relationships similar to the adapted 

asynchrony seem more synchronous), rapid recalibration effects appear to differ based on how participants 

report their perception of relative timing (Roseboom, 2019). 

 

Van der Burg et al. (2013) found that participants’ judgements of the synchrony of temporally offset audio-

visual events is biased toward the temporal relationship presented on the previous trial (for a recent 

replication, see Figure 1A). That is, participants were more likely to report that an auditory and visual 

stimulus had occurred simultaneously if they had been presented at a similar timing relationship on the 

previous trial. Interestingly, this effect was of a similar magnitude to that found following prolonged 

adaptation (e.g., Vroomen et al., 2004). Van der Burg et al. posited that this effect might reflect a rapid 

sensory adaptation process. However, the interpretation of these results has been recently challenged (e.g., 

Roseboom, 2019; Simon et al., 2017). 

 

Roseboom (2019) hypothesised that if rapid recalibration reflects adaptation of sensory processing, it ought 

to occur in other timing tasks, which (presumably) rely on the same sensory processing mechanisms. To test 

this hypothesis, he had participants complete a synchrony judgement task (SJ; as in Van der Burg et al., 
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2013), a temporal order judgement (TOJ) task, and a temporal magnitude judgement task. In the SJ task, 

Roseboom replicated the effects of Van der Burg and colleagues. Participants were more likely to report 

synchrony when presented with a timing relationship similar to that presented on the previous trial (a 

positive rapid recalibration effect; Figure 1A). However, participants displayed the opposite bias in both the 

TOJ task (see Figure 1B) and temporal magnitude judgement task (not shown here). That is, participants 

were less likely to perceive synchrony when presented with similar timing relationships in consecutive trials 

(a negative rapid recalibration effect). Roseboom concluded that a purely sensory account of rapid 

recalibration cannot explain these discrepant effects, assuming that some sensory process generates a timing 

estimate which is then evaluated by subsequent decision-making processes. Instead, he proposed that rapid 

recalibration reflects changes in decisional processes, and these changes manifest differently for synchrony 

and temporal order judgement tasks. 

 

Figure 1. Rapid recalibration of synchrony and temporal order judgements. (A) Positive rapid recalibration 

of synchrony judgements, recreated from data provided by Roseboom (2019). Note that this result replicates 

those of Van der Burg et al (2013, 2015) and Simon et al. (2017). (B) Negative rapid recalibration of 

temporal order judgements, recreated from data made available by Roseboom (2019). Three data series are 

plotted: black) overall response distributions, regardless of the stimulus order in the preceding trial; red) 

judgements from trials following an audio-lead (SOAt−1: AV); green) judgements from trials following a 

visual-lead (SOAt−1: VA). In both cases, rapid recalibration is measured as a lateral shift of the central 

A B 
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tendency of fitted response distributions. The centre of these distributions is generally taken as an estimate 

of the timing relationship for which the participant is most likely to report perceiving synchrony. 

 

The discrepancy in the direction of effects reported in TOJ and SJ tasks is difficult to reconcile with a purely 

sensory account of rapid recalibration. Assuming rapid recalibration induces changes in timing perception 

consistent with those induced by prolonged exposure to asynchrony, both tasks should reveal positive rapid 

recalibration effects. However, since rapid recalibration effects depend on the previous trial, any serial 

dependency in the participants’ responses may impact the observed recalibration effect. Unfortunately, the 

way in which rapid recalibration is determined for order judgement tasks (TOJ, and temporal magnitude 

judgements) means the effect is vulnerable to contamination by choice-repetition biases (Pape et al., 2017). 

Critically, this problem is not present in the SJ task. 

 

In general, participants are reasonably sensitive and accurate when making judgements of stimulus order 

(e.g., Donohue et al., 2010). If the visual stimulus was leading on the current trial, the participant would 

likely report this. In the subsequent trial, regardless of the timing of the stimuli, the simple bias to repeat 

their previous TOJ inclines the participant to report a visual-lead stimulus-onset asynchrony (SOA) again. 

This uniformly increases their probability of reporting a visual-lead for any SOA following a visual-lead. 

The consequence, then, is that the area under their discriminant function increases, shifting their point of 

subjective synchrony (PSS) toward audio-lead SOAs (see simulated response distributions in Figure 2B).  

 

Similarly, if the previous trial was an audio-lead, the participant probably chose to report an audio-lead, and 

a choice-repetition bias would slightly increase the probability the participant would do so again in the 

subsequent trial. At the block level, this would produce a PSS for trials following audio-lead SOAs closer to 

visual-lead SOAs. Working in concert, a bias to repeat choices would produce an effect in TOJ tasks that 

mimics the negative recalibration effect (Figure 2B) reported by Roseboom (2019). Therefore, we cannot be 

sure whether the effect reported by Roseboom is due to the timing of stimuli presented in the previous trial, 
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or a simple bias to repeat TOJs. In essence, the previous choice and the previous SOA are confounded. Note 

that this choice-repetition bias would also produce changes in SJ distributions, but only in terms of 

amplitude, with no change in PSS (in this case taken as the mean of the distribution; see Figure 2A). This 

difference in how a choice-repetition bias manifests for these two tasks may explain the discrepancy in 

reported rapid recalibration effects. 

 

Figure 2. Simulated choice-repetition bias effects in synchrony and temporal order judgement tasks. Plotting 

conventions are the same as those used in Figure 1, except the judgements are split by the preceding 

judgement (i.e., SJ or TOJ on trial t−1) rather than the preceding timing relationship. (A) Choice-repetition 

bias in synchrony judgements produces a relative vertical shift of response distributions, with no change in 

lateral position of the distribution (remembering that a horizontal shift would indicate recalibration). (B) 

Choice-repetition bias in temporal order judgements produces a lateral shift of response distributions, 

mimicking the negative rapid recalibration effect reported by Roseboom (2019). 

 

Here we aimed to resolve the key issue of whether negative rapid recalibration of TOJs reflects a choice-

repetition bias, unrelated to timing perception. We first show (in silico) that negative rapid recalibration 

effects may manifest during TOJ (but not SJ) tasks as a result of a choice-repetition bias. We then show that 

this bias is present in Roseboom’s data, and predicts his rapid recalibration effects in temporal order and 

magnitude judgement tasks. In Experiment One we used confidence as a secondary probe of timing 

A B 
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perception. We failed to replicate rapid recalibration of TOJs, but found evidence of positive rapid 

recalibration in associated confidence judgements. In Experiment Two, we aimed to dissociate the preceding 

SOA from participants’ preceding TOJ, thereby mitigating the effect of a choice-repetition bias on TOJs. 

Using this paradigm, we found evidence of positive rapid recalibration of TOJs. The results of these studies 

indicate that timing perception rapidly recalibrates consistently across timing tasks. 

 

Choice-repetition bias analyses 

Roseboom (2019) reported a negative rapid recalibration effect in temporal order and temporal magnitude 

judgement tasks, while replicating the previously-reported positive rapid recalibration effect in synchrony 

judgements (Van der Burg et al., 2013, 2015). A simple choice-repetition bias (Pape et al., 2017) could 

account for these discrepant results, considering the shape of the associated response distributions (see 

Figure 2). Van der Burg et al. (2013) analysed participants’ SJs as a function of their preceding judgement, 

and found no effect on PSS estimates, consistent with the idealised curves presented in Figure 2. These 

control analyses were not reported by Roseboom (2019). However, Roseboom has made the raw data from 

his experiments available online.  

 

We analysed Roseboom’s (2019) data and found striking biases to repeat choices on consecutive trials in 

both the SJ and TOJ tasks (and the magnitude judgement task; not shown here). In the SJ task, we compared 

participants’ judgements following trials where they reported synchrony against those following trials where 

they reported asynchrony (Figure 3A). Similarly, in the TOJ task, we compared participants’ responses on 

trials following an audio-lead (AV) report versus following a visual-lead (VA) report (see Figure 3B). The 

choice-repetition bias manifested as a change in the amplitude of the SJ distribution (as idealised in Figure 

2A), with no systematic change in PSS. However, this bias shifted the PSS in the TOJ task, consistent with 

negative rapid recalibration.  
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Figure 3. Choice-repetition biases in synchrony and temporal order judgements. These images are 

generated from re-analysis of data collected in Roseboom (2019). Plotting conventions are the same as those 

used in Figure 2. (A) A choice-repetition bias produces a shift only in the amplitude of the synchrony 

judgement response distribution, but not the mean. In this sense, the synchrony judgement task prevents any 

simple response bias (choice-repetition or otherwise) from producing false rapid recalibration effects. (B) A 

choice-repetition bias in the temporal order judgement task produces shifts in the mean of the response 

distribution, unlike the synchrony judgement response distribution. Comparison of distributions reveals a 

negative rapid recalibration effect of temporal order judgements (despite being analysed in terms of 

preceding judgement, rather than preceding timing relationship). Note that Figures 1B and 3B are not 

identical, though their similarity is striking. 

 

We then investigated the contribution of choice-repetition bias effects to the apparent rapid recalibration 

effects. For each participant we calculated their rapid recalibration effect by computing the difference in 

their PSS (see Methods, Equation 1) for TOJs following AV trials versus those following VA trials. We 

computed their choice-repetition bias effect using the same logic, but with trials split by the preceding TOJ, 

rather than preceding stimulus-order. In both the temporal order and magnitude judgement tasks, paired t-

tests indicate that the choice-repetition bias effect (M = −99.00ms, M = −74.26ms, respectively) is 

significantly larger than the rapid recalibration effect (MTOJ = −34.04, t19 = −3.80, p = .001; 

MMag = −41.46ms, t17 = −3.10, p = .006). Further, the magnitude of these two effects was positively 

A B 
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correlated in the TOJ (r18 = 0.81, p < .001) and magnitude judgement tasks (r16 = 0.66, p = .003), even 

capturing the positive rapid recalibration of participants with choice-alternation biases. 

 

We then attempted to quantify the magnitude of the choice-repetition bias required to elicit a false rapid 

recalibration effect. We simulated observers in a TOJ task with varying probabilities of simply repeating 

their preceding TOJ. On each trial, a simulated observer perceived an SOA drawn from a random normal 

distribution with a mean of the actual SOA and variance of 80ms, and compared this to a fixed criterion at 

0ms to make a temporal order judgement. On some proportion of trials, the simulated observer simply 

repeated the previous TOJ, regardless of SOA. We simulated 20 of these observers completing an 

experiment using the same SOAs as Roseboom (2019), with the same number of trials, split into the same 

number of testing blocks. This experiment was simulated 1,000 times per repetition rate. We found that the 

proportion of trials required to produce significant rapid recalibration effects was alarmingly low (see Figure 

4). 

 

Figure 4. Results of simulated experiments. We simulated the effect of choice-repetition rates ranging from 

0 to 10 repetitions per 100 trials, in experiments with a sample size of 20. Note that each participant in these 

A B 
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simulated experiments had the same repetition-rate and perceptual sensitivity, but a random trial order. (A) 

We conducted 1,000 virtual experiments for each repetition-rate, and tested for rapid recalibration (see 

Methods, Equations 1 & 2). Black horizontal bars indicate the t-statistic corresponding to significance 

(α < .05) in a paired-samples t-test with df = 19. (B) The proportion of p-values from these t-tests that 

exceed the significance criterion. That is, the probability of finding a significant rapid recalibration effect as 

a function of repetition-rate. Note that the simulated observer was coded to make completely independent 

responses across trials (i.e., no form of ‘rapid recalibration’ was built into the simulated observer), except for 

the variable proportion in which they simply repeated their preceding TOJ regardless of current-trial SOA. 

 

We found that the probability of finding a significant ‘rapid recalibration’ effect exceeded 90% with a 

choice-repetition rate of only 4%. That is, if participants repeat their preceding TOJ on only 4 out of every 

100 trials, perhaps due to lapses in concentration, there is a ~93% chance of finding evidence of a negative 

rapid recalibration effect. This is alarming, and plausible. Pape et al. (2017) found that participants were 

strongly biased to repeat their orientation judgements in consecutive trials, even with intervening button-

presses and a random response-mapping on each trial. Verstynen and Sabes (2011) asked participants to 

reach to targets incrementally rotating around a circular track. Despite the target location being perfectly 

predictable, participants were biased to reach toward the location where the target had just been. Marinovic 

et al., (2017) reported a similar effect, where participants were consistently biased toward an irrelevant 

location to which they had previously moved, even when given explicit instruction that the location was 

irrelevant. The bias effect remained even when participants were provided a long time (~ 1s) to prepare each 

movement after target presentation. These results suggest that choices, and the motor behaviours that enact 

them, are reliably biased toward preceding instances, despite explicit instructions, predictable patterns, and 

ample preparation time.  

 

We took a very simple approach to quantifying the repetition rate in Roseboom’s (2019) data. In the 

temporal order and magnitude judgement tasks, we computed the probability of each response being the 

same as the response made on the preceding trial (based only on stimulus-order for the magnitude judgement 

task). We then subtracted the probability of the correct response repeating in consecutive trials, to estimate 

the repetition bias over and above the repetition built into the actual stimulus order. In temporal order and 
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magnitude judgement tasks, we found that Roseboom’s participants repeated their responses on ~56% of 

trials, while the correct response (dictated by the stimulus order) was repeated only ~50% of the time (as 

expected). According to our simulations, a 6% choice-repetition rate is extremely likely (>99%) to produce 

false evidence of negative rapid recalibration. In fact, of our 1,000 simulations of a repetition rate of 6%, 

every single sample returned a significant negative rapid recalibration effect. 

 

In our first experiment, we aimed to replicate the reported negative rapid recalibration of TOJs, while also 

measuring participants’ confidence in their TOJs. This design allows us to exploit the shape of the 

confidence distribution, which ought to be immune to a choice-repetition bias (as in SJ tasks). If timing 

perception rapidly recalibrates positively, similar timing relationships in consecutive trials should seem more 

synchronous, or less ordered, and so be associated with lower confidence. In essence, confidence in timing 

judgements should rapidly recalibrate in line with rapid recalibration of timing perception itself. 

 

Experiment One methods 

Fifty adults (21 male, 29 female; ages ranged 18–33 years, M = 21.83) were paid to participate in a single 

one-hour testing session involving an audio-visual TOJ task. Participants gave written informed consent 

before testing started, and were remunerated $20/hour for their time. This study was approved by the ethics 

committee of the School of Human Movement and Nutrition Sciences at The University of Queensland. 

Participants reported having normal or corrected-to-normal hearing and vision, and were naïve to the 

purposes of the experiment. Two participants were removed from analyses because their sensitivity to 

temporal order was extremely poor (just-noticeable difference greater than the sampling range, indicating 

they could not reliably discern the temporal order of even the most asynchronous stimuli, offset by 300 ms). 

 

Note that the sample of participants analysed here is aggregated from two iterations of this experiment. The 

first sample consisted of 20 participants, completing 600 trials of a TOJ task with a confidence judgement. 
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We decided to re-run this study with another (independent) sample, with 50% more participants (N = 30), 

and 20% more trials (720). These participants also completed a short familiarisation block of trials before 

starting the experiment, with no feedback, to give them the opportunity to ask specific questions about the 

task. We believe these samples are appropriately matched in terms of experimental procedures and 

demographic properties. Analysis of each sample separately yields results consistent with the aggregate 

sample, and so for simplicity we report the pooled samples. 

 

Participants sat in a dimly lit room with their chin placed in a chin rest 57 cm from the computer monitor. A 

small red LED (0.5 cm diameter; 0.5 degrees of visual angle, DVA) was attached to the centre of the 

monitor, and speakers were hidden behind the monitor. On each trial the red LED was illuminated for 

20 ms, and the speakers played a square-wave tone of 440 Hz for 20 ms. The auditory stimulus was onset at 

one of six SOAs relative to the visual stimulus (±300, ±200, and ±100 ms; i.e., never synchronous). Each 

SOA was sampled 100 times in pseudorandom order for the first 20 participants, and 120 times each for the 

remaining 30 participants. Trial structure is schematised in Figure 5. Audio and visual stimuli were 

generated by an independent microcontroller. Stimulus presentation timing was validated prior to data 

collection using an oscilloscope, and also measured during testing using another independent 

microcontroller. Online measurement allowed for rejection of trials in which stimulus presentation timing 

deviated from intended timing. Note that no trials were rejected on this basis. Stimulus presentation timing 

did not deviate from intended timing by more than 0.24 ms on any trial for any participant (M = –6 μs, 

SD = 86 μs). 
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Figure 5. Schematic of the trial structure, with an SOA of 100ms. Each trial was preceded by a period of 

silence and a blank screen lasting between 1 and 1.5 seconds. The trial period then started, lasting a total of 

1.1 seconds. The visual stimulus appeared 500 ms into the trial period on every trial, while the auditory 

stimulus onset at any of the six SOAs relative to the visual stimulus (±300, ±200, and ±100 ms). Note that 

the ‘loudspeaker’ symbol appearing in the figure is diagrammatic only and no visual cue was provided with 

audio onset. Note that the red LED was always visible, but only became illuminated (here in the second 

panel) to indicate the visual signal (i.e., it was otherwise dim). 

 

Following stimulus presentation, participants were asked to report which of the audio and visual stimuli had 

occurred first. Participants were prompted by the appearance of a text message on screen behind the (now 

dim) red LED, informing them to press either the left or right mouse button to indicate their choice. 

Participants were then prompted to report their confidence (either high or low; see Figure 5) in their TOJ. 

Response mappings for temporal order and confidence judgements were counterbalanced across 

participants. Participants were given a one minute break every 100 trials (approximately every seven 

minutes). The first trial, and the trial immediately following each break, were excluded from analyses since 

no trial preceded them. 

 

Data Analysis 
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In order to determine the extent to which each TOJ was influenced by the temporal order of stimuli on the 

preceding trial, participants’ temporal order and confidence judgements were split into two datasets: trials in 

which the visual stimulus physically occurred first in the preceding trial (SOAt−1: VA), and trials where the 

visual stimulus physically occurred second in the preceding trial (SOAt−1: AV). We fitted descriptive 

functions to response distributions in these datasets, and to participants’ overall dataset (regardless of 

stimulus order on the preceding trial), and compared model parameters. This analytic approach is consistent 

with that of recent similar work (e.g., Simon et al., 2017; Van der Burg et al., 2013). 

 

We fitted a logistic function to participants’ TOJs from each dataset (see Eq 1). This provided an estimate of 

each participants’ point of subjective synchrony (PSS), and their sensitivity to temporal order (just-

noticeable difference, JND). We calculated the extent to which the participants’ perception of synchrony 

was influenced by the temporal order of stimuli on the preceding trial by subtracting the two PSS estimates 

(see Eq 2).  

𝐸𝑞 1.   𝑝("flash-first")  =  
1

1 +  𝑒
−(𝑆𝑂𝐴−𝑃𝑆𝑆)

𝐽𝑁𝐷

 

𝐸𝑞 2.   𝑟𝑎𝑝𝑖𝑑 𝑟𝑒𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 =  𝑃𝑆𝑆𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠−𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 −  𝑃𝑆𝑆𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠−𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 

We used a very similar process to quantify the effect of temporal order on the preceding trial on participants’ 

confidence judgements. We fitted a Gaussian distribution (see Eq 3) to each participant’s probability of 

reporting low-confidence at each of the six SOAs, for the two datasets. This provided an estimate of the 

timing relationship for which the participant was least confident (point of least confidence, PLC), and the 

variance in their low-confidence responses (σ). As for order judgements, we estimated the effect of the 

preceding stimulus-order on confidence judgements by computing the difference in PLCs. 

𝐸𝑞 3.   𝑝("low confidence")  =  𝐴𝑒
−

(𝑆𝑂𝐴−𝑃𝐿𝐶)2

2𝜎2  
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Experiment One results 

Rapid recalibration analysis 

We first calculated participants’ overall bias and sensitivity (PSS and JND, respectively) to audio-visual 

temporal order. On average, participants were accurate (mean PSS = 20.99 ms, SD = 102.08 ms) and precise 

(mean JND = 116.97 ms, SD = 73.63 ms). Paired t-tests indicated that the temporal order of stimuli on the 

preceding trial had no systematic effect on participants’ perception of synchrony (t47 = −1.81, p = .088), 

though this negative-going effect approached significance. Similarly, we found no evidence that stimulus-

order on the preceding trial influence participants’ sensitivity to temporal order (as predicted; t47 = −1.47, 

p = .158). Contrary to predictions, and unlike previous reports (e.g., Van der Burg et al., 2013), participants’ 

sensitivity to temporal order was uncorrelated with the magnitude of their rapid recalibration effect 

(r46 = −0.05, p = .761). Participants’ temporal order and confidence response distributions are presented in 

Figure 6. 

 

Figure 6. Temporal order and confidence response distributions, collated across participants. Plotting 

conventions are the same as those used in Figure 1. Note that in all analyses presented here, responses are 

split into separate datasets based on the physical timing of stimuli in the preceding trial, regardless of the 

participants’ judgement of stimulus timing on the preceding trial. (A) Participants’ temporal order 

judgements indicate sensitivity to physical timing, as expected. However, there is no evidence of an effect of 

A B 
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the order of stimuli on the preceding trial, contrary to predictions. (B) Overall, participants were most likely 

to make TOJs with low confidence when the physical timing offset was near zero, as expected. Participants 

were more likely to report low confidence for timing relationships similar to that presented in the preceding 

trial. This is evidenced by a significant difference between the mean of the red and green distributions, 

corresponding to trials following audio-leads and audio-lags, respectively. This is consistent with a positive 

rapid recalibration of timing perception, with similar SOAs in consecutive trials seeming more synchronous, 

or less ordered, and therefore judged with lower confidence. 

 

Confidence analysis 

We then fit Gaussian functions (see Eq 3) to participants’ probability of reporting low confidence across 

each of the six SOAs, independently for each of the two datasets (SOAt−1: VA, and SOAt−1: AV). This 

provided an estimate of the point at which each participant was least confident (PLC), and the variance in 

their confidence judgements. On average, participants reported least confidence for 18.34 ms visual-leads 

(SD = 53.26 ms), indicating they were sensitive to the difficulty of the task (mean σ = 196.86 ms, 

SD = 97.19 ms). One participant (in addition to the two removed from TOJ analyses due to poor JNDs) was 

removed from analyses as the variance in their confidence judgements indicated random responding (σ > 1 

million). 

 

Paired t-tests indicated that the temporal order of stimuli on the preceding trial reliably influenced 

participants’ PLC (t46 = 2.96, p = .009). As predicted, this test indicated no effect of the temporal order of 

stimuli on the preceding trial on the variance in participants’ confidence judgements (t46 = 0.76, p = .460). 

We found no evidence for a relationship between participants’ recalibration of low confidence and the 

variance in their reports of low confidence (r45 = 0.10, p = .499). 

 

Choice-repetition bias analysis 

We then quantified the effect of recent responses on participants’ TOJs and associated confidence. Figure 7 

shows participants’ TOJs (top row) when split by their preceding TOJ (Figure 7A), and their confidence in 

the preceding TOJ (Figure 7B). Note that their confidence judgement for the preceding TOJ (Figure 7B) 
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corresponds to the button-press immediately preceding the plotted TOJs. Note that two additional 

participants were removed (as well as those removed from previous analyses) due to poor model fits. Paired 

t-tests on model parameters indicated that participants’ PSS varied as a function of preceding-TOJ (Figure 

7A; t44 = −3.89, p = .001), but not preceding confidence (Figure 7B; t44 = 0.25, p = .806). This is consistent 

with participants’ being biased to repeat their most recent TOJ (and not their most recent button-press). In 

Roseboom’s (2019) data, we found a strong correlation between the rapid temporal recalibration and 

response bias effects, in both TOJ and temporal magnitude judgement tasks (ps < .05). Similarly, we found 

that participants’ choice-repetition bias (change in PSS as a function of preceding TOJ) was extremely 

highly correlated with their rapid recalibration effect (r44 = 0.82, p < .0001). 

 

Using the same analytic approach, we then quantified the effect of participants’ preceding responses on their 

decisional confidence. Figure 7 shows participants’ probability of reporting low confidence (bottom row), as 

a function of their preceding TOJ and confidence. A similar set of results emerges for confidence 

judgements; participants’ confidence was unchanged by their preceding TOJ (in terms of amplitude, mean, 

and standard-deviation; Figure 7C; ps > 0.05), but varied reliably as a function of their preceding confidence 

(Figure 7D). Participants were marginally more likely to report low-confidence if they did so on the 

previous trial (t44 = 1.87, p = .068), and produce broader low-confidence distributions (t44 = 2.23, p = .031), 

with no change in PSS (t44 = 1.29, p = .203). Similar to the bias observed for TOJs, this indicates a bias to 

repeat their preceding confidence judgement. 
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Figure 7. Participants’ judgements as a function of preceding judgements. In order to investigate choice-

repetition biases, we split participants’ temporal order and confidence judgements by the preceding temporal 

order and confidence judgement. Top row) Participants’ TOJs as a function of their preceding TOJ and 

confidence judgement. Note that the preceding confidence judgement is the button-press immediately before 

these order judgements are made. (A) We found an effect of the preceding TOJ on subsequent TOJs. When 

the participants’ preceding TOJ was a visual-lead (TOJt−1: VA), participants were more likely to report a 

visual-lead again. The same is true for TOJs following an audio-lead judgement. (B) However, we found no 

effect of the preceding confidence report on subsequent TOJs, despite it being the most recent button-press. 

Bottom row) Participants’ confidence judgements as a function of the preceding TOJ and confidence. (C) 

Participants’ previous TOJ did not bias confidence judgements, despite evidence that the preceding SOA 

influenced confidence (Figure 6B). This suggests that the observed rapid recalibration of low-confidence is 

not due to a simple response bias. (D) Participants’ confidence on the preceding trial, however, did influence 

their subsequent confidence. Specifically, when participants reported low-confidence on some trial, they 

were much more likely to do so again on the subsequent trial. 

 

 

Experiment One discussion 

We aimed to investigate the effect of stimulus order on subsequent timing judgements, and associated 

confidence. If temporal order perception rapidly recalibrates positively, in line with synchrony perception 

(e.g., Van der Burg et al., 2013, 2015), similar SOAs in consecutive trials would appear more synchronous, 

shifting the TOJ PSS toward the preceding SOA, and lowering participants’ confidence (as they now seem 

A B 

C D 
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less ordered). Alternatively, if the effect reported by Roseboom (2019) reflects genuine rapid recalibration of 

temporal order perception, participants’ TOJ PSS should shift away from the preceding SOA, and 

confidence ought to be increased for judgements of similar SOAs in consecutive trials (as they seem less 

synchronous, or more ordered). We found no evidence of rapid recalibration of temporal order perception, 

consistent with neither hypothesis, despite using a much larger sample size than most, and comparable trial 

numbers. 

 

However, we found evidence that confidence judgements varied from trial-to-trial, consistent with the effect 

predicted by positive rapid recalibration (Simon et al., 2017; Van der Burg et al., 2013, 2015). Participants 

were generally less confident in their TOJs if similar SOAs occurred in consecutive trials, plausibly because 

they seemed more synchronous. This suggests that temporal order perception positively rapidly recalibrated; 

why then was this effect not detected in the TOJs? We propose that positive rapid recalibration of temporal 

order perception was obfuscated in TOJs by a negative response bias. Specifically, a bias to repeat TOJs in 

consecutive trials. We found clear evidence of this bias in terms of both temporal order and confidence 

judgements (see Figure 7), and found that the magnitude of this bias in TOJs was positively correlated with 

individuals’ rapid recalibration effect. Even a small bias of this sort could produce trial-order effects in a 

TOJ task (see Figure 4) that are erroneously interpreted as rapid recalibration, but have no basis in timing 

perception. It is therefore perhaps surprising that we did not find a negative recalibration-like effect here due 

to the choice-repetition bias alone (as our simulations would indicate is extremely likely). We therefore 

reason that the null result reported here is due to the two opposing effects (i.e., positive rapid recalibration of 

temporal order perception and negative choice-repetition bias) nullifying one another. 

 

In our second experiment we aimed to dissociate participants’ preceding TOJ from the preceding timing 

relationship. In doing so, we disrupted the relationship between the previous judgement and the previous 

SOA present in Experiment One, and Roseboom’s (2019) TOJ and temporal magnitude judgement tasks. 

Consistent with the results of Van der Burg et al. (2013, 2015), Simon et al. (2017), and our own confidence 
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results here, we predicted that mitigating this choice-repetition bias effect would allow us to detect positive 

rapid recalibration of TOJs. 

 

Experiment Two methods 

We recruited 30 participants to complete an orientation judgement task interleaved with an audio-visual TOJ 

task. Participants gave written informed consent, and were remunerated $20/hour for their time. This study 

was approved by the ethics committee of the School of Human Movement and Nutrition Sciences at the 

University of Queensland. Participants reported having normal or corrected-to-normal hearing and vision, 

and were naïve to the purposes of the experiment.  

 

On every trial, participants were asked to fixate a red dot, subtending 0.25 DVA, in the centre of the screen. 

They were then presented with an oriented Gabor patch (12.5 DVA diameter) in a Gaussian aperture 

(standard deviation of 1.56 DVA) and an auditory tone (440 Hz). Stimuli were 10 ms in duration 

(corresponding to one frame at 100 Hz). The Gabor was oriented at one of six pre-defined orientations 

relative to vertical (±4, ±2, and ±1 degrees). Presentation of the audio and visual stimuli was asynchronous, 

with stimuli presented at one of six SOAs (±300, ±200, and ±100 ms). Visual stimuli were presented on a 

BENQ XL2720-B monitor at 100 Hz, using an NVIDIA GeForce GTX 1060 (6GB) graphics card. Auditory 

stimuli were presented via headphones, using the PsychPortAudio functions in MATLAB. 

 

On the first trial, participants were asked to report which of the two stimuli had occurred first using the left 

and right mouse buttons. On the second trial, participants were asked to report whether the Gabor patch was 

oriented clockwise or counter-clockwise relative to vertical. These tasks alternated throughout the 

experimental blocks (i.e., participants never made two successive judgements of the same type). A text 

prompt appeared on-screen to remind participants of the response-mapping for each trial. Response 

mappings were constant for both judgements throughout the experiment, and across participants. We took 
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this approach to avoid making the task too difficult for participants, and to make analysis of the bias itself 

simpler, though other studies have used random response mappings between trials (e.g., Pape et al., 2017). 

 

Each experimental block (241 trials each) took approximately 15 minutes to complete, and participants took 

a short break between blocks. We constructed a trial order for each block, and for each participant, which 

approximated orthogonal sampling of SOAs in TOJ trials relative to both orientation and SOA in orientation 

judgement trials. As a result, physical temporal order was approximately random with respect to physical 

orientation. With three blocks of 240 analysed trials (the first trial from each block was excluded from 

analyses), we yielded 60 TOJs for each SOA, and 60 orientation judgements for each angle. When split by 

preceding-SOA, we yielded ~30 TOJs per SOA in each of the preceding-SOA distributions. 

 

Participants were given written and verbal task instructions, and completed a demonstration version of the 

task. This demo version of the task was identical to the experimental version, except that it was shorter (25 

trials), and participants were given explicit feedback after each trial. We included this demo version as we 

reasoned that interleaving two psychophysical tasks here would be even more difficult than the single task 

used in Experiment One. Despite this demo block, 10 participants were removed from analyses as their 

responses indicated extremely poor performance, plausibly due to misunderstanding the task instructions or 

difficulty alternating between judgements. 

 

Since the custom stimulus-presentation device used in Experiment One was limited to flashes and beeps, we 

used Psychtoolbox in MATLAB to conduct this experiment. One major concern using Psychtoolbox for 

timing experiments is the precision and accuracy of when stimuli are presented. On frames where the visual 

stimuli were drawn, we included a small white disc in the bottom left corner of the screen. When this frame 

was presented, the disc illuminated the lens of a photodiode attached to the corner of the computer monitor, 

providing a reliable timestamp for the onset of the visual stimulus. The audio-output from the testing PC was 
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split, with one connection going to headphones worn by the participant, and one to an independent 

microcontroller running custom software. The output of the photodiode and PC-audio were recorded by the 

microcontroller, which determined when the stimuli had onset, returning time-stamps to the PC via USB. 

Stimulus timing was accurate to within ±8 ms, and no trials were excluded on these grounds. 

 

Data Analysis 

The analytic method used here was identical to that used in Experiment One. We split participants’ TOJs 

into two datasets based on the temporal order of stimuli presented in the preceding trial. Of course, the 

preceding trial in this experiment was actually an orientation judgement, and participants were aware that 

they could ignore the auditory stimulus. We computed participants’ PSS and JND for both datasets, and the 

difference in their PSS’ to compute rapid recalibration. To quantify any response bias, we also completed 

this process with TOJs split by the preceding orientation judgement and preceding TOJ. 

 

Experiment Two results 

Before considering rapid recalibration or response biases, we first computed participants’ sensitivity and 

accuracy to temporal order and orientation. Unfortunately, a substantial proportion of the sample had JNDs 

exceeding the sampling range in the temporal order judgement task, indicating they could not reliably 

discern the temporal order of even the most asynchronous stimuli (offset by 300 ms). Of the 30 participants 

recruited, 20 were included in the final analyses (one withdrew before completing the experiment, and nine 

were excluded for having JNDs > 300 ms). Of those remaining, there was a slight bias to perceive synchrony 

for audio-leads (mean PSS = −53.15 ms, SD = 84.45 ms), and similar JNDs to Experiment One (mean 

JND = 143.86 ms, SD = 47.28 ms). Response distributions, collated over those participants whose data were 

analysed, are presented in Figure 8 (below). 
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Figure 8. Temporal order and orientation judgements, collated across participants. Plotting conventions are 

the same as those used in Figure 1. (A) Participants’ TOJs were generally sensitive to the timing of stimuli. 

Unlike in Experiment One, we found evidence that temporal order judgements positively rapidly 

recalibrated. Note that the distributions provided here do not illustrate the within-participant differences we 

were testing, but provide the clearest depiction of the overall response distributions, and mimic the figure 

style of Van der Burg et al. (2013). (B) Participants’ orientation judgements, both overall and as functions of 

the preceding orientation. We found no evidence of a trial-order effect on orientation perception (perhaps 

surprisingly given the results of Fischer and Whitney, 2014), though this is beyond the scope of this paper.  

 

Paired t-tests indicated that the temporal order of stimuli on the preceding trial systematically changed 

participants’ perception of synchrony (t19 = 2.34, p = .030), consistent with the effect found in SJ tasks 

(Simon et al., 2017; Van der Burg et al., 2013, 2015). Participants’ overall PSS was −53.15 ms; following 

AV trial, the average PSS was −62.51 ms, and −44.40 ms following VA trials. The magnitude of this effect 

(~18 ms) is consistent with that found by Van der Burg et al. (2013) in their SJ task (~20 ms). As predicted, 

stimulus order on the preceding trial did not change participants’ sensitivity to temporal order (t19 = 0.38, 

p = .708). Participants’ sensitivity to temporal order was uncorrelated with the magnitude of their rapid 

recalibration effect (r18 = 0.41, p = .070), although this approached significance. 

 

A B 
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As a manipulation check, we then split participants’ TOJs based on their preceding orientation judgement 

(trial−1) and TOJ (trial−2). Paired t-tests revealed no evidence that participants’ TOJs were biased by their 

most recent button-press (i.e., orientation judgement; t19 = 1.11, p = .279), replicating the result of this 

analysis in Experiment One, where TOJs were not biased by their preceding confidence judgement. 

Similarly, we found no evidence that participants’ TOJs were biased by their most recent TOJ (t19 = 0.88, 

p = .388). This indicates our paradigm successfully disrupted the confounding correlation between the 

previous TOJ and the previous SOA in Experiment One and Roseboom (2019). 

 

General discussion 

In this paper we aimed to resolve the key issue of whether negative rapid recalibration of temporal order 

perception reflects a choice-repetition bias, unrelated to timing perception. Previous studies found that 

participants’ timing judgements are biased by the stimulus-order in the preceding trial. In the SJ task, 

participants tend to perceive repeated stimulus-order in consecutive trials as increasingly synchronous (e.g., 

Van der Burg et al., 2013; Simon et al., 2017). In the TOJ task (and magnitude judgement task, which 

requires temporal order be reported via an SOA-estimate), the opposite result was reported (Roseboom, 

2019). Further analysis of Roseboom’s data (see Figure 3) indicated a bias to repeat consecutive TOJs could 

account for the reported effect. In essence, the previous SOA and previous TOJ were confounded. 

 

In our first experiment we aimed to determine whether timing perception had been rapidly recalibrated, or if 

trial-by-trial changes in TOJs were due to a choice-repetition bias. We found no evidence that TOJs 

positively or negatively rapidly recalibrated. However, we found that participants’ confidence positively 

rapidly recalibrated. This suggests that temporal order perception had positively rapidly recalibrated, 

meaning similar SOAs in consecutive trials seemed more synchronous (or less ordered, and therefore judged 

with lowed confidence). We proposed that this effect would have been detectable in TOJs had it not been 

obfuscated by a larger, negative choice-repetition bias.  
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Experiment Two tested this prediction by dissociating the previous TOJ from the previous SOA. In this case, 

participants’ responses on the previous trial were independent of the SOA presented on that trial, statistically 

eliminating the effect of the choice-repetition bias. Under these conditions, we found evidence of positive 

rapid recalibration of TOJs, consistent with the effect reported in SJ tasks. That is, participants perceived 

similar SOAs in consecutive trials as more synchronous. 

 

This result potentially undermines some of the conclusions drawn by Roseboom (2019) to explain the 

contradictory effects in TOJ and SJ tasks. Based on his findings, he argued that rapid recalibration likely 

reflects changes in decision-making processes, and these changes manifest differently for synchrony and 

temporal order/magnitude judgements. This was a reasonable interpretation for the set of contradictory 

results, and may still be true. However, our findings suggest that more traditional explanations, which 

assume that rapid recalibration occurs in the sensory domain, are once again plausible. 

 

If we assume that timing information is represented by some sensory process that then feeds forward into 

separate decision-making processes, the most parsimonious explanation for a common effect in all 

judgements is that the effect is on sensory processing itself. For instance, single-trial adaptation of a 

population of delay-tuned neurons, like that proposed in Roach et al. (2011), could account for this effect. 

Of course, this is at odds with the results of Simon et al. (2017) who investigated rapid recalibration of SJs 

using EEG. They found that rapid recalibration was indexed by late-evoked, and therefore presumably post-

sensory, processes. The alternative, then, is that a common rapid recalibration effect across timing 

judgements reflects a common decisional strategy. 

 

For instance, Roseboom (2019) proposed that an assimilative effect on decision criteria could produce rapid 

recalibration as observed in the SJ task, in line with a proposal by Yarrow et al. (2011). He then pointed out 

how this would not account for his negative TOJ rapid recalibration effects, as such a model can produce 
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only positive rapid recalibration effects. However, since we found positive rapid recalibration of TOJs, we 

should reconsider this assimilative model. A shift of decision criteria toward the SOA of recent stimulus-

pairs could account for the similar effects of rapid recalibration on temporal order and synchrony 

judgements. This is also consistent with the observed changes in participants’ confidence reports. 

 

To clarify the point, imagine a participant perceives a flash-lead SOA on some trial, and their decision 

criterion then shifts slightly toward flash-lead SOAs. If the subsequent trial is a flash-lead SOA, it is less 

likely to be perceived as such, being closer to the criterion, accounting for the effect observed here. If we 

assume that confidence is in some way related to the difference in participants’ perceived SOA and the 

decision criterion, the second trial would also be associated with lower confidence, as observed in 

Experiment One. This simple decisional model, relying on assimilation of decision criteria, provides neat 

and supported predictions regarding trial-by-trial changes in temporal order and confidence judgements. 

However, it is not sufficient to explain other recent findings (e.g., Roseboom et al., 2015), making it unlikely 

that changes in decisional processing solely drive rapid recalibration (or temporal recalibration following 

prolonged adaptation). 

 

Roseboom et al. (2015) found that prolonged exposure to temporal asynchrony induces changes not only in 

synchrony perception, but the sensitivity of the observer to timing information itself. For instance, when 

participants are repeatedly exposed to a particular timing relationship, their sensitivity to other timing 

relationships is relatively increased. This effect is at odds with simple, purely decisional, accounts of 

temporal recalibration. It remains to be seen whether such effects (non-uniform distortion of sensitivity 

around adapted SOAs) are observable on the scale of a single trial. If so, that would provide strong evidence 

that rapid recalibration occurs at the level of sensory processing.  

 

Conclusion 
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This study aimed to determine whether rapid recalibration of temporal order perception reflects a 

generalised bias in decision making, unrelated to timing perception. Analyses of our own data and data 

provided by Roseboom (2019) indicated that a simple bias to repeat judgements in consecutive trials could 

account for the contradictory effects reported in temporal order and synchrony judgement tasks. In our first 

experiment, we measured participants’ confidence in their order judgements and found evidence of positive 

rapid recalibration. In a final experiment that employed a novel design with interleaved tasks, we eliminated 

participants’ bias to repeat their judgements and found evidence that temporal order judgements positively 

rapidly recalibrate, consistent with synchrony judgements. It remains unclear how rapid recalibration 

manifests, and at what level of processing; this effect could be accounted for by simple changes in either 

sensory or decision-making processes. Further research is required to determine the locus of these effects, 

though attempting to replicate recent findings by Roseboom et al. (2015) in single-trial adaptation would 

appear to be a good place to start. 
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