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Abstract

Despite extensive research demonstrating the effect of temporal context on time perception, its

underlying mechanisms remain poorly understood. One influential proposal to explain the temporal

context effect is McAuley and Jones’ (2003) framework that incorporates two classic timing

models, interval and entrainment models. They demonstrated that listeners’ duration estimates were

shifted from reality in opposite directions when to-be-judged durations occurred earlier vs. later

than an expected beat, which is predicted by their entrainment models. However, it is unclear about

how long the entrainment lasts after the cessation of external stimulation. Here, we investigated the

persistence of the entrainment effect in two experiments. In Experiment 1, we found that

entrainment models predict the behaviors better after short delays (2 beats), while interval models

predict better after long delays (4 beats). In Experiment 2, we extended the finding to a faster tempo

and added one more delay length. Again, we found that entrainment was strongest after short delays

(2 beats), while disappeared after medium (4 beats) and long delays (8 beats). Our findings suggest

an interplay between entrainment and interval timings as a function of delays between successive

events.

Keywords: time perception; entrainment; interval model; model comparison

PUBLIC SIGNIFICANCE STATEMENT: “This was the first study to test how long listeners
expect sounds to occur “on the beat” after the end of a sequence of beats. Using a
duration-judgment test, we found that beat sensitivity is present for about 2 cycles, but is
mostly gone by 4 cycles after the end of a sequence of beats. More importantly, we found that
duration judgments are still accurate even when the beat is gone, which suggests two different
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processes may help listeners with making time judgments—one based on beats, the other
based on long-term duration knowledge.”

Introduction

Time is a fundamental dimension of human perception, cognition, and action (see Grondin,

2010 for an overview). The scale of millisecond timing in particular has been intensely investigated

to better understand human perceptual and motor capacity to process fine-grained temporal

information in domains such as speech and music. The abilities both to estimate short time

durations and to predict onset timings are regarded as important features of time perception ability

(Coull, Cheng, & Meck, 2011). Estimating durations and predicting event onsets are not only

essential for survival but also important in everyday life, allowing perceivers to safely cross busy

intersections, synchronize with other dancers, play music with others, and understand others’

speech by correctly perceiving temporal speech cues (e.g. voice onset time). The main goal of the

current study is to understand the underlying mechanisms of human time perception in the scale of

millisecond timing.

Although time perception has been studied for over a century, researchers are still debating

its underlying mechanisms. Two prevalent classes of models, interval models and entrainment

models, have been proposed to explain the wide range of time perception behaviors in short-time

interval of millisecond timings. To avoid confusion of terminology, we would like to explicitly

clarify here that we adopt the definitions of “entrainment models” and “interval models” used in

McAuley and Jones (2003), especially in that we define interval models in our manuscript to be

similar to clock-accumulator models, rather than the linear phase and period correction models used

in Repp (2002). In research based on information processing theory, interval models introduce a

stopwatch-like internal clock (Church, Meck, & Gibbon, 1994; Gibbon, 1977; Gibbon, Church, &

Meck, 1984; Rakitin et al., 1998). One of the most representative interval models is the scalar
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expectancy theory (SET) (Allan, 1998; Gibbon 1971). In interval models, a pacemaker sends pulses

through an attention-dependent switch to an accumulator. The accumulator counts the number of

pulses in a certain duration, stores the duration code in working memory, then sends it to the

long-term reference memory. Duration judgments are accomplished by comparing the new duration

code in the working memory to the established duration code in the reference memory. It is

important to note that interval models assume a full reset of the clock with each new stimulus onset.

On the other hand, entrainment models provide a different explanation by proposing an

internal self-sustaining entrainable oscillator whose activation level presumably peaks at the onset

of each external stimulus (Large & Jones, 1999; McAuley & Kidd, 1998). Large and Jones (1999)

hypothesized peaks of oscillator activation to be peaks in attention. Their framework is borne out in

findings of better auditory response accuracy for on-the-beat stimuli, recent findings of neural

synchrony with exogenous rhythms (see Large, Herrera and Velasco 2015 for a review), as well as

findings of superior visual discrimination at peaks (vs. troughs) of alpha oscillations (e.g.

Mathewson et al., 2009, 2010; see also Calderone et al., 2014). With regard to context

effects, entrainment models suggest that a change of the external rhythm will cause a disparity

between the onset of external stimuli and the peak of the oscillator, which is evaluated by asking

individuals to make duration judgments. If a stimulus (e.g. a pure tone onset, described by a black

dot in Figure 1) in the driving rhythm occurs earlier than the driven oscillation, listeners will

perceive the stimulus onset time as early, the tempo as faster, or the duration between the early

stimulus and the next stimulus as shorter than it actually is. If an event in the driving rhythm occurs

later than the driven oscillation, listeners will perceive the stimulus onset time as late, the tempo as

slower, or the duration as longer. The key of entrainment models is the gradual

correction/adjustment of the pace of the oscillator to match with the driving rhythm. Dynamic

attending theory (DAT) is a generalization of entrainment theory, whereby the internal driven
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rhythm is conceptualized as an attentional pulse (Jones, 1976; Large & Jones, 1999). The gradual

synchronization between internal driven rhythm and external stimuli onsets will narrow the

attentional pulses. Eventually, the oscillator can precisely follow the external rhythm. Large and

Snyder (2009) further extended the DAT model to neural resonance theory, hypothesizing that

musical pulse and meter elicit corresponding neural rhythms which synchronize with external

acoustic stimuli. This theory has been widely used in neural tagging research to capture how brains

respond to acoustic rhythms (Nozaradan, Peretz, Missal, & Mouraux, 2011; Li et al., 2019).

Researchers have proposed different methods to reconcile these two models. One of the

most influential proposals is McAuley and Jones’ framework (2003). They applied the McAuley

and Kidd (1998) paradigm (M&K paradigm), modified from the classic duration discrimination

task, to test listeners’ duration discrimination performances when the onset of the driving rhythm

changes. Briefly, in a typical M&K task, participants first listen to a series of isochronous context

tones to entrain them with a regular rhythm. Then they are asked to judge the relative length of two

intervals: the standard interval (i.e. the time between a first pair of tones) and the comparison

interval (i.e. the time between a second pair of tones). The onset time of the comparison pair is

presented in expected (on-time), unexpected early, or unexpected late timing. Participants are

instructed to indicate whether the second interval was shorter or longer than the first interval.

Although both models predict effects of the context on duration judgments (please see Large &

Jones, 1999 for the entrainment models; Drake and Botte, 1993 for the interval models), they have

different predictions about the jitter of comparison onset time. Interval models predict no effect of

the jitter of the onset of the comparison interval, that is, it does not matter if the comparison interval

is aligned to the metrical grid defined by the context intervals. On the other hand, entrainment

models predict an effect depending on this jitter because of the assumption that the driven rhythm

will gradually adjust according to the driving rhythm. These models suggest that comparison
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intervals in the unexpected early condition should be judged as short, and comparison intervals in

the unexpected late condition should be judged as long based on the calculation of the temporal

contrast (illustrated in Figure 1). McAuley and Jones (2003) showed that listeners tended to respond

“shorter” in the unexpected early condition and “longer” in the unexpected late condition, which is

predicted by entrainment models, but not an interval model.

Figure 1. The schematic illustration of the durational judgment when the comparison interval is

presented on-time, early and late. The solid black circles represent the explicit tones heard by the

listeners. The solid red circles mark the first tone of the comparison interval, which is presented

on-time (top row), early (middle) or late (bottom). The dashed circles in early and late onset

represent the expected beat position. The waves represent the inner rhythm, or expectation,

entrained by the explicit tones. The thick horizontal orange line indicates the subjectively perceived

duration. Please note that the phase correction of the internal rhythm happens on the next cycle after

the target tones.

McAuley and Jones (2003) developed a formula (please see the Model prediction section in

the Methods and Materials and Appendix for more details) to simulate the prediction of two models

by introducing linear phase-correction and period-correction terms to calculate the final temporal



7
INTERVAL AND ENTRAINMENT MODELS IN DURATION PERCEPTION

contrast. The phase is the disparity between the peak of the inner oscillator and the onset of a beat

of the driving rhythm. Period represents the frequency, namely, the interval between two pulses of

an inner oscillator. The weights of two parameters, phase and period, can be adjusted to use the

same formula to simulate both interval models and entrainment models. Conceptually, interval

models fully reset phase for each new stimulus in a series, while entrainment models enable more

flexible dynamic changes of partial phase and partial period reset with a series of stimuli.

Mathematically, this framework instantiates interval models by setting the phase parameter to one,

marking the characteristic of full phase reset. In other words, interval models can be viewed as an

extreme case of the entrainment models. McAuley and Jones (2003) favored the entrainment

account in short timing intervals, however, their model did not specify whether and how long the

entrainment persists after the cessation of external stimulation. Other features of auditory stimuli

such as pitch height seem to decay over time. For example, Cowan, Saults, and Nugent (1997) first

investigated and defined memory decay in a two-tone comparison task. They found that

participants' performance was less accurate with an increasing delay length from 1.5 s to 12.0 s in

between the two tones. Further, Snyder and colleagues (2008; Please see Snyder and Weintraub,

2013 for more details about the underlying mechanisms of declines in auditory memory) found that

previous-context effects on auditory stream segregation based on pitch were diminished when the

ISI changed from 1.44 s to 5.76 s. If entrainment is also based on similar sensory information, it is

reasonable to expect that the entrainment effect would decay across time due to memory loss. So

far, no one has investigated how long or even whether the entrainment effect persists over a longer

delay, making it unclear how pervasive entrainment effects are. More importantly, though it has

been argued that entrainment can sharpen perception (see Lakatos, Gross, & Thut, 2019 for a

review), no study has investigated if duration judgement performance gets worse once the
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entrainment goes away or if it maintains at the same level because other underlying mechanisms

compensate for the entrainment effect.

The current study

The current study asked whether and how long the entrainment effect persists over delay

lengths. In Experiment 1, we kept M & K’s context interval (600 ms) but modified the delay length

between the standards and comparisons. This manipulation enables us to observe the entrainment

effects in varied delay durations. The short delay (1200 ms, 2 beats based on the context interval) is

equal to the delay length used in McAuley and Jones’ Experiment 4. The long delay (2400 ms, 4

beats based on the context interval) is the double of the short delay. Following M&K, the

participants were instructed to judge if the comparison interval is shorter or longer than the standard

interval.

The primary goal of this experiment was to investigate which model works best to predict

participants’ performances in the short-delay vs. the long-delay condition. Note that we expect to

replicate McAuley and Jones (2003) in our short-delay condition. If the entrainment effect persists

for more than a few beats, as suggested by McAuley and Jones’ framework, we should observe the

same response pattern of responding shorter or longer in both the short-delay condition and the

long-delay condition. If the entrainment effect decreases after the long delay, we will not observe

the entrainment pattern in the long-delay condition. In this case, the performance accuracy would

depend on whether the participants have access to the durational information. If the entrainment

effect decays but a long-term reference memory of duration is robust, as suggested by interval

models, then the accuracy should remain relatively high in the long-delay condition than the

short-delay condition. On the other hand, if the entrainment decays and a long-term reference
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memory of duration is weak or absent, then the accuracy should be relatively low in the long-delay

condition compared to the short-delay condition.

In Experiment 2, we aimed to replicate the effect of Experiment 1 and to extend our findings

to a different absolute duration. We doubled the tempo (IOI=300 ms) of the context in Experiment 1

to observe the entrainment effects in varied tempi. Moreover, comparing the results of the

Experiment 2 to Experiment 1 allowed us to test whether entrainment decreases after a certain

amount of time (absolute delay) vs. a certain number of beats (relative delay).

Experiment 1

Materials and Methods

Ethics statement.

The IRB office of the University of California, San Diego (UCSD) approved this study.

Participants signed informed consent forms to participate. The participants were given course credit

for participating in the experiment.

Participants.

Our target sample size of 48 participants was determined as follows. We planned to look at

three dependent measures: point of subjective equality (PSE), proportion short, and accuracy. If

there is a change in degree of entrainment with the delay length, there should be an interaction of

comparison onset time and delay length. In the absence of any prior test of delay length or its

interaction, we used a conventional effect size of ηp
2 = .10, G*Power software (Faul, Erdfelder,

Lang, & Buchner, 2007), which suggests a sample size of 46 to achieve power ≥ .80. We rounded

this up to 48 to allow perfect counterbalancing of delay order and response key assignment.

To obtain our final sample size N = 48, we tested sixty-three participants (45 females, mean

= 20.9 years old) from UCSD. Of these 63 participants, 15 were excluded for the following reasons:
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one of them withdrew after the practice session, one of them had an age more than three standard

deviations from the mean (Carrasco, Bernal, & Redolat, 2001; Coelho et al., 2004), three of them

withdrew in partway through the maintask, and ten of them achieved less than 60% accuracy on the

most distinguishable comparison intervals (the two comparison intervals which have the largest

discrepancy from the standard intervals) in test trials, in one or both trial blocks. We describe our

rationale for these exclusions below in the PSE in Results section; briefly, the replacement data did

not change the significance patterns of accuracy or proportion short, but it substantially cleaned up

the PSE effects. See Experiment 2 for use of the same criterion. After the exclusion, we analyzed

the data from forty-eight participants (35 females, mean = 20.4 years old).

Stimuli and Procedure.

All stimulus sequences were comprised of a series of 60-ms 440-Hz sine tones, with various

inter-tone intervals as described below. We let participants adjust to the most comfortable volume

before they started the task. The stimuli were generated and delivered in MATLAB (MathWorks)

using the Psychophysics Toolbox software (Brainard, 1997; Pelli, 1997).

(a)

(b)

Figure 2. Schematic illustration of the duration discrimination paradigm in Experiment 1: (a) The

short-delay condition. (b) The long-delay condition. The participants first heard six context tones

with an inter-onset interval (IOI) of 600 ms. After a short silent period of 1200 ms, a pair of tones as

standard interval and the other pair of tones as comparison interval were presented. The comparison
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intervals could be 550, 570, 590, 610, 630, 650 ms (illustrated by the blue arrow). The onset time of

the first tone of the comparison pair was manipulated to be 180 ms early, on-time or 180 ms late

(illustrated by the orange arrow).

In the current experiment, we used a modified M & K paradigm (McAuley & Kidd, 1998),

as McAuley and Jones (2003) used in their Experiment 4. On each trial (Figure 2), participants first

heard a series of six context tones with an inter-onset interval (IOI) of 600 ms. After a short silent

period of 1200 ms, a pair of tones as standard interval and the other pair of tones as comparison

interval were presented. The standard interval was fixed at 600 ms. The comparison interval

durations (550, 570, 590, 610, 630, and 650 ms) ranged from 50 ms shorter than the standard

interval, increasing by 20 ms increments up to 50 ms longer than the standard interval. After each

sequence (context + standard + comparison), the participant judged whether the comparison interval

was shorter than or longer than the standard interval. As the main parameter of interest of this study,

we manipulated the delay duration between the standard interval and the comparison interval, using

1200 ms +/- 180 ms for the short-delay and 2400 ms +/- 180 ms for the long delay. That is, for the

short-delay, the first tone of the comparison interval would be presented on-time (1200 ms after the

second tone of the standard interval), early (1020 ms after), or late (1380 ms after). For the long

delay, the first tone of the comparison interval would be presented on-time (2400 ms after the

second tone of the standard interval), early (2220 ms after), or late (2580 ms after). Please note that

the shift of the comparison onset (+/- 180 ms) is used in McAuley and Jones (2003). This amount is

large enough to be readily perceived and does not shift the comparison onset to any metrical

position of the beats (i.e. 600 ms) or subdivision of the beat (i.e. 300 ms).

The participants were instructed to ignore the initial series of tones (i.e. the context

intervals) preceding the standard interval and only focus on the standard and comparison intervals
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for answering each trial more accurately. The participants were asked to judge whether the duration

of the comparison interval was shorter than or longer than the standard interval. They were

instructed to press one of two keys on the keyboard to respond if the comparison interval was

shorter or longer than the standard interval. The response time was self-paced.

A 2 (Delay Length) × 3 (Comparison Onset) × 6 (Comparison Duration) repeated measures

design was used in this study. Following McAuley and Jones (2003), we leave out the comparison

duration in our analyses because it is not relevant to our research question. To carefully control the

response bias of responding by their dominant hand, we counterbalanced the response keys across

participants (half of participants responded F key as shorter, J key as longer; the other half, J key as

shorter, F key as longer). Short-delay and long-delay trials were blocked.

In this experiment, participants went through three blocks of trials: a brief practice block,

and then two longer blocks with real trials. We fully counterbalanced the presentation order of the

short-delay and long-delay blocks. In the practice block, twelve trials with short or long delay

lengths and the two most-distinguishable comparison intervals (550 or 650 ms) were presented in

random order. In the practice, we only presented trials with on-time comparison onset times. The

practice block enabled participants to become familiar with the experimental task. Feedback

indicating a correct or incorrect response appeared on the screen right after each response. During

the practice block, participants were encouraged to adjust their performance based on the feedback.

They were given up to 6 runs of the practice block (72 trials total) to achieve more than 75%

accuracy in a run. They moved on to the real blocks once they had achieved higher than 75%

accuracy in the practice block. All participants passed the practice accuracy criterion and continued

to the main experiment, except for one who withdrew after the practice block.

In the second and third block, participants were presented with either the long delay duration

or short delay duration with the three levels of comparison onset time and six levels of comparison
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intervals. The long-delay condition and short-delay condition were blocked and counterbalanced

across participants. They could choose to take a break after every 54 trials. They had three breaks in

the second block and three breaks in the third block. The only difference between the second and

the third block was the manipulation of the delay length. The block with the short delay had 216

trials in total and took about 35 minutes to finish. The block with the long delay had 216 trials in

total as well and took about 50 minutes to finish. In between the second and the third block,

participants were instructed to complete two questionnaires about their basic demographic

information and music background. Total years of music training did not interact with the other two

variables of interest (i.e. Comparison Onset and Delay Length), suggesting that data patterns are not

dependent on a high level of musical skill. The total experiment time was about 100 minutes,

depending on the speed of the participant’s responses and the length of the breaks.

Points of subjective equality (PSE).

We followed Macmillan and Creelman (1991, pp. 219–220) to calculate the points of

subjective equality (PSE) for each participant in each condition. The PSE is the time interval

subjectively considered as equally long as the standard interval, as operationalized by being judged

as shorter 50% of the time. We first transformed the proportions of responding “short” for each of

the six comparison intervals to z-score in the y-axis. Since z (1.00) is positive infinity and z (0.00)

is negative infinity, we converted the 100 percent probability and 0 percent probability to 1-(1/2N)

and 1/2N with N as the number of trials in each condition. Then we fit a first order (linear)

polynomial function on the six z-transformed points. The intercept of the polynomial function on

the x-axis represented the estimated PSEs for each condition. If a participant is responding with

unbiased accuracy, their PSE should be 600 ms. If they are biased to think that the comparison

duration is longer than it actually is, then their PSE should be smaller than 600 ms (because it will
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require a shorter comparison to sound equivalent to a standard duration of 600 ms). If they are

biased to think the comparison is shorter than it actually is, then their PSE should be greater than

600 ms (because it will require a longer comparison to sound equivalent to a standard duration of

600 ms).

Model predictions.

In a M&K paradigm, interval models predict no effect of the jitter of the onset of the

comparison interval. On the other hand, entrainment models predict that comparison intervals in the

unexpected early condition should be judged as short, and comparison intervals in the unexpected

late condition should be judged as long. Based on the framework of McAuley and Jones (2003), a

timekeeper (which can be regarded as the internal clock in interval models or the oscillator in

entrainment models) conducts linear phase and period corrections by calculating the temporal

contrast with specific weights of phase (Wɸ) and period (WP)--that is, how much the model’s internal

phase and period are updated based on the observed external phase and period. (See Appendix for

the calculation details). The model predictions of the subject's response are summarized in Table 1,

using McAuley and Jones’ (2003) parameters, which set the entrainment model to Wɸ = 0.8, WP =

0.05 and the interval model to Wɸ = 1, WP = 0.

Table 1

Predicting Values of Proportion Short Response and PSE from Interval (Wɸ = 1, WP = 0) and

Entrainment Models (Wɸ = 0.8, WP = 0.05). Note. McAuley and Jones’ (2003) formula predicts no

difference between short and long-delay conditions in the proportion of responding that a

comparison interval was shorter than the standard interval and PSE.

Interval models Entrainment models

Proportion short PSE (ms) Proportion short PSE (ms)



15
INTERVAL AND ENTRAINMENT MODELS IN DURATION PERCEPTION

Early 0.5 600 0.67 614.58

On-time 0.5 600 0.50 600.00

Late 0.5 600 0.33 585.42

Results

The effects we planned our study to detect are the effect of comparison onset time (early,

on-time, late relative to an expected beat) and the interaction of onset time and delay length. The

effect of comparison onset time is crucial for verifying that entrainment effects are present at short

delays. The interaction term is crucial for determining if there is a decrease in entrainment at the

longer delay. Each dependent measure--accuracy, proportion short, and point of subjective equality

(PSE)--was analyzed in repeated-measures ANOVA. The independent variables were the three

comparison onset times (early, on time, late) and the two delay lengths (short delay, long delay

between standard and comparison). All significant interaction effects were investigated further via

simple-effects comparisons. To break down 2-way interactions, we conducted post-hoc pairwise

comparisons whose p-values were adjusted using the Bonferroni correction method (marked as pb).

In cases where there were sphericity violations, degrees of freedom were corrected using

Greenhouse-Geisser estimates of sphericity. For thoroughness, we report relevant standard errors

for each of these pairwise comparisons in Table 3 (see Franz & Loftus, 2012, on standard errors in

within-subject designs).
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Figure 3. Proportion of correct response, collapsed across comparison interval duration. Error bars

are standard errors, which reflect individual subject variability which is removed in within-subject

ANOVAs and paired t-tests. *** pb < .0001

Accuracy. We calculated the proportion of correct responses for all conditions (Figure 3).

Consistent with a general effect of entrainment, there was a significant main effect of comparison

onset time (F(2, 94) = 14.11, p < .0001, ηp
2 = .23), with lower accuracy for early comparison onsets

compared to on-time comparison onsets (t(47) = -4.65, pb < .0001, d = -0.40) and late comparison

onsets (t(47) = -4.83, pb < .0001, d = -0.32). There was a significant main effect of delay length

(F(1, 47) = 16.02, p < .0001, ηp
2 = .25), with lower accuracy for short-delay trials. More

interestingly, we found a significant interaction effect between comparison onset time and delay

length (F(2, 94) = 3.78, p < .05, ηp
2 = .07). Simple effects analysis showed that in the short-delay

condition, the comparison onset times significantly influenced the accuracy (F(2, 94) = 19.21, pb <

.0001, ηp
2 = .29). Specifically, in the short-delay condition, two out of three pairwise comparisons

differed significantly, such that the accuracy of the early onset was lower than the on-time (t(47) =

-5.25, pb < .0001, d = -0.54) and late onsets (t(47) = -5.05, pb < .0001, d = -0.53). There was no
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significant difference between on-time onset and late onset. By contrast, in the long-delay

condition, comparison onset times did not affect accuracy (F(2, 94) = 1.35, pb = .53, ηp
2 = .03).

Proportions of responding short. We calculated the proportion of responding short (Figure

4) to observe if there was a response bias to answer “shorter” in unexpected early onset trials and

“longer” in unexpected late onset trials. There was a significant main effect of comparison onset

time (F(1.45, 68.06) = 83.02, p < .0001, ηp
2 = .64), with more “short” responses for early

comparison onsets compared to on-time (t(47) = 10.37, pb < .0001, d = 1.32) and late comparison

onset (t(47) = 9.69, pb < .0001, d = 1.54), and more “short” responses for on-time comparison

onsets compared to late comparison onset (t(47) = -3.42, pb < .005, d = 0.35). This is consistent with

a general entrainment effect. There was a significant main effect of delay length (F(1, 47) = 5.36, p

< .05, ηp
2 = .10), with more “short” responses for short delays. More interestingly, we found a

significant interaction effect between comparison onset time and delay length (F(1.64, 77.10) =

62.73, p < .0001, ηp
2 = .57). Simple effects analysis showed that in the short-delay condition, the

comparison onset times significantly influenced the probability of responding “shorter” (F(1.45,

68.05) = 98.98, pb < .0001, ηp
2 = .68), but in the long-delay condition there was no significant effect

of comparison onset time. All pairwise comparisons in the short-delay condition differed

significantly, such that the early onset was judged shorter more often than the on-time (t(47) =

10.42, pb < .0001, d = 1.82) and late onsets (t(47) = 10.82, pb < .0001, d = 2.23), and the on-time

onset was judged shorter more often than the late onset (t(47) = 4.53, pb = .0001, d = 0.57). By

contrast, in the long-delay condition, comparison onset times did not affect the proportion of

responding short (F(1.76, 82.73) = 3.17, pb = .11, ηp
2 = .06). This revealed that participants tended

to respond “shorter” in the early onset trials, while they responded “longer” in the late onset trials,

regardless of the actual lengths of the comparison intervals. More importantly, this response
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tendency only happened in the short-delay condition: there were no significant pairwise

comparisons in the long-delay condition.

Figure 4. Proportion of responding that a comparison interval was shorter than the standard interval.

The dashed line indicates the unbiased judgment (0.5) of the duration of comparison intervals. Error

bars are standard errors, which reflect individual subject variability which is removed in

within-subject ANOVAs and paired t-tests. ** pb < .001, *** pb < .0001

Points of subjective equality (PSE). To more clearly observe biases in perceived timing, we

calculated the PSEs for each participant in each condition (Figure 5). If participants are perceiving

veridically, then all PSEs should approximate 600 ms. However, if their duration perception is

biased by comparison onset time, then PSEs should differ from 600 ms, as found by McAuley and

Jones (2003) in their Experiment 4, which was equivalent to our short-delay condition. In our initial

analyses of 48 participants, proportion short and accuracy data patterned as expected. However, we

noticed that some participants were showing unusual PSE values, including two negative values

(i.e. -1319 ms, -1864 ms) and multiple very long durations, such as 1839 ms, a value which seems

implausible because it would mean that that participant would hear a comparison interval more than

triple the duration of the preceding stimulus as being equivalent to the standard interval (600 ms).

This was not an outcome that was reported in previous research, so we did not anticipate it. We
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traced this back to extremely low accuracy rates, and low accuracy generates very unstable PSE

estimates. Since we were replicating McAuley and Jones (2003), who used PSE as their measure, it

was crucial to get a clean PSE data set. Rather than excluding solely on the basis of what appeared

to be aberrant PSEs, we opted to use what seemed like a reasonable accuracy criterion: whether

participants have difficulty getting far above chance on the easiest (shortest and longest) stimuli. We

chose 60% (exactly 10% above chance) as our cutoff value in both Experiment 1 and Experiment 2.

We then replaced these low-accuracy participants, using this accuracy criterion for replacement

participants as well. The average goodness-of-fit (R2) of the linear model on converted PSE scores

on the final sample was 0.84 (SD = 0.11). Table 2 compares major statistical outcomes of all three

dependent measures between the original sample and the sample with replacement participants. As

is clear from Table 2, this replacement only affected PSE.

Table 2

Comparison of all three dependent measures between original sample (N = 48) and the final sample

(N = 48) with replacement participants.

Table 2a. Accuracy

Main effect Interaction effect

Comparison onset Delay length Comparison ✕ Delay

Original

sample

F(2, 94) = 7.43, p =

.001, ηp
2 = .14

F(1, 47) = 5.81, p <

.05, ηp
2 = .11

F(2, 94) = 3.51, p < .05,

ηp
2 = .07

Replacement

sample

F(2, 94) = 14.11, p <

.0001, ηp
2 = .23

F(1, 47) = 16.02, p

< .0001, ηp
2 = .25

F(2, 94) = 3.78, p < .05,

ηp
2 = .07

Table 2b. Proportion short
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Main effect Interaction effect

Comparison onset Delay length Comparison ✕ Delay

Original

sample

F(1.32, 62.13) = 42.21, p

< .0001, ηp
2 = .47

F(1, 47) = 6.68, p <

.05, ηp
2 = .12

F(1.63, 76.66) = 45.77, p

< .0001, ηp
2 = .49

Replacemen

t sample

F(1.45, 68.06) = 83.02, p

< .0001, ηp
2 = .64

F(1, 47) = 5.36, p <

.05, ηp
2 = .10

F(1.64, 77.10) = 62.73, p

< .0001, ηp
2 = .57

Table 2c. PSE

Main effect Interaction effect

Comparison onset Delay length Comparison ✕ Delay

Original

sample

F(2, 94) = 1.45, p =

0.24, ηp
2 = .03

F(1, 47) = 1.93, p

= .17, ηp
2 = .04

F(1.54, 72.33) = 2.11, p

= .13, ηp
2= .04

Replacement

sample

F(1.18, 55.41) = 25.11, p

< .0001, ηp
2 = .35

F(1, 47) = 7.93, p

< .05, ηp
2 = .14

F(1.23, 57.68) = 33.71, p

< .0001, ηp
2 = .42

There was a significant main effect of comparison onset time (F(1.18, 55.41) = 25.11, p <

.0001, ηp
2 = .35), with longer PSEs for early comparison onsets compared to on-time (t(47) = 6.10,

pb < .0001, d = 1.12) and late comparison onset (t(47) = 4.91, pb < .0001, d = 1.14), consistent with

an overall effect of entrainment. There was a significant main effect of delay length (F(1, 47) =

7.93, p < .05, ηp
2 = .14), with longer PSEs for short delays. These main effects were qualified by a

significant interaction effect between comparison onset time and delay length (F(1.23, 57.68) =
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33.71, p < .0001, ηp
2 = .42). Simple effects analysis showed that the comparison onset times

significantly influenced the PSE in the short-delay condition (F(1.16, 54.72) = 34.55, pb < .0001, ηp
2

= .42), but not in the long-delay condition (F(1.34, 62.99) = 2.86, pb = .17, ηp
2 = .06). All pairwise

comparisons were significant in the short-delay condition. The PSE of the early onset was longer

than the on-time onset (t(47) = 6.35, pb < .0001, d = 1.21) and late onset (t(47) = 5.93, pb < .0001, d

= 1.40), and the PSE in the on-time onset was longer than the late onset (t(47) = 2.73, pb < .05, d =

0.44). Even though the simple effect of comparison onset time was not significant at the long delay,

we analyzed pairwise differences nonetheless, to assess whether there were any remnants of

entrainment. There was only one significant pairwise comparison, between early onset and on-time

onset in the long-delay condition (t(47) = 2.50, pb < .05, d = 0.43), such that the PSE of the early

onset was longer than the on-time onset.

Exploratory analysis of PSE.

In order to determine whether timing biases persist at each delay, we compared subjective

estimation (i.e. PSEs) to the standard interval (600 ms), as an “null point”,  in each condition by a

one-sample t test. This analysis confirmed that the response bias represented by PSEs was strongly

evident in the short-delay condition: Comparison intervals that began on-time produced subjective

estimates of the standard interval that did not differ statistically from the standard duration (mean

PSE 600 ms, t(47) = -0.06, pb = 1, d = -0.01), whereas participants tended to underestimate the

comparison intervals that began unexpectedly early (mean PSE of 636 ms, t(47) = 6.31, pb < .0001,

d = 0.91) and overestimated those that began late (mean PSE of 592 ms, t(47) = -2.73, pb < .05, d =

-0.39). (Note that responding “shorter” more frequently corresponds to longer PSE and responding

“longer” more frequently corresponds to shorter PSE due to the definition and the calculation of

PSE.) On the other hand, this trend was weak in the long-delay condition (mean PSE of 607 ms,

601 ms, 601 ms), which showed a slight underestimate of early onset trials (t(47) = 2.83, pb < .05, d



22
INTERVAL AND ENTRAINMENT MODELS IN DURATION PERCEPTION

= 0.41), but estimation that was indistinguishable from correct for both on-time (t(47) = 0.67, pb =

1) and late onset trials (t(47) = 0.41, pb = 1).

Figure 5. Points of subjective equality (PSE). The dashed line indicates the unbiased PSE (600ms).

Error bars are standard errors, which reflect individual subject variability which is removed in

within-subject ANOVAs and paired t-tests. * pb < .05, *** pb < .0001

Table 3

Mean difference scores and standard errors for within-subjects pairwise comparisons. Standard

errors appear in parentheses.

Short delay Long delay

Early –

Ontime

Early –

Late

Ontime –

Late

Early –

Ontime

Early –

Late

Ontime –

Late

Accuracy -0.05 (0.01) -0.05 (0.01) 0.00 (0.01) -0.02 (0.01) -0.01 (0.01) 0.01 (0.01)

Proportion short 0.17 (0.02) 0.22 (0.02) 0.05 (0.01) 0.02 (0.01) 0.02 (0.01) -0.00 (0.01)

PSE 36.12 (5.69) 43.93 (7.40) 7.80 (2.86) 6.29 (2.51) 6.07 (3.89) -0.22 (2.30)
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Discussion

In Experiment 1, we successfully replicated McAuley and Jones (2003)’s Experiment 4 in our

short-delay condition. Like McAuley and Jones (2003), we observed results that were consistent

with the prediction of entrainment models: Listeners tended to judge the comparison intervals as

being shorter than the standard intervals when the onset time of the comparison interval was early,

and longer than the standard when late. This response bias was reflected both in the proportion of

responding short and PSE, with the highest proportion short (longest PSE) in the early trials,

intermediate in the on-time trials, and lowest (shortest PSE) in the late trials (Figures 4 and 5).

Our second goal was to determine if entrainment models or interval models more precisely

predicted listeners’ performance in the long-delay condition. The winner appears to be interval

models: we observed a near-disappearance of the entrainment effect in the long-delay condition,

which has not yet been studied. Compared to the short-delay condition, listeners tended to judge the

comparison intervals more accurately, without strong biases to report the comparison interval as

shorter or longer. The proportion of responding short revealed a flat line close to 50 percent, and

PSE revealed a nearly-flat line close to 600 ms across three onset times. Furthermore, although the

entrainment effects only influenced the duration judgement task at short delays, we observed even

higher accuracy in long-delay (76.8 percent correct) than short-delay (73.5 percent correct)

conditions. This result indicates that entrainment might not be the only source of information that

aids listeners in discriminating durations. With regard to our hypothesis, if the entrainment effect

decreases across time and we still observe a similar or even higher level of accuracy, it is likely that

the reference memory assumed in interval models plays a role in the duration discrimination.

Another possible explanation of the slightly higher accuracy in the long-delay condition could be

due to better attentional preparation allowed by the longer foreperiod as found by Grondin &

Rammsayer (2003). In sum, we speculate that the high accuracy at both delays is that listeners
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allocate attention in the short timing interval as suggested in the Dynamic Attending Theory, but

depend more on attentional preparation and/or an interval reference memory in the long-delay

condition.

In sum, we found a duration judgement pattern similar to the prediction of the entrainment

models when there was a short delay between standard and comparison intervals, and a pattern

similar to the predictions of interval models when there was a long delay between standard and

comparison intervals. Our data suggest that the entrainment effect may disappear somewhere

between 2 to 4 beats (1200 to 2400 ms). To extend our findings to a different tempo and to further

investigate whether entrainment decays after a certain delay time (absolute time match) or after a

certain number of beats (relative time match), we ran Experiment 2. This experiment was

pre-registered on Open Science Framework (https://osf.io/nky52) before data collection.

Experiment 2

Materials and Methods

Ethics statement. Identical to Experiment 1.

Participants.

Our estimated effect size, and thus our target sample size, was identical to Experiment 1.

Participants were recruited in the manner described for Experiment 1. To obtain our final sample

size N = 48, we tested 56 participants (38 females, mean = 20.2 years old). Of these 56 participants,

4 of them withdrew partway through the main task; 1 of them reversed the response keys during the

experiment; 3 of them achieved less than 60% accuracy on the two most distinguishable comparison

intervals in one or more blocks of test trials (see Materials and Methods in Experiment 1 and our

preregistration for more details about this stop rule). After the exclusion, we analyzed the data from

forty-eight participants (31 females, mean = 20.1 years old).

Stimuli and Procedure.

https://osf.io/nky52
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The stimuli, procedure and design matched Experiment 1 except for two changes. First, we

doubled the tempo of the task, that is, set the IOI to 300 ms instead of 600 ms. Second, we used

three delay lengths instead of two: 600 ms, 1200 ms, and 2400 ms, all ± 90 ms to account for the

early and late onsets. The delay between context and standard was 600 ms. The standard interval

was fixed at 300 ms. The comparison interval durations (275, 285, 295, 305, 315 and 325 ms)

ranged from 25 ms shorter than the standard interval, increasing by 10 ms increments up to 25 ms

longer than the standard interval (consistent with doubling the tempo; Experiment 1 comparisons

ranged from -50 to +50 ms). As before, the participant judged whether the comparison interval was

shorter than or longer than the standard interval (Figure 6). As the main interest in the current study,

again, the short-delay, medium-delay and long-delay trials were blocked, and block order was fully

counterbalanced across participants. Each block had the same number of trials as blocks in

Experiment 1 (i.e. 216 trials) but took less time (~30 minutes) to finish due to the doubled tempo.

Participants were asked to complete two questionnaires about their basic demographic information

and music background after the task. We found that the music training years do not interact with the

two variables of interest, suggesting that entrainment decay is not limited to musically-skilled

individuals. The total experiment time was about 120 minutes, depending on the speed of their

responses and the length of the breaks.

A 3 (Delay Length) × 3 (Comparison Onset) × 6 (Comparison Duration) repeated measures

design was used in Experiment 2. We followed the same method to calculate PSE and all analyses

as we did for Experiment 1.
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Figure 6. Schematic illustration of the duration discrimination paradigm in Experiment 2: (a) The

short-delay condition. (b) The medium-delay condition. (c) The long-delay condition. The

participants first heard six context tones with an inter-onset interval (IOI) of 300 ms. After a short

silent period of 600 ms, a pair of tones as standard interval and the other pair of tones as comparison

interval were presented. The comparison intervals could be 275, 285, 295, 305, 315, 325 ms

(illustrated by the blue arrow). The onset time of the first tone of the comparison pair was

manipulated to be 90 ms early, on-time or 90 ms late (illustrated by the orange arrow).

Results

Analyses mirrored those in Experiment 1.

Accuracy. We calculated the proportion of correct responses for all conditions (Figure 7).

Consistent with an overall entrainment effect, there was a significant main effect of comparison

onset time (F(2, 94) = 30.31, p < .0001, ηp
2 = .39), with lower accuracy for early comparison onsets

compared to on-time comparison onsets (t(47) = -7.53, pb < .0001, d = -0.59) and late comparison

onsets (t(47) = -6.08, pb < .0001, d = -0.61). There was a significant main effect of delay length

(F(2, 94) = 91.25, p < .0001, ηp
2 = .66), with lower accuracy for short-delay trials compared to

medium-delay trials (t(47) = -9.56, pb < .0001, d = -1.28) and long-delay trials (t(47) = -13.23, pb <
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.0001, d = -1.70), and lower accuracy for medium-delay trials compared to long-delay trials (t(47) =

-2.76, pb < .05, d = -0.33). Comparison onset time and delay length interacted (F(4, 188) = 21.03, p

< .0001, ηp
2 = .31). Simple effects analysis showed that in the short-delay condition, the comparison

onset times significantly influenced the accuracy (F(2, 94) = 51.65, pb < .0001, ηp
2 = .52): accuracy

of the early onset was lower than the on-time (t(47) = -9.33, pb < .0001, d = -1.19) and late onsets

(t(47) = -8.45, pb < .0001, d = -1.36). There was no significant difference between on-time onset and

late onset. By contrast, comparison onset times did not affect accuracy in the medium (F(2, 94) =

2.58, pb = .24, ηp
2 = .05) and long-delay conditions (F(2, 94) = 0.29, pb = 1, ηp

2 = .00).

Figure 7. Proportion of correct response, collapsed across comparison interval duration. Error bars

are standard errors, which reflect individual subject variability which is removed in within-subject

ANOVAs and paired t-tests. *** pb < .0001

Proportions of responding short. For proportion of responding short (Figure 8), there was a

significant main effect of comparison onset time (F(2, 94) = 227.60, p < .0001, ηp
2 = .83), with

more “short” responses for early comparison onsets compared to on-time (t(47) = 15.47, pb < .0001,

d = 1.36) and late comparison onset (t(47) = 18.44, pb < .0001, d = 1.85), and more “short”

responses for on-time comparison onsets compared to late comparison onset (t(47) = 5.32, pb <

.0001, d = 0.38). This is consistent with an overall effect of entrainment. There was a significant
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main effect of delay length (F(2, 94) = 12.86, p < .0001, ηp
2 = .21), with more “short” responses for

short-delay trials compared to medium-delay trials (t(47) = 3.39, pb < .01, d = 0.36) and long-delay

trials (t(47) = 4.84, pb < .0001, d = 0.52). Finally, we found a significant interaction effect between

comparison onset time and delay length (F(2.73, 128.08) = 163.68, p < .0001, ηp
2 = .78). Simple

effects analysis showed that the comparison onset times significantly influenced the probability of

responding “shorter” in the short-delay condition (F(1.77, 83.08) = 257.56, pb < .0001, ηp
2 = .85)

and the medium-delay condition (F(2, 94) = 16.97, pb < .0001, ηp
2 = .27), but in the long-delay

condition there was no significant effect of comparison onset time. All pairwise comparisons in the

short-delay condition differed significantly, such that the early onset was judged shorter more often

than the on-time (t(47) = 16.02, pb < .0001, d = 2.56) and late onsets (t(47) = 19.32, pb < .0001, d =

3.59), and the on-time onset was judged shorter more often than the late onset (t(47) = 5.98, pb <

.0001, d = 0.71). In the medium-delay condition, the early onset was judged shorter more often than

the on-time (t(47) = 3.38, pb < .01, d = 0.32) and late onsets (t(47) = 6.00, pb < .0001, d = 0.52). By

contrast, in the long-delay condition, comparison onset times did not affect the proportion of

responding short (F(2, 94) = 0.56, pb = 1, ηp
2 = .01).

Figure 8. Proportion of responding that a comparison interval was shorter than the standard interval.

The dashed line indicates the unbiased judgment (0.5) of the duration of comparison intervals. Error
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bars are standard errors, which reflect individual subject variability which is removed in

within-subject ANOVAs and paired t-tests. * pb < .05, *** pb < .0001

Points of subjective equality (PSE). To more clearly observe biases in perceived timing, we

calculated the PSEs for each participant in each condition (Figure 9). If participants are perceiving

veridically, then all PSEs should approximate 300 ms. If their duration perception is biased by

comparison onset time, then PSEs should differ from 300 ms. The average goodness-of-fit (R2) of

the linear model on converted PSE scores was 0.81 (SD = 0.09). One participant showed an unusual

PSE value, -188000000000000000, in early trials of the short-delay condition. We excluded this

subject for statistical analysis of PSE. Consistent with an overall effect of entrainment, comparison

onset time was significant (F(1.07, 49.29) = 36.5, p < .0001, ηp
2 = .44), with longer PSEs for early

comparison onsets compared to on-time (t(46) = 5.99, pb < .0001, d = 0.98) and late comparison

onset (t(46) = 6.18, pb < .0001, d = 1.19), and longer PSEs for on-time comparison onsets compared

to late comparison onset (t(46) = 3.97, pb < .001, d = 0.40). There was a significant main effect of

delay length (F(1.07, 49.20) = 8.53, p < .01, ηp
2 = .16), with longer PSEs for short-delay trials

compared to medium-delay trials (t(46) = 2.83, pb < .05, d = 0.51) and long-delay trials (t(46) =

3.05, pb < .05, d = 0.58). These main effects were qualified by a significant interaction effect

between comparison onset time and delay length (F(1.08, 49.48) = 33.60, p < .0001, ηp
2 = .43).

Simple effects analysis showed that the comparison onset times significantly influenced the PSE in

the short-delay condition (F(1.05, 48.28) = 35.11, pb < .0001, ηp
2 = .43) and the medium-delay

condition (F(2, 92) = 9.31, pb < .001, ηp
2 = .17), but there was not a significant effect of the

comparison onset times on the long-delay condition (F(2, 92) = 1.17, pb = .94, ηp
2 = .03). All

pairwise comparisons were significant in the short-delay condition: the PSE of the early onset was

longer than the on-time onset (t(46) = 5.96, pb < .0001, d = 1.05) and late onset (t(46) = 5.98, pb <
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.0001, d = 1.23), and the PSE in the on-time onset was longer than the late onset (t(46) = 3.80, pb <

.01, d = 0.50). In the medium-delay condition, early was longer than late (t(46) = 4.37, pb < .001, d

= 0.50). There were no significant pairwise differences of the comparison onset times in the

long-delay condition.

Exploratory analysis of PSE.

In order to determine whether timing biases persist at each delay, we compared subjective

estimation (i.e. PSEs) to the standard interval (300 ms), as a “null point”, in each condition by a

one-sample t test. This analysis confirmed that the response bias represented by PSEs was strongly

evident in the short-delay condition: Comparison intervals that began on-time produced subjective

estimates of the standard interval that did not differ statistically from the standard duration (mean

PSE 295 ms, t(46) = -1.33, pb = .57, d = -0.19), whereas participants tended to underestimate the

comparison intervals that began unexpectedly early (mean PSE of 363 ms, t(46) = 4.90, pb < .0001,

d = 0.71) and overestimated those that began late (mean PSE of 284 ms, t(46) = -5.42, pb < .0001, d

= -0.79). (Note that responding “shorter” more frequently corresponds to longer PSE and

responding “longer” more frequently corresponds to shorter PSE due to the definition and the

calculation of PSE.) On the other hand, this pattern disappeared in the medium (mean PSE of 303

ms, 301 ms, 298 ms) and long-delay conditions (mean PSE of 300 ms, 299 ms, 299 ms).
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Figure 9. Points of subjective equality (PSE). The dashed line indicates the unbiased PSE (600ms).

Error bars are standard errors, which reflect individual subject variability which is removed in

within-subject ANOVAs and paired t-tests. * pb < .05, ** pb < .001, *** pb < .0001

Table 4

Mean difference scores and standard errors for within-subjects pairwise comparisons. Standard

errors appear in parentheses. Note that we excluded the subject who had an aberrant PSE value for

the mean difference and standard error for PSE.

Short delay Medium delay Long delay

Early –

Ontime

Early –

Late

Ontime –

Late

Early –

Ontime

Early –

Late

Ontime –

Late

Early –

Ontime

Early –

Late

Ontime –

Late

Accuracy -0.09

(0.01)

-0.11

(0.01)

-0.02

(0.01)

-0.02

(0.01)

-0.01

(0.01)

0.01

(0.01)

-0.01

(0.01)

-0.01

(0.01)

0.00

(0.01)

Proportion

short

0.36

(0.02)

0.46

(0.02)

0.10

(0.02)

0.04

(0.01)

0.06

(0.01)

0.02

(0.01)

0.01

(0.01)

0.00

(0.01)

-0.01

(0.01)

PSE 67.22 78.14 10.92 2.71 5.15 2.44 0.89 0.69 -0.20
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(11.15) (12.93) (2.84) (1.24) (1.17) (1.13) (0.51) (0.68) (0.60)

Discussion

Our first goal was to replicate the observed decay of entrainment in Experiment 1 in a

different tempo (600 ms IOI vs 300 ms IOI). We achieved this goal: in Experiment 2, we again

observed statistically significant entrainment effects in the short delay, but not in the longer delays.

Similar to what we found in Experiment 1, we also observed a higher accuracy in long-delay than

medium-delay condition, and a higher accuracy in medium-delay than short-delay condition. Again,

this suggests that entrainment, rather than sharpening duration estimation, might actually deteriorate

subjects’ duration estimation, especially in the early trials in the short-delay condition, with some

other source of information accurately guiding duration judgments at longer delays.

Our second goal was to test over what time scale entrainment decreases: after a certain

amount of time (absolute delay), or a certain number of beats (relative delay)? Experiment 1 had

delays of 1200 ms (2 beats) and 2400 ms (4 beats), while Experiment 2 had delays of 600 ms (2

beats), 1200 ms (4 beats) and 2400 ms (8 beats). If the absolute delay account is true, we should

observe entrainment disappearing between 1200 ms and 2400 ms, as found in our previous

experiment. If the relative delay account is true, we should observe entrainment disappearing

between 600 ms (2 beats) and 1200 ms (4 beats). Here, we found that entrainment disappears

somewhere between 600 ms (2 beats) and 1200 ms (4 beats), which suggests a relative account

rather than an absolute account. However, the magnitude of the entrainment effect at 2 beats here

appears to be much stronger than Experiment 1. This would seem to be more in favor of

entrainment decay over absolute time, but it is not clear whether one can really equate across the

two experiments, both in terms of effect magnitude and in terms of slightly different populations

tested since studies were run at two different time points. We return to this point in the General



33
INTERVAL AND ENTRAINMENT MODELS IN DURATION PERCEPTION

Discussion.

General Discussion

The current research aimed to assess the persistence of entrainment effects on duration

perception in two experiments. Accordingly, we gauged how well interval models vs. entrainment

models of time perception predict listeners’ duration comparison performance with a range of

interstimulus intervals (delay durations). The task required participants to compare the duration of a

comparison interval to a standard interval. We manipulated the early, on-time and late comparison

starts with varied delays between the standard and comparison intervals. In Experiment 1, our data

suggest that entrainment models predict the behaviors better after short delays (2 beats, 1200 ms),

while interval models predict the behaviors better after long delays (4 beats, 2400 ms). In

Experiment 2, we extended the finding with doubled presentation rate (Experiment 1: 600 ms IOI

vs. Experiment 2: 300 ms IOI) and one more delay length (Experiment 1: short, long delay vs.

Experiment 2: short, medium, long delay). In Experiment 2, we found that entrainment models

predict the behaviors after short delays, while interval models predict the behaviors better after

medium and long delays.

A different question concerns the time scale over which entrainment disappears: does it

vanish over an amount of time or a certain number of beats? Based on patterns of statistical

significance in both PSE and proportion short, the short-delay conditions in Experiment 2 matched

the short-delay condition in Experiment 1 in showing entrainment effects. The medium and

long-delay conditions in Experiment 2 matched the long-delay condition in Experiment 1,

suggesting lack of entrainment but an interval timing effect. However, the amount of response bias,

most clearly visualized in the proportion of responding short, was quite different between the two

experiments (Figure 10). To further validate the relative over the absolute decay account, it is

critical to compare the effect size of the medium-delay condition in Experiment 2 (1200 ms) with
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the short-delay condition in Experiment 1 (also 1200 ms) (EXP2 medium vs EXP1 short) because

the delay length was controlled to be the same, the only difference was set by the beats during the

delay (4 beats vs 2 beats). If entrainment decay happens in absolute time, then the effect of response

bias after the same delay length should be identical. This is not what we found; instead, we found a

smaller effect size in EXP2 medium (ηp
2 = .27) than the EXP1 short (ηp

2 = .68). This finding

demonstrated that entrainment decays in a beat-based manner, rather than a time-based manner.

However, please note that the effect size of the EXP 2 short (ηp
2 = .85) was stronger than the EXP 1

short (ηp
2 = .68), suggesting an effect of absolute time such that entrainment is stronger after the

short absolute delay. This suggests that although entrainment disappears after a certain number of

beats, the decay rate is influenced by more complex processing that might include the nature of

memory loss over time according to different tempo, and perhaps the entire length, of the entraining

context. Sorting this out is beyond the scope of the current study, but future research could further

explore the joint influences of tempo, total context duration, number of context events, perceived

meter, and other parameters on entrainment decay, as well as further investigating entrainment

decay as a function of memory loss.
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Figure 10. Proportion of responding that a comparison interval was shorter than the standard

interval in Experiment 1 and Experiment 2. The dashed line indicates the unbiased judgment (0.5)

of the duration of comparison intervals. Error bars are standard errors.

An interesting pattern observed in our results for both experiments is that our participants

showed a stronger response bias in early onset trials than the late onset trials in both delay lengths,

as did McAuley and Jones (2003) in their Experiment 4. The asymmetry of the response bias cannot

be explained or predicted by either the interval or the entrainment models laid out by McAuley and

Jones (2003). Nevertheless, this finding is consistent with Repp’s (1998a) finding that late trials

have higher accuracy than early trials, which suggests that listeners more easily detect the duration

changes with a late onset than an early onset (see also Repp, 2002, who found that phase correction

responses are larger when a stimulus occurred unexpectedly early than when it was unexpectedly

late). Repp (1998b) suggested that the reason for this is that a stimulus which occurs earlier than

expected will precipitate the oscillator to start phase and period correction faster than a stimulus

which occurs later than expected. Similar effects have been found in actual musical practice. For

instance, there is often a slowing down of the tempo at the end of a music phrase or the end of a

whole music piece, which is a frequently applied performance practice called ritardando (Repp,

1992; Honing, 2003). This has been linked to a phenomenon observed widely across languages

called prepausal lengthening, in which there is an increase in speech duration just prior to the end

of a phrase (Umeda, 1975; Klatt, 1976; Crystal & House, 1988; Campbell & Isard, 1991).

Another interesting explanation, which our study did not test directly, is based on the

time-order error (TOE) effect. This is a systematic error in which the comparison duration is

underestimated (i.e. judged shorter than it actually is) after shorter delays, but this underestimation

decreases with a longer delay between standard and comparison (Allan, 1979). One could argue that
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our data fit this pattern; however, if TOE decreases with delay length, one would predict a

monotonic decrease between the shortest delay (early trials in short-delay condition) and the longest

delay (late trials in long-delay condition). This is not consistent with what we found, which is more

like a damped oscillation (see Figures 4, 5, 8, 9). In Experiment 1, the late trials in the short-delay

condition were overestimated more than the early trials in long-delay condition, even though it has a

shorter delay length. A similar pattern was found in Experiment 2. These observations suggest that

on top of the entrainment timing and interval timing system, the well-known TOE might contribute

to the stronger response bias in early onset trials but cannot explain the full data pattern.

Limitation.

In sum, we concluded that participants’ time perception was better predicted by entrainment

models if the delay length is short, while their performances were better predicted by interval

models if the delay length is long. However, one unexpected event encountered in the current study

was our high exclusion rate, particularly in Experiment 1 (15 out of 63 participants), which is higher

than McAuley and Jones’ original Experiment 4 (0 exclusions reported out of 14 participants).

Mostly, we excluded the participants due to low accuracy (10 out of 15 participants) on the most

distinguishable (easiest) comparison intervals in one or more blocks of test trials. Also, those 10

participants tended to have less music training compared to participants included in the analysis (2.5

years vs. 6.9 years). Thus, one explanation for the difference between the current study and

McAuley and Jones’ original experiment might be the music training: while we had a sample with

diverse music experiences, it is possible that only high-experience individuals volunteered for

McAuley and Jones’ study and that experience (or preexisting differences in ability) led those

participants to perform more accurately. Nonetheless, it is clear that there is a wide range of

performance in this task, and it is possible that different participants are using different

mechanisms.
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More broadly, explaining differences among individuals is an important issue faced in the

field. Several studies have shown individual differences in both behavioral and neural outcomes.

For example, Matthews (2011, Experiment 2) found different patterns across individuals in a

duration discrimination task (those results are replotted in Matthews and Meck’s 2014 review paper

Figure 3). They concluded that people perform quite differently in the behavioral tasks and this is

likely because they activated different neural temporal processing mechanisms when doing the

tasks. Grahn and McAuley (2009) also investigated people’s brain activations as a function of their

natural tendencies to perceive an implied beat or not. They found that the activation in auditory and

motor areas was correlated with individual differences in perceiving beats, even though the

behavioral performances were similar. This again reminds us that individual differences are one of

the major issues requiring more explorations in the field of time perception (Matthews & Meck,

2014), in terms of its behavioral, experiential, and neural bases.

Future directions.

Two important future directions are exploring how entrainment decay interacts with beat

production, and exploring the neural underpinnings of entrainment decay. The modified M & K

paradigm used in the current study is a relatively passive behavioral measure (i.e. listening

paradigm) compared to other paradigms in which listeners actively generate a metrical response

(e.g. finger-tapping). Future research might use active behavioral measures as well as neural

measures to enable a more direct investigation of the entrainment process. For example, recording

active rhythm production measures, such as synchronization error (see Repp, 2005 and Repp & Su,

2013 for a thorough review of tapping experiments), might allow researchers to observe a more

precise timing of entrainment decay across time. Further, this might highlight differences in

entrainment duration depending on the level of cognitive engagement. The entrainment effect might

last longer with active body engagements from an embodiment perspective.
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In a different direction, neural imaging tools such as EEG/MEG or fMRI and TMS can be

used to characterize the decay of entrainment effect in terms of brain activity, potentially clarifying

the neural mechanisms underlying time perception. Based on fMRI data, researchers have posited

that different brain networks may compute duration perception. One specific proposal is that the

cerebellum circuit is implicated in interval timing and the basal ganglia circuit is more involved in

entrainment timing (Buhusi & Meck, 2005; Grondin, 2010, Teki et al., 2011). The basal ganglia

circuit may be less functionally specific than the cerebellar circuit, with some findings of basal

ganglia supporting a role in encoding of time interval information (Harrington et al., 2004; Rao et

al., 2001). Only a few recent studies have directly contrasted entrainment-like and interval-like

duration perception systems. Recently, Breska and Ivry (2018) showed double dissociation evidence

for two timing systems: individuals with cerebellar degeneration showed deficits in a single-interval

cueing task (similar to interval timing), but not a rhythm cueing task (similar to entrainment), while

those with basal ganglia dysfunction showed the reverse pattern of difficulty. Moreover, duration

perception has also been linked to cortical networks such as premotor cortex, prefrontal cortex,

parietal cortex (Bueti et al., 2008; Harrington, Haaland, & Knight, 1998); modality-specific areas

such as V5/MT for visual temporal processing (Bueti, Bahrami, & Walsh, 2008); and supramodal

auditory cortex for time estimation of both auditory and visual stimuli (Kanai et al., 2011). See Ivry

and Schlerf (2008) and Grondin (2019) for an overview of different underlying neural mechanisms

of time perception.

The behavioral results from our modified M & K paradigm in the current study suggest a

differential activation of interval and entrainment circuits as a function of delay length. Our view is

that duration judgement performance can be explained by the weighted combination of the interval

and the entrainment models (and, at a mechanistic level, brain circuits), depending on how far the

entrainment effect has decayed. One interesting and important test of this hypothesis is whether
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there is evidence for a tradeoff in neural systems in play as entrainment decays, which might be

fruitfully investigated using MEG, which has both temporal precision and high spatial resolution.

Conclusion

In a modified duration discrimination paradigm, we found a duration judgement pattern

similar to the prediction of the entrainment models when there was a short delay between standard

and comparison intervals, and a pattern similar to the predictions of interval models when there

were longer delays between standard and comparison intervals. Our data suggest that the

entrainment effect may disappear somewhere between 2 beats and 4 beats according to the

entraining context, and thus, suggests the importance of adding a "delay parameter" to make the

entrainment models more complete. This parameter should take varied delay lengths (i.e. the

number of beats) into account to conduct the period and phase correction, and finally calculate the

temporal contrast. More importantly, we found that accuracy is not impaired when entrainment

decays--in fact, it increases. This finding suggests an interplay between entrainment and interval

timings as a function of delay length.
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Appendix

In this paragraph, we will review the essential formulas in McAuley and Jones’ (2003)

framework and further explain how they developed the predictions from the two models.

Based on the framework of McAuley and Jones (2003), a timekeeper (which can be

regarded as the internal clock in interval models or the oscillator in entrainment models) conducts

linear phase and period corrections by calculating the temporal contrast. This framework is useful

because it can be used to generate predictions aligned with both interval models and entrainment

models by changing two parameters. They proposed the following three formulas:

C represents the temporal contrast corresponding to the ith stimulus. It is corrected to the range

between -0.5 to 0.5 in their formula, as determined by ɸi, IOIi, and Pi. ɸi is the relative phase of the

ith stimulus onset. IOIi is the interval between the onset of the ith stimulus and the onset of the next

stimulus. Pi is the period of the current oscillator. The default of Pi is set to the first IOI. McAuley

and Jones set the first ɸ to zero, which means the phase of the timekeeper completely matches the

onset of the first external stimulus. Wɸ determines the extent of phase correction. This parameter

varies from 0 to 1. When Wɸ equals zero, the timekeeper does not modify the phase to follow the

onset of the external stimuli. When Wɸ is equal to one, the timekeeper updates the phase in every

cycle to completely match the onset of the external stimuli. WP determines the extent of the period

reset. Like Wɸ, this parameter also varied from 0 to 1. When WP is equal to zero, the timekeeper

does not change the period to match the change of the IOI. When WP is equal to one, the timekeeper

resets its period to match each IOI.
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McAuley and Jones’ (2003) framework can be used to generate predictions aligned with

both interval models and entrainment models by changing Wɸ and WP. As in the full phase reset

hypothesis, the timekeeper with Wɸ =1 mimics the characteristic of interval models. On the other

hand, the entrainment models have a flexible timekeeper with varied values of parameters Wɸ and

WP. In McAuley and Jones’ (2003) Experiment 4, they estimated the parameters for the entrainment

model to be Wɸ = 0.8, WP = 0.05 and the interval model to be Wɸ = 1, WP = 0. By using their

parameters for our study, which is very similar to McAuley and Jones’ (2003) Experiment 4, we

expected similar model predictions. By this setting of parameters and the manipulation of the

comparison onset times, which provide the IOI for each stimulus, we can calculate the temporal

contrast (C). By assuming that response probabilities approximated a normal distribution, C < 0 is

converted to responding shorter and C > 0 to responding longer. Then we can calculate the

predicted proportion of responding short, and then use that quantity to predict PSE for each model.

The interval models predicted the proportion of responding short or long to correspond perfectly to

whether the comparison intervals are actually shorter or longer than the standard interval, because

the full phase reset prevents the timekeeper from being influenced by the jitter of the delay length.

Accordingly, it predicts a PSE of 600 ms regardless of the comparison onset time manipulation. The

prediction of entrainment models is quite different. With a manipulation of unexpectedly early trials

(i.e. -180 ms onset time), the entrainment model predicted 100% of responding short in the first four

comparison intervals (i.e. 550, 570, 590, 610 ms), and 0% of responding short in the last two

comparison intervals (i.e. 630, 650ms) due to the compression of the delay length of 180 ms.

Therefore, the proportion short response would be 0.67 in the early trials. With a manipulation of

on-time trials, the entrainment model predicted 100% of responding short in the first three

comparison intervals (i.e. 550, 570, 590 ms) and 0% of responding short in the last three

comparison intervals (i.e. 610, 630, 650ms), and thus the proportion short response would be 0.5.
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With a manipulation of unexpectedly late onset trials, the entrainment model predicted 100% of

responding short in the first two comparison intervals (i.e. 550, 570 ms) and 0% of responding short

in the last four comparison intervals (i.e. 590, 610, 630, 650ms), thus the proportion short response

would be 0.33. In sum, with Wɸ = 0.8 and WP = 0.05, the estimated proportion short of early trials

equals 0.67 and estimated PSE of early trials ranges between 610 ms and 630 ms. The estimated

proportion short of ontime trials equals 0.5 and the estimated PSE of on-time trials ranges between

590 ms and 610 ms. The estimated proportion short of late trials equals 0.33 and the estimated PSE

of late trials ranges between 570 ms and 590 ms (Table 1). Please note that changing the Wɸ and WP

yields different estimated proportion short responses (i.e. 0, 0.17, 0.33, 0.5, 0.67, 0.83, 1) and the

corresponding PSEs.

As noted in the main manuscript, in Experiment 1, our short-delay results fit M&J’s

entrainment-model parameters better than their interval-model parameters, while our long-delay

results fit the interval-model parameters. We considered refitting the model to our data. Without

knowing exactly how M&J arrived at their parameter values, we explored the 2-dimensional space

of multiple parameter value combinations in early, ontime and late conditions (Figure A1). As it

turns out, a range of parameter values can predict our outcomes (and theirs, please see their Figure

5). To achieve either entrainment-like or interval-like outcomes corresponding to different

comparison onsets, the phase weight and period weight essentially trade off. On-time trials are not

informative with respect to cue weights since proportion short is identical regardless of cue weights.

We overlaid the left (early trials) and right (late trials) figures and found that only small regions fit

our proportion short results, briefly summarized as below. EXP1 short-delay condition

(entrainment-like results, highlighted in yellow): 0.67 (~0.67), 0.50 (~0.50), 0.45 (~0.50)

corresponding to early, ontime and late trials; EXP2 short-delay condition (entrainment-like results,

highlighted in orange): 0.81 (~0.83), 0.45 (~0.50), 0.35 (~0.33) corresponding to early, ontime and
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late trials; Long-delay conditions (interval-like results, highlighted in purple), including EXP1

long-delay, EXP2 medium-delay and EXP2 long-delay conditions: 0.54, 0.52, 0.52, 0.53, 0.49,

0.47, 0.49, 0.48, 0.48 (all ~0.5) corresponding to early, ontime and late trials, respectively. Please

find the highlighted regions in Figure A2.

Figure A1. Model prediction of proportion short response in early (left), ontime (middle) and late

(right) trials with different combinations of phase and period parameters.
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Figure A2. Highlighted regions that fit our proportion short results. The region highlighted in

purple represents the Experiment 1 long-delay, Experiment 2 medium-delay and Experiment 2

long-delay conditions. The region highlighted in yellow represents the Experiment 1 short-delay

condition. The region highlighted in orange represents the Experiment 2 short-delay condition. The

black dot represents the entrainment-model parameters (Wɸ = 0.8, WP = 0.05) used in McAuley and

Jones’ Experiment 4 (2003).




