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1 Introduction

The perception of time contributes profoundly to the construction of how we perceive the
world. We move by specific tempi and estimate the time at which to react to the trajectory of
a ball. Time perception holds an even more prominent role when listening and producing
music. As Berger (2014) has observed, in Schubert’s String Quintet in C major, D.956, the
context of fast and lively rhythmic patterns in slow and still contexts led to distortions in the
perceived durations. As complex auditory and sometimes audiovisual signals, music provides
the ideal playground for manipulating time perception. According to Nichols (2011), the
French composer Ravel also observed similar distortions in the “felt” (subjective) time when
Boléro was conducted at different speeds. The investigation into how we perceive time is
expected to contribute to clarifying the mechanisms that act as the foundation of human
timing performances; it also provides insights into one’s time experience in real-life scenarios

such as concerts, sports, or games.

To answer this question, the dissertation intends to evaluate how subjective time is
experienced. Time perception has no direct link to a sensory organ yet is facilitated by all
sensory modalities. Interestingly, evidence suggested that the perceived durations varied by
the sensory modality in which they were presented (Appelqvist-Dalton et al., 2022; Mayer et
al., 2014). When the drummers’ movement in performing a long note was combined with the
soundtrack of a short note, participants appeared to judge the sound longer than the objective
durations (Schutz & Lipscomb, 2007). Furthermore, non-musical attributes of the visual
presentation, as an integral part of piano recitals, affected the overall performance quality
judgments (Wapnick et al., 2009). Having these examples in mind, the modalities in which
time is perceived have inevitably affected one’s temporal judgments. The current dissertation
aims to determine the internal clock model adopted within the seconds (supra-second) range
by examining the modality-(in)dependent timing performances with ecologically valid
stimuli. Furthermore, it aims to set a foundation for the optimal clock model that integrates

cognitive engagements and modality-specific timing for future studies.
1.1 Timing theories

The theories surrounding human timing mechanisms have seen two main streams of internal
clock models: The intrinsic (distributed) and the central (dedicated) model (Wittmann, 2013).
The intrinsic clock model assumes that there is no such cognitive module as a timer

independent of sensory processing; instead, time perception reflects the implicit function that



varies within neural networks by different sensory modalities (Buonomano & Maass, 2009).
The central clock model, on the other hand, postulates a universal, independent timer
dedicated to the human timing function (Treisman, 1963). The pacemaker-counter device that
construes the basis of the central clock model hypothesizes that time perception is formulated
as the following: The temporal pulses are emitted by the pacemaker, recorded and compared
to the reference duration at the counter device before finally being judged as the subjective
duration (Allman & Meck, 2012; Gibbon, 1977). As an extension of the pacemaker-counter
theory, the Attentional Gate Model (Zakay & Block, 1995) emphasizes the role of attention
by hypothesizing that recording the temporal units is equivalent to them passing by the gate
of attention: When the “gate” opens wider (more attention), more units are recorded.
Consequently, the duration is perceived to be longer, and vice versa. The intrinsic model
warrants discrepancies among timing performances across modalities, whereas the central
clock model supports consistent performances. Considering findings on both models, Study 1
as a review was carried out to systematically investigate the theoretical base of the two timing

mechanisms and the modality-relevant evidence that supported or challenged them.

It should be noted that the thesis intends to discuss specifically time perception within
the seconds-to-minutes (supra-second) range. The duration-dependent nature of a variety of
timing mechanisms has been proposed by earlier research (for reviews, see Buhusi & Meck,
2005; Wittmann, 2013). The intrinsic clock model has been associated with millisecond (sub-
second) range timing where sensory processing could be directly involved (Burr et al., 2009;
Motala et al., 2018), whereas the central clock model has been linked to seconds-to-minutes
(supra-second) range timing, assuming that cognitive processes such as the working memory
(WM) and attention come into play as the pacemaker-counter mechanism postulates a
comparison of the attended temporal units to the reference duration stored in WM (Wittmann,
2013). Nevertheless, a number of studies have found modality-related disparities in human
timing performances in the supra-second range (e.g. Escoffier et al., 2010; Warm, Stutz, &
Vassolo, 1975; for a review, see Ivry & Schlerf, 2008). The findings led to the question of
whether the intrinsic clock model could explain and predict the supra-second range timing
behaviors. In this vein, the studies of this project set out to investigate the role of modality in

tempo judgments in this timescale.



1.2 The effects of sensory modalities

Examining the evidence for both clock models with multisensory stimuli as inputs sheds light
on their validity. The effects of modalities in time perception, when present, indicate that the
timing mechanism is distributed by separate neural networks dedicated to different sensory
processing; when not present, suggest that it functions independently and affects timing
performances across modalities consistently. Evidence that supports the intrinsic clock model
highlights the modality specificity (for a review, see Wang & Wollner, 2019). As the review
suggested, audition has been identified in several studies as the dominant modality over
vision in time perception tasks. For instance, The temporal ventriloquism effect indicated that
when perceiving a series of auditory and visual stimuli, the temporal location of visual inputs
was affected by the temporal location of the auditory ones (Burr et al., 2009). Similarly, the
auditory driving effect (Shipley, 1964) has revealed that when playing simultaneously, the
flutter rate of sounds lowered the perceived rate of visual flickers. In contrast, visual inputs
did not have similar effects on the auditory inputs in either study. The advantage of audition
over vision in time perception tasks was also observed in rhythmic pattern identification
(Guttman et al., 2005), duration estimation (Ortega et al., 2014), and tempo (Chen et al.,
2018).

Alternatively, some research proposed that the discrepancy between audition and
vision was in the opposite direction: Vision dominates temporal processing over audition in
certain circumstances. Schutz and Lipscomb (2007) found that when tempo-incongruent
audiovisual presentations of marimba performances were presented to viewers, the tempo
judgments of drumming sounds (auditory inputs) were biased by the musician’s gestures
(visual inputs) rather than auditory tempo. The finding, coined as the Schutz-Lipscomb
effect, has been replicated with duration estimation and the temporal-order judgment tasks
among young (18 to 29 years old) and old (65 to 78 years old) groups (Bak et al., 2021).
These studies support other findings where the effects of visual stimuli affected auditory
stimuli in tasks such as tempo discrimination (Su & Jonikaitis, 2011) and timing tasks in the
form of sensorimotor synchronization (Su, 2014). The above evidence indicated a modality
effect on various time perception tasks was present in favor of either audition or vision,

supporting a distributed clock model.

Ecological validity is an essential factor in the emerging role of vision against

audition in time perception. As mentioned in the previous literature, past studies that found



auditory dominance in temporal judgments over vision have mainly adopted visual stimuli
such as flashing lights (Burr et al., 2009; Repp & Penel, 2002) and Gabor patches that
consisted of even grids (Guttman et al., 2005). The stimuli were highly abstract and artificial.
According to Lewkowicz’s (2001) arguments, ecologically valid stimuli should represent the
relationship between experiment subjects and their perceptual experiences in the day-to-day
environment. In this case, light dots and patterned patches did not fully portray the nature of
visual encounters. Thus, findings of audition dominance in time perception cannot be entirely
relied upon. Instead, examples of visual outweighing the auditory effects in temporal
processing have seen the usage of actual music performances (e.g. Schutz & Lipscomb,
2007), which could resemble the daily perceptual experience to participants better than

artificial stimuli.

Attempts have been made to follow up on the nature of visual inputs in time
perception. For example, a comparison between finger tapping, moving bars, and flashes
suggested that finger tapping elicited higher accuracy in visuomotor synchronization than
flashes (Hove et al., 2010), indicating that environment-compatible visual inputs provided
more information for temporal judgments than incompatible ones. Taking a step further, a
study comparing an auditory distractor (pure tone metronome) with a bouncing ball as a
visual distractor in a sensorimotor synchronization task has found no main effects of either
modality (Hove et al., 2013). Apart from finger tapping and ball bouncing, ecologically valid
visual stimuli also include human movements in naturalistic scenes (e.g. Boltz, 2005) and
point-light displays (PLDs) (Johansson, 1973), which offer temporal cues that are common
and compatible with our daily perceptual experiences. Boltz (2005) has found no evidence of
auditory dominance in duration reproduction tasks when presenting participants with
naturalistic scenes in auditory and visual modes. When adopting PLDs as visual stimuli,
Grahn (2012) found that beat-based structures similarly enhanced participants’ performances
in rhythm discrimination with audition and vision. Overall, the findings did not support an

auditory dominance in the presence of ecologically valid visual stimuli.

Parallel to the modality-specific evidence, past research has also revealed inter-related
timing performances across sensory modalities as transferrable training effects. In a study
where a duration discrimination task was adopted, participants exhibited better performances
with auditory and visual stimuli after training sessions with auditory sequences (Bratzke et
al., 2012). Similarly, participants synchronizing with musical excerpts while responding to

visual targets placed in or out-of-phase with the auditory rhythmic patterns showed that the

10



in-phase visual targets were discriminated with higher accuracy (Bolger et al., 2013). Bolger
et al.’s (2013) study aligns with earlier research that, even when not attending to the
background of the piano music, participants responded faster to the visual stimuli than in the
silent condition (Escoffier et al., 2010). The studies revealed that the cross-modal transfer of
training effect followed the order from audition to vision but not from vision to audition. In
this case, audition appeared to dominate the temporal processing, thus supporting the intrinsic
clock model. Furthermore, there is also evidence of no cross-modal (audition-vision) transfer

with duration reproduction tasks (Motala et al., 2018).

Despite the asymmetry in the evidence that favors the intrinsic model, no conclusive
evidence has been found on which internal clock model is more applicable in human timing
scenarios. The uncertainty has, therefore, called for an investigation comparing performances
in time perception tasks with different sensory modalities to provide more evidence of the
validity of the two internal clock models. To answer the questions, Study 2 in this thesis
investigated participants’ modality preferences in tempo judgment tasks with audiovisual

tempo-incongruent stimuli.
1.3 Tempo manipulations affect time perception

The components of tempo, apart from event frequency, also affect the internal clock speed.
London (2011) has asked a question in an earlier investigation of whether “beat rate itself is a
transparent measure of musical speed” (p. 44). According to this study, tempo is a
multifaceted concept that, apart from the beat rate itself, encompasses rhythmic structures,
metrical levels, and salience of the event segmentations. Similar findings with visual stimuli
(moving patches) suggested that visual tempo had multiple components, including the
segmentation salience (Verghese & Stone, 1996), besides event frequency alone. It may be
inferred that the internal clock speed is under the influence of more than the apparent tempo
of auditory and visual events. As previously discussed, visual tempo could affect time
perception more strongly than auditory tempo, given that the inputs are highly plausible to
people’s perceptual experiences. This possibility, therefore, gives rise to the exploration in
Study 3 of how tempo manipulations, with the same presentation beat rates and different
kinematic features, might affect human timing performances in the visual aspect. This might
provide us with insights into the potential mechanism of the distributed clock model and,

thus, the search for an internal clock.
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Past research has seen the effects of tempo acceleration and deceleration on subjective
time. One study, for instance, showed that slow-motion clips of movies, ballet performances,
and sports scenes were perceived as shorter than the videos adapted to real-time speed
(Wollner et al., 2018), suggesting that the internal clock speed was synchronized to the
decelerated scenarios. As research showed, tempo changes were associated with the
movement features via the emotional states; for example, happy movements with high
movements were often found with fast movement velocity (de Meijer, 1989). It points to the
possibility that tempo could be composed of multiple facets. Subsequently, changes in visual
features such as movement complexity and fluidity in tempo-manipulated inputs could affect
the perception of time in addition to the beat rates the PLDs followed. Previous studies have
also implied that such visual feature changes (e.g. Aubry et al., 2008) led to variations in
subjective time. In Study 3, investigating the roles of these visual features in temporal
judgments could help us to further our understanding of which components are particularly

important to entrain the internal clock speed in an ecologically valid visual context.
1.4 The effects of emotions

Apart from sensory modalities, emotions share a close bond with time perception by exerting
extensive influences on the perceived time and reflecting the temporal attributes of
audiovisual inputs. Emotional arousal has been linked to the pace of the internal clock by
many previous studies. According to the pacemaker-counter mechanism, higher emotional
arousal increases the internal clock speed by higher emission of temporal units, thus leading
to longer perceived duration (for a review, see Grondin, 2010). Emotional contents,
nevertheless, demand attentional resources. As a result, the temporal pulses are under-
recorded in the counter device, leading to reduced accumulation of the internal clock “ticks”
that consequently translate to duration underestimation. Emotional music and sine waves
neutral sounds were judged to be similar in arousal level, while the musical stimuli were
underestimated in duration compared to neutral sounds (Droit-Volet et al., 2010). In this
respect, participants may have diverted attention to the stimuli rather than keeping the time,

therefore reporting the time shorter than with the neutral sounds.

Furthermore, viewing pictures of liked (high arousal) and disliked (low arousal) food
also elicited changes in duration estimation: Pictures of the preferred food were more likely
to be judged longer than the ones disliked (Gil et al., 2009). Interestingly, when valence and

arousal were aligned, e.g. low valence and high arousal, the latter had stronger influences on
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duration overestimation (Angrilli et al., 1997). Some argued that emotional valence only
affects the perception of time to a small extent, as researchers have found with experiments
where participants underestimated durations when listening to pleasant compared to
unpleasant sounds (Droit-Volet et al., 2013). Similar to the effect of arousal, the allocation of
attention to the timing processing was also assumed to play a central role in the influences of

emotional valence on subjective time.
1.5 Sensorimotor synchronization

The previous studies (Study 1, 2, and 3) aimed at tackling the disputes over the presence of
modality specificity in time perception, while Study 4 set out to understand how the internal
clock model functions in a highly ecologically valid context where motor involvement comes
into play. Instead of passively perceiving the inputs, sensorimotor synchronization with
auditory (Eerola et al., 2006) and visual beats (Huang et al., 2018) is common across age
groups and is in various forms, such as tapping, walking, and free full-body movements.
Tapping to external rhythms has been found to lead to duration underestimation
(Hammerschmidt & Wollner, 2020) and faster passage of time (Wollner & Hammerschmidt,
2021) by distracting the attentional resources allocated to the timing tasks. Attention has been
a key concept to the dedicated clock model (Block, 2003) and the central clock model, i.e.,
the pacemaker-counter theory (Treisman, 1963) where attention acted as a gatekeeper to the
temporal units recorded. A consensus of both models suggested that, as attentional resources
are limited, attending to tasks other than time judgment tasks would lead to less accurate
estimation of durations, whereas attending to time-related tasks resulted in higher temporal
sensitivity and longer perceived time (for a review, see Grondin, 2010). Altogether,
investigating the effects of sensorimotor synchronization on time perception as a type of
proactive timing could shed light on our internal clock mechanisms in relation to attention

and the involvement of sensorimotor synchronization.

2 Aims and objectives

This dissertation project aimed to look for evidence for an internal clock that serves as a
human timing mechanism. In Study 1, the theoretical background was to be examined
thoroughly. Past internal clock models and their evidence were compared on behavioral and
neurological levels. Recent findings that support the intrinsic internal clock have been

pointed out in particular. In Study 2, the study set out to look for evidence of modality-
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specific discrepancies in timing performances. More specifically, participants were asked
how they judged the durations of audio-visual incongruent stimuli compared to the reference
durations. Having identified the advantages of visual against auditory timing, Study 3 aimed
to examine the effects of variations in the visual cues on the perception of time. To identify
the timing accuracy with uni- and bi-modal inputs, duration judgments with visual and
audiovisual presentations were compared in Study 4. The effects of variations in the
kinematic features of a dancer’s performance in tempo-shifted point-light displays on the
perceived durations were investigated in addition to emotion ratings as the secondary
impacts. Finally, the study extended the context of the previous findings to an ecologically
valid audiovisual setting, where the effects of tapping to a drummer’s performances that

varied in tempo and complexities were looked into more closely.

3 Methods

3.1 Study 1

A narrative literature review was adopted as the main research method of this study. This
format was intended to provide an overview of the main theories of human timing
mechanisms with supporting evidence in different time ranges (sub-second, supra-second,
second to minutes, and minutes to hours). An emphasis was placed on how the central versus
intrinsic (distributed) clock theory shaped sensory-modality-specific research evidence. The
review aimed to identify a research gap that allowed further studies to support either internal
clock theory by identifying the consistency of timing performances across modalities

(audition and vision).
3.2 Study 2

3.2.1 Participants
The study was expected to follow the thread from Study 1 to verify whether the modality
effect was present in the seconds-range timescale. For this purpose, 24 participants (12
females, Muge=24.21yrs, SD4ge= 4.68) were recruited from the university campus and the
Institute of Systematic Musicology at the University of Hamburg for the study. A prevalence
of musical training was observed, as participants had, on average, 7.65 years of professional
training and 10.04 years of practice. Recruitment of the participants was in line with the
requirements of the Ethics Committee of the Faculty of Humanities at the University of

Hamburg. Each participant was compensated 10 Euros for their participation.

14



3.2.2 Apparatus
A human actor's movements were adopted to enhance the plausibility or ecological validity
of the visual stimuli to our perceptual experiences. Isochronous drumbeats and point-light
displays (PLDs) of a person jumping from left to right with hands moving up and down of 9
tempi (60 to 180BPM, 15BPM per step) were synthesized from recordings, respectively.
Drumbeat excerpts and PLDs of each tempo were combined in Adobe Premiere Pro CC 2017
(Adobe Systems, San Jose, CA. USA) to produce the 5-second audiovisual stimuli that would
be presented to the participants, leading to a total of 81 stimuli. Therefore, only 9 stimuli

were tempo-congruent in both sensory modalities.

The PLDs were recorded with the 11-camera motion capture system (Qualisys Oqus,
Qualisys AB, Goteborg, Sweden) at 200 frames per second. The MATLAB Motion Capture
(MoCap) Toolbox (Burger & Toiviainen, 2013) was adopted to time-shift the PLD, originally
recorded at 120 BPM, to the other 8 tempi. The drumbeats were created on Drumbit
(http://drumbit.app) from a bass drum. The experiment was presented on a Dell U2414Hb
monitor (Dell Technologies Inc., Round Rock, TX, USA) through the software OpenSesame
(Mathot et al., 2012). The soundtracks were played via a Sennheiser HD600 headphone set

(Sennheiser, GmbH, Hanover, Germany).

3.2.3 Procedure
Participants were invited to fill in the consent form. In the experiment, they were first
presented with a tempo-congruent slow (60BPM) and a fast (180BPM) reference stimulus
and asked to remember both as tempo “anchors” to compare with upcoming stimuli. Three
blocks of trials, each consisting of the full set of randomized stimuli, were presented
following the anchors. After each stimulus, participants were required to indicate their
judgments of the overall tempo in its similarity to either anchor tempo by pressing on a

keyboard. The slow and fast reference stimuli were replayed every 9 trials.

3.2.4 Analyses
Chi-square analyses and logistic regressions were adopted to separately examine the
followings: 1) Comparisons of numbers of the “fast” judgment for different auditory and
visual tempi. 2) The ratio of “fast” against all responses as a logistic function of auditory and
visual tempi. The points of subjective equality (PSEs), which is the audiovisual tempo when
participants were equally likely to judge “slow” and “fast” were also obtained. Lastly,

Pearson’s correlations were used to explore 3) the link between audiovisual tempo
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discrepancies and perceived naturalness. The analyses were conducted in R (Version 3.5.3;

Core Team, 2019).
3.3 Study 3

3.3.1 Participants
Study 3 investigates the differences between uni- and bimodal effects on the subjective
duration and emotions in the context of tempo-shifted movements. In this study, 62
participants (29 females, M4ge= 29.23 yrs, SD4ge = 8.83 yrs) were recruited from online
survey platforms. According to participants’ self-report with the Goldsmiths Music
Sophistication Index (Miillensiefen et al., 2014) and Dance Sophistication Index (Rose et al.,
2020), the prevalence of professional music training over 10 years (9.8%) and dance training
over 4 years (6.5%) has been low. The study was conducted in accordance with the
guidelines of the Ethics Committee of the Faculty of Humanities at the University of

Hamburg. Two 30-Euro prizes were drawn in a lottery and awarded to two participants.

3.3.2 Apparatus
The 10-second stimuli of human movement PLDs were presented in visual-only and
audiovisual forms in order to compare sensory modalities that elicited differences in
judgments. The movements were in line with the ones adopted in the previous study (Wang
et al., 2021); however, they were recorded in different original tempi: 86BPM, 130BPM, and
195BPM. It is intended to be consistent with the stimuli adopted in Study 2, such that future
comparisons for the purpose of modality differences (within unimodal vs. unimodal and
bimodal inputs) can be made. Each movement was accelerated and/or decelerated to match
the other two tempi, thus creating a total of 9 stimuli. The audiovisual stimuli encompassed

the 9 visual stimuli, synchronized with drumbeats from the bass drum (http://drumbit.app). 8

audiovisual catch trials that differed in lengths (5s and 10s) were also produced to ensure that

participants’ attention to stimuli durations was consistent.

3.3.3 Procedure
The experiment was conducted fully online via the platform SoSci Survey

(https://www.soscisurvey.de/). Participants were presented with two blocks of randomized

stimuli, each including the full set of tempo-original and -shifted, visual-only, and
audiovisual stimuli (N = 18). 4 catch trials were also presented in each block. Following the
display of a stimulus, participants were asked to estimate its duration in seconds and rate their

felt emotional arousal, valence, as well as the naturalness of the stimulus on a 7-point scale.
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3.3.4 Analyses
Linear mixed models (LMMs) were adopted to answer the following research questions: 1)
Whether tempo-shifted movements were perceived differently from tempo-original ones
regarding durations, emotion status, and naturalness. 2) Whether presentation modalities
elicited perceptual differences in the judgments above. 3) How tempo shifts induced changes
in the kinematic features contributed to the perceptual judgments. The LMMs took into
account inter-participant variability. The analyses were conducted in R (Version 3.5.3; Core

Team, 2019) using the package Ime4 (Bates et al., 2015).
3.4 Study 4

3.4.1 Participants
This study aimed to examine the influences of motor involvements and, subsequently,
attention effects on the internal clock speed with seconds-range intervals. To this end, 109
participants (67 females, Muge= 26 yrs, SDage= 7.04 yrs) were recruited for the online
experiment from the survey platform Prolific (https://prolific.co/) and the Institute of
Systematic Musicology at the University of Hamburg. A small number of participants (3.7%)
have received professional music training for over 10 years. The study was approved by the
Ethics Committee of the Faculty of Humanities at the University of Hamburg. Participants

have received an hourly compensation of €8.85/hour or course credits.

3.4.2 Apparatus
To provide a highly ecologically valid/naturalistic context, drumming performances were
used instead of the lab-designed jumps in the two previous studies. A total of 9 audiovisual
stimuli that were created from PLDs of a drummer (male, 27 years, over 20 years of
professional music training) playing 9 rhythms. The rhythms varied in three complexities
(simple, medium, complex) and three tempi (slow, medium, fast). The motion-capture
recordings were created from the same system (Qualisys Oqus 700) and MoCap toolbox
(Burger & Toiviainen, 2013) in MATLAB as in previous studies. Each stimulus lasts 15

seconds, whereas 4 catch trials varied in duration (8s and 30s).

3.4.3 Procedure

The experiment was conducted fully online via the platform SoSci Survey

(https://www.soscisurvey.de/). Participants were presented with two blocks of stimuli, each
comprising a full set of randomized stimuli and 2 catch trials (N = 11). In the first block,

participants were presented with a stimulus in each trial. They were then asked to estimate its
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duration and judge the PoT as well as the felt expressiveness on a 7-point scale (for an
example of the experiment interface, see Appendix). Before the second block, participants
familiarized themselves with the even, isochronous tapping as the correct approach. In the
second block, they were prompted to tap at a comfortable pace with each stimulus by
pressing the spacebar. Participants then estimated the performance duration, PoT, and

expressiveness.

3.4.4 Analyses
Two streams of linear mixed models (LMMs) were conducted separately to answer the
research questions. In the first stream of analyses, data from both tapping and no-tapping
trials were included to explore: 1) Whether the effects of tapping (motor involvement) were
present on the perceptual judgments. 2) Whether there were effects of varying tempo and
complexity as the attributes of rhythmic beats on the perceptual judgments. Interactions
between the musical attributes (tempo, complexity) and tapping were also explored. In the
second stream of models where only the tapping trials were included, it was examined 3)
whether the effects of tapping speed and stability affected the perceptual judgments. For both
lines of analyses, I investigated 4) whether the music training affected the judgments. The
models Similar to Study 2, the analyses were conducted in R (Version 3.5.3; Core Team,

2019) using the package Ime4 (Bates et al., 2015).
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4 Main results

4.1 Study 1

Two types of internal clock models that have been investigated intensively were identified:
The intrinsic and central clock models. The intrinsic model postulates that the human timing
mechanism is distributed among multiple sensory modalities, thus leading to modality-
specific timing performances. In contrast, the central clock model supports a universal timing
mechanism that leads to universal timing performances across modalities. Establishing the
modality-related difference as a fundamental gap between the two internal clock models
entailed the investigation of audiovisual evidence for and against both theories. Timing
performances with auditory stimuli compared to those with visual stimuli exhibited higher
accuracy and sensitivity, supporting the modality-specific timing mechanism, i.e., the
intrinsic clock model. However, studies also show that the training effect of time perception
tasks was transferrable across modalities, suggesting that the internal clock(s), if not
universal, should be at least inter-related. Alternatively, different timing mechanisms may be
fit for various time ranges. A flexible clock model might allow, as we have observed, the
intrinsic clock model for the sub-second range and the central clock model for the supra-
second (seconds to minutes) range. Audiovisual evidence, nevertheless, is still called for to

determine the timing models and the circumstances to which they are best applied.
4.2 Study 2

4.2.1 Visual versus auditory tempo
A chi-square test showed that, in general, participants tended to judge the tempo of visual
rather than auditory stimuli as “fast” across all tempi. The proportion of “fast” against all
responses was significantly different for slow and fast tempi. More specifically, when
presented with fast visual or auditory tempi, participants were more likely to judge “fast”
with the fast visual tempo, whereas when presented with slow visual or auditory tempi,
participants were more likely to judge “fast” with the slow auditory tempo (in other words,
more “slow” judgments with the slow visual tempo). To further validate our points, a two-
dimensional logistic regression was conducted to examine the likelihood of “fast” against
“slow” judgments in different visual and auditory tempo conditions. Significant main effects

of visual and auditory tempo on the proportion of “fast” judgments suggested that not only
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did both modalities contribute to the judgments, per unit change in the visual tempo

contributed more to that in auditory tempo.

4.2.2 Individual modality reliance
Participants were categorized into three types based on the results of their individual logistic
regression results: Audition- (N4 = 7), vision- (Ny = 16), or bimodal-reliant (N4» = 1). The log
ratio between auditory and visual tempo coefficients was adopted as an indicator. When the
log falls between -0.05 to 0.05, participants were identified as bimodal-reliant; when the log
falls below -0.05, they were identified as vision-reliant; when the log is higher than 0.05, they
were identified as audition-reliant. A Chi-square test among the number of participants
between types suggested that the number of vision-reliant participants was significantly
higher than audition- and bimodal-reliant ones. Taken together, the results indicated a clear

reliance on visual tempo compared to auditory tempo.

4.3 Study 3

4.3.1 Effects of tempo and modality
Linear mixed models showed the contributions of presentation modality, stimuli tempo,
manipulation, and their interactions to the judgments of emotional arousal, valence, duration
estimation, and naturalness. For emotional arousal, fast tempo, acceleration, and audiovisual
presentation were significantly rated significantly higher than slow, non-acceleration, and
visual-only stimuli. For emotional valence, visual-only presentations were perceived as
significantly higher (more positive) than audiovisual ones. A three-way interaction among
manipulation, modality, and tempo revealed that, in slow conditions, the modality effect
(visual-only higher than audiovisual stimuli) was again present. In contrast, acceleration was
rated higher in valence than original and deceleration in medium conditions. For naturalness,
significant main effects of tempo and manipulation were present, as well as the interaction
effect between both. In slow and fast conditions, tempo-original stimuli were rated more
natural than tempo-manipulated ones (slow - deceleration, fast - acceleration). In medium
conditions, accelerated stimuli were rated more natural than decelerated ones. For duration

estimation, no significant effects were found.

4.3.2 Contributions of movement features changes
A set of linear mixed models was conducted to examine the contributions of movement
complexity and fluidity to the judgments of emotional arousal, valence, duration estimation,

and naturalness while having tempo as a control variable. For emotional arousal, a significant
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main effect of complexity and the interaction effect between fluidity and complexity were
found. Post-hoc analyses suggested that increases in fluidity predicted lower arousal when
movement complexity was high, while the effect was not present when complexity was low.
For emotional valence, movements higher in complexity and fluidity were perceived as lower
(less positive). For naturalness, movements higher in complexity and fluidity were also
perceived to be less natural. For duration estimation, no significant effects were found. In
general, emotional valence and arousal appeared to be more sensitive to tempo manipulations

and modality differences than duration judgments.
4.4 Study 4

4.4.1 Influence of tapping versus no-tapping
Linear mixed models were conducted to examine participants’ time and expressiveness
judgments when tapping and not tapping to the stimuli. Contributions of tempo, complexity,
and participants’ music training (MT) were also taken into account. A significant interaction
effect between tempo and tapping was found for duration estimation. Post-hoc analyses
revealed that participants perceived the slow and medium tempi differently: Tapping trials
were perceived significantly slower than no-tapping trials. For PoT judgments, tapping trials
also passed faster than no-tapping trials. In addition, the more complex the rhythms, the faster
the PoT. For the perceived expressiveness, higher tempo was associated with higher
expressiveness. Furthermore, significant interaction effects between 1) tapping and MT and
2) complexity and MT revealed that only highly musically trained participants perceived the
tapping trials as more expressive than no-tapping ones. They also perceived the complex

stimuli as more expressive than the simple rhythms.

4.4.2 Influence of the tapping speed and stability
Linear mixed models were conducted with only the tapping trials in order to examine the
effects of participants’ tapping speed and stability on their perceptual judgments, in addition
to the effects of tempo, complexity, and MT. For PoT, the main effects of tapping stability
and tempo were found: The more unstable the tapping and the faster the stimuli, the faster the
PoT. However, the interaction between tapping speed and stability did not yield significant
differences in post-hoc analyses. That is to say, the time-related judgments were strongly
influenced by the general motor involvement but less so by the speed and stability of the
tapping behaviors. A significant main effect of tempo was found for expressiveness: The

faster the tempo, the more expressive the stimuli were perceived. No effects of tapping speed
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and stability were found. For duration estimation, no significant effects of any predictors

were found.

5 Discussion

The findings from Study 1 to 4 have provided consistent evidence for the following points:
Firstly, the intrinsic clock model that underlines the modality discrepancies in temporal
processing might also be applicable to seconds-range intervals. Secondly, visual dominance
over audition has been found in tempo judgments, supporting the speculations from Study 1
of a seconds-range intrinsic clock. In efforts to explore the uni- versus bi-modal effects,
Study 3 found no differences between the two on duration estimation. However, tempo-
shifted visual stimuli elicited variations in emotional valence and arousal, suggesting that the
kinematic features as potential sub-dimensions of tempo may affect the internal clock speed
that wasn’t reflected explicitly. Finally, Study 4 revealed that motor involvement could
reduce the internal clock speed by potentially distracting attentional resources on time
perception. The results further supported the role of attention in seconds-range timing, raising
questions of whether an intrinsic clock could also encompass cognitive engagements with

long intervals. The details are discussed in the following.
5.1 Visual driving effect

In Study 2, ecologically valid visual stimuli contributed more than the auditory stimuli to
tempo judgments. In a tempo-incongruent context, not only did most participants prefer to
rely on the visual tempo for judgments, but per unit changes in the visual tempo also elicited
greater changes in the log-likelihood of the “fast” response ratio than the auditory tempo.
Regardless of the auditory tempo, participants were more likely to judge “fast” when the
visual tempo was fast and “slow” when the visual tempo was “slow”. The observations
aligned with the intrinsic clock model by showing modality specificity, validating the local

processing of the temporal units to the sensory modalities.

The intrinsic clock model hypothesizes modality-specific timing for two reasons: 1)
Variations in the state of neural mechanisms that supply the perceived temporal information
are local to different modalities (Karmarkar & Buonomano, 2007), and 2) As the intrinsic
model found most of its evidence in the sub-second range, it has been assumed that
millisecond timing was “sensory-based” (p. 564) rather than involved with attention and

WM, which were regarded the center of the central clock model (Grondin, 2010). Study 2
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found a modality effect with 5-second stimuli. It indicates the applicable range of the intrinsic

clock model could be extended to the supra-second range.

A possible explanation can be found with the time-based expectancy effect
(Thomaschke et al., 2015), which stemmed from the state-dependent network theory
(Karmarkar & Buonomano, 2007) as an integral mechanism to the intrinsic clock model.
More specifically, the time-based expectancy effect refers to faster neural and behavioral
responses towards familiarized intervals with specific sensory features as an encoded state
change than the unexpected intervals with new features (Thomaschke et al., 2015). A study
found a time-based expectancy effect with both sub- and supra-second-ranged stimuli in a
time-event correlation task (Aufschnaiter et al., 2020), suggesting that the internal clock
might also be supported within the seconds range. Such findings, together with results from
Study 2, could contribute to the possibility of a supra-second scale timing mechanism that
entails local processing of temporal information. Alternatively, the effect indicates that the
sensory-based timing and cognitive processes, including attention and WM, may be equally
involved with the internal clock model. It has, therefore, raised the possibility of a new clock
model that could integrate both sides in the supra-second range, which calls for future

explorations of its neural mechanisms and corresponding behavioral evidence

The effects of visual stimuli on tempo judgments further confirmed that vision could
drive the perception of time when ecologically valid stimuli were applied. The finding
challenged the modality-appropriateness theory (Ward, 1994) that vision was deemed more
appropriate for spatial processing while audition was for temporal judgments. This might be
due to high salience with valid visual inputs. As the Colativa effect (Colavita, 1974)
suggested, when visual and auditory inputs were presented simultaneously, visual inputs were
perceived as more salient. Similarly, in this case, the visual aspect of the audiovisual stimuli
could receive more attention than the auditory tempo. The reliability of the sensory
modalities in temporal processing might be a possible explanation for the visual driving
effect. In accordance with the information reliability theory (Andersen et al., 2004), the
reliability of modalities in human timing represented the amount of signal in relation to noise:
The more reliable the modality, the more weight it would be assigned to in temporal
processing, such as in duration estimation tasks (Hartcher-O’brien et al., 2014). Therefore,
previous findings on auditory dominance in time-related judgments (e.g. Guttman et al.,
2005; Shipley, 1964) may have taken advantage of the lower reliability in its visual

counterparts compared to the auditory inputs. A study that evaluated auditory and visually
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induced fission and fusion effects (two closely occurring events accompanied by one inducer
were perceived as one, while one event accompanied by two inducer was perceived as two)
also suggested that the visual cues were less relied upon potentially due to lower temporal
resolution with vision, and hence lower salience of the visual stimuli (Apthorp et al., 2013). It
is, therefore, inevitable to discuss the ecological validity that might be essential to the

temporal resolution of vision, hence its reliability in tempo judgments.
5.2 Information specificity

Study 2 hypothesized that visual trajectories that were plausible to human perceptual
experiences (left-right jumps performed by a human actor) would also provide high
specificity, allowing vision to exert greater influences on tempo judgments than audition. As
the results suggested, visual stimuli were more relied on than auditory stimuli regarding
tempo judgments. The specificity of the visual information was partially reflected by the
perceived naturalness, as a tempo effect on the naturalness rating was present with vision but
not with audition: The faster the tempo, the more natural it was perceived. Consistent with
previous studies (Hove et al., 2010, 2013), the findings pointed to a dominant role of vision
in time-related judgments when the trajectories of the stimuli were compatible with viewers’
expectations based on their perceptual experiences. It also leads to a possible connection that
whichever modality is perceived as more ecologically valid is also more reliable and, in
accordance with the information reliability theory (Andersen et al., 2004), could be assigned

more weights in temporal judgments.
5.3 Effects of visual vs. audiovisual stimuli on perceived durations

Following the evidence from Study 2 that an internal clock model might be supported, Study
3 further extended the comparison between the effects of unimodal (visual) and bimodal
(audiovisual) stimuli on subjective time. Participants showed no significant differences in
duration estimation between uni- and bi-modal presentations. However, audiovisual stimuli
were rated higher in arousal but less positive in valence than visual stimuli in the perceived
durations. The absence of additive effect with bimodal inputs was opposed to past findings
that congruent multisensory signals were usually perceived as more salient and precisely;
they could also elicit stronger neural responses than unimodal inputs (Van der Burg et al.,
2011; Van Wassenhove et al., 2007). However, it has been argued that more attention to
bimodal than unimodal inputs did not necessarily translate to better temporal performances,

such as discrimination of temporal locations (e.g. Apthorp et al., 2013). What hinders the
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process in between might be that attention was allocated to the more salient party in a
multisensory context. Even though the audiovisual stimuli were higher in salience than the
unimodal ones, the discrepancy between the two modalities within the audiovisual inputs
potentially still exists. In Study 3, a significant difference between the effects of visual and
audiovisual stimuli was not found, which pointed to the possibility that vision was a more
salient modality than audition. Thus, it was more attended to than the auditory component
overall. This would align with the finding from Study 2 that visual tempo has a dominant role
in the overall tempo judgments of audiovisual presentations. However, the question of how

bimodal information is integrated in the optimal fashion remains.
5.4 Tempo manipulations: Absence of temporal effects

Study 3 shed light on the sub-dimensions of tempo by examining the factors that could elicit
variations in emotion and temporal judgments when the presentation tempo remained the
same. The findings revealed that movement complexity and fluidity impacted the perceived

emotional valence and arousal but not directly on the estimated durations.

The effects of kinematic feature changes were not present for duration estimation,
possibly due to the lower sensitivity of this measure to internal clock speed variations
compared to PoT judgments. A previous study found that tempo changes affected the
perceived PoT but not duration judgments in a seconds-range task; the effects on PoT and
duration estimation were only significant in a minutes-range task (Droit-Volet et al., 2017).
The finding pointed out that the timescale that allowed the involvement of cognitive
processes, such as the retrieval and comparison of memory, should be met in order to elicit
changes in the subjective duration. Study 3 shared the feature of a seconds-range timescale in
its task with Droit-Volet et al.’s (2017) experiment. Alternatively, the absence of effect could
be due to the limited extent of kinematic feature changes. A study with tempo-shifted disco
music (from 105BPM to 125BPM) has not seen changes in the perceived durations but rather
in duration reproduction, which did not demand as much cognitive processing as in the
duration estimation task (Hammerschmidt et al., 2021). Together with the absence of
kinematic effects on duration estimation in Study 3, the studies elucidate a potential
characteristic of the intrinsic clock model that: 1) The clock speed changes could be reflected
by lower-level temporal judgments with greater sensitivity than by higher-level judgments; 2)
Tempo as well as kinematic features changes to a minimum extent are needed to entrain the

internal clock speed, in accordance with the dynamic attention theory (Jones & Boltz, 1989).
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Considering this possibility, Study 4 further suggested the asymmetry of lower-level vs.

higher-level temporal judgments was present in an audiovisual context.

With the same presentation tempo, increased movement complexity led to higher
arousal and less positive valence. In comparison, increases in fluidity were associated with
lower arousal (only when complexity was high) and also less positive valence. The changes
in emotion measurements potentially reflect the influences of kinematic changes on
subjective time. Previous evidence has supported robust connections between emotional
arousal and tempo (e.g. Droit-Volet et al., 2010; Droit-Volet et al., 2013): Faster tempo was
associated with higher arousal and slower tempo with lower arousal. Considering the
association between tempo and the internal clock speed (when entrained to the external
tempo) (Wang & Wollner, 2019), it might be speculated that high arousal is related to faster
clock speed. Recent evidence found a direct correlation between higher psychological and
physiological arousal with longer perceived duration than when the arousal was low
(Appelqgvist-Dalton et al., 2022), further suggesting that arousal could be associated with
clock speed. However, the link between emotional valence and the internal clock bears
ambiguity. As discussed in Droit-Volet et al.’s works, a comparison between the effects of
happy vs. sad music supported the idea that valence did not induce significant changes in
duration judgments (2010). In contrast, pleasant vs. unpleasant music suggested that stimuli
of positive valence were judged shorter (2013). However, the extent of changes in fluidity
and complexity might not have reached the lower threshold for significant changes in the
perceived durations, similar to earlier findings on the minimum tempo change
(Hammerschmidt et al., 2021). Based on the findings, it might be speculated that more
complex movements were associated with faster clock speed, while more fluid movements
with slower clock speed. However, the speculation has to be interpreted with caution, as no
direct evidence from Study 3 has suggested that the changes in kinematic features (were

strong enough to) affect the internal clock speed.
5.5 Tapping changes the subjective time

Having the understanding of modality-specific temporal processing from Study 2 and 3,
Study 4 moved on to investigate the performances of an internal clock model when proactive
timing in an ecologically valid, audiovisual context was involved. In this study, motor
involvements have been found to induce slower passage of time and shorter duration

perceived in slow and medium tempo conditions. The findings are consistent with results
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from past studies, where the tapping task parallel to the timing tasks led to duration
underestimation and faster PoT (Hammerschmidt, Wéllner, et al., 2021; Wollner &
Hammerschmidt, 2021). This was potentially due to diverted attention resources allocated to
tapping from the timing. According to the Attentional Gate Model (Block et al., 2010),
attention on the temporal units emitted directly influences the internal clock speed by
controlling the units that pass through the “gate”. A simultaneous task that needs attending
could reduce the recorded temporal pulses, leading to fewer pulses accumulating in the
pacemaker-counter device (Fraisse, 1978; Gibbon, 1977). In this vein, participants in Study 4
were distracted from the duration estimation and PoT judgments when keeping an
isochronous beat to the drumming performances. However, it should be noted that the
speculated mechanism of attention allocation supports a central clock model, which has been
found to be the most applicable in seconds-range timing (Buhusi & Meck, 2005). The high-
level cognitive control that involves attention, rather than low-level, sensory-based timing in
the milliseconds range, has been believed to be a feature of the seconds-range timing (for a
review, see Grondin, 2010). Considering evidence that was found in Study 2 and 3 regarding
a possible intrinsic clock model in seconds-range timescale, future studies should explore the

role of attention when temporal information is processed locally to each sensory modality.

It is noteworthy that the ecological validity in Study 4 was potentially higher than in
Study 2 and 3, where the left-right jump was a lab-designed movement that was aimed at
motion continuity and motor control (for details, see Allingham et al., 2021). Study 4 has
employed the point-light displays of a drummer performing three rhythms varying in tempo
and complexity, which could be more natural and common to participants’ perceptual
experiences. The transferability of temporal judgment tasks from the artificial lab setting to
real-world, ecologically valid scenarios has been an emerging topic in time-related research
(for a review, see Matthews & Meck, 2014). Nevertheless, this review reached no conclusive
judgments on the impacts of naturalistic settings on subjective time. A comparison of the
results from the Study 2 to 4 suggested that ecological validity may have influenced the
temporal judgments, which potentially reflect the involvement of cognitive process in
seconds-range timescale: With left-right jumps, tempo encoding was successful with both
auditory and visual tempo. However, such movements did not lead to estimated duration
changes. With the drumming performances, significant changes have been observed in both
PoT and duration judgments (at slow and medium tempi), implying that more naturalistic

scenes could be linked to a greater extent of changes in the internal clock speed than the less
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plausible ones. As previously discussed, more temporal units could be accumulated when
more attention was allocated to the timing task. In this vein, it may be hypothesized that
stimuli of higher ecological validity received more attention than the ones of lower validity.
This additional finding demands further investigations of whether different levels of
measured ecological validity bring low- and high-level temporal encoding into play, which

could translate to the seconds-range applicability of internal clock models.

6 Limitations and future directions

The studies encompassed a few limitations that could be improved and further explored in
future studies. To begin with, the effects of ecological validity on time-related judgments
were subject to the lack of a systematic measurement. As discussed earlier (Lewkowicz,
2001), an ecologically valid stimulus should be consistent with participants’ perceptual
experiences. Though Study 2 and 3 have measured the perceived naturalness of the stimuli,
the definition of what naturalness was for the participant bears ambiguity. In turn, whether
naturalness can be translated into ecological validity was unclear. Past studies that have
adopted such stimuli focused on a compatible spatial-temporal relationship of the movement
trajectories in relatively simple motions such as finger tapping (Hove et al., 2010), while
others applied real-life scenarios such as video game playing (Tobin et al., 2010). Future
studies should consider both qualitative and quantitative approaches in exploring how
ecological validity is represented across the population, especially in complex scenarios.
Such findings would shed light on the explanation for the possible effects of attention on

temporal judgments with ecological validity compared to artificial stimuli.

Regarding the visual advantage that was found with the tempo judgment task, the
studies have no direct evidence that this unique effect, potentially associated with increased
ecological validity, leads to changes in PoT and duration estimation. This was due to the
absence of design in the following studies, where audiovisual incongruent stimuli were not
used. Future studies could consider such paradigms where auditory and visual information of
similar ecological validity measured by pre-test ratings are judged equally or not in time-

related tasks.

Another limitation of the study is that the durations of the stimuli ranged from 5 to 15
seconds. This has restricted our observation of the human timing performances, alternatively

the functions of the internal clock to the seconds-range timescale. Earlier evidence has
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mainly indicated the applicability of the intrinsic model in the milliseconds range (e.g. Burr
et al., 2009). Though modality-specific timing performances in the seconds range that
supported the intrinsic clock model were found, it remains a question whether similar effects
could be observed in longer time spans. As Tobin and colleagues (2010) pointed out,
ecologically valid timing scenarios could often be composed of minutes and durations
beyond in addition to experience-coherent motions. Future studies must rethink the existing
internal clock models on neural and behavioral levels if a modality effect in temporal

processing is found in the minute range and beyond.

7 Conclusion

Altogether, this research project has gathered theoretical and empirical evidence on the topic
of the intrinsic clock model as a possible internal timing mechanism. The findings contribute
to validating the features of an internal clock in the seconds-range timescale from a few
perspectives: 1) Whether temporal processing is universal or local; 2) Whether cross-modal
timing offers an advantage over unimodal inputs through optimal integration of the temporal
information; 3) Time experiences that reflect the functionality of the internal clock in a

highly naturalistic, multisensory context.

The modality-specific tempo judgments supported the presence of a distributed timing
system, such that temporal inputs were processed as a local flow of information. An
advantage of visual inputs was also found, challenging the traditional view of auditory
dominance in temporal processing in circumstances of high ecological validity. The visual
advantage was further evidenced by the absence of an additive effect when comparing visual
to audiovisual inputs of the same movements (left-right jumps), suggesting that vision was
potentially of high salience in duration judgments. By comparing the temporal judgments
with drumming performances to that with lab-designed jumps across studies, it may be
deducted that stimuli of high ecological validity receive more attention in temporal
judgments than the ones of low validity, thus implying the internal clock model is subject to
environmental influences. The speculation, however, requires further validation where a
direct comparison is made. Furthermore, the findings unanimously emphasize the role of
attention in time perception, which is essential to determining the internal clock models. Past
evidence supports the optimal applicability of a central clock model in a seconds range
timescale where attention as a part of the cognitive processes plays a role, while the evidence

from the current project leaves room for the involvement of attention in the intrinsic model.
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Therefore, despite the evidence on modality effect, the debate between an intrinsic and a

central clock model is still open for discussion.

The findings shed light on two aspects of future studies: Firstly, greater importance
should be attached to ecological validity than in the past, as it appeared to affect the internal
clock speed and, ultimately, how modalities weighed in temporal processing. Secondly, how
attention affects the modality-specific timing should be studied in greater detail to clarify the
mechanism of an intrinsic clock in the supra-second timescale. The studies also provide
insights into how our timing behaviors could be interpreted and predicted in laboratory
settings and real-world scenarios. For instance, to influence one’s subjective time, the visual
aspect should be assigned greater weight than the auditory one. In the end, this dissertation
hopes to deepen the understanding of the theoretical grounds for the internal clock models

and find evidence that contributes to its mechanism on the behavioral level.
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Summary (English)

Time cannot be perceived directly via a dedicated sensory organ but is rather construed from
inputs of multiple sensory modalities. The debate of whether the internal clock model is
central or intrinsic (distributed) has been a topic of interest in time perception studies. This
dissertation aims to find theoretical and empirical evidence for the optimal internal clock
model in the seconds range timescale. In addition, human timing performances on different
levels of ecological validity were also examined to further verify the sensitivity of the
internal clock model towards the environmental influences as a less explored attribute. Four
studies were conducted accordingly: Study 1 explored the literature backgrounds of the two
clock models and identified key points of differences. Study 2 followed the thread of
modality specificity in temporal processing and confirmed the discrepancy between visual
and auditory inputs with tempo judgments. Study 3 further compared the duration judgments
with visual and audiovisual stimuli using the same movements as in Study 2, investigating
whether bimodal stimuli change time perception compared to unimodal inputs. Finally, Study
4 examined the participants’ passage of time (PoT) ratings and duration estimation in the
context of audiovisual drumming performances, which entailed higher ecological validity
than the lab-designed motions in Study 2 and 3.

In Study 1, a narrative literature review was conducted to investigate the main internal clock
models, the supportive mechanisms, and the key factors that could affect the internal clock
speed. The study identified the intrinsic and central clock as the optimal leading models in
the sub-seconds and supra-seconds timescales, respectively. Evidence that supports either
model diverged on the presence of a modality effect: The intrinsic clock is in line with
modality-specific timing with an emphasis on sub-second, sensory-based timing. In contrast,
the central clock hypothesizes a universal timer across modalities where cognitive
mechanisms such as attention contribute to the seconds' range and beyond. However,
empirical evidence suggested that the modality-specific effect in time-related judgments was
also present in the seconds-to-minute time span. The finding invites further exploration to
confirm the possibility of an intrinsic clock model in the time range of what used to be
believed to be the applicable range for the central clock.

To this end, Study 2 investigated tempo judgments in a tempo-incongruent context with the
bisection paradigm. Participants judged the overall tempo of a stimulus to be closer to the
slow or fast reference tempi. In contrast, the auditory and visual tempi of the stimulus did not
necessarily align. The findings suggested that participants not only preferred to rely on the
visual tempo, but it also elicited greater change per unit in the proportion of “fast” judgments
than the auditory tempo overall. In this case, the results support the intrinsic clock model in
the supra-second timescale. Apart from the modality specificity, Study 2 also revealed a
possibility of visual dominance in temporal processing by increasing the ecological validity
of the stimulus. Instead of employing artificial stimuli as previous studies did, this study used
human movements that may have provided higher plausibility that was in line with the
participants’ perceptual experience.

Study 3 continued investigating modality-relevant effects for the intrinsic clock model by
comparing perceived durations and emotions between visual (unimodal) and audiovisual
(bimodal) presentations. In this study, participants judged the durations, emotional valence,
and arousal of tempo-shifted movements (same basis as in Study 2). No significant
differences were found between the modalities, suggesting that the bimodal advantage in
temporal processing that has been found in some studies earlier may not be present when
ecologically valid movements were evaluated. This might be due to the high salience of the
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visual stimuli, again supporting the visual dominance effect found in Study 2. In addition, the
findings showed that emotional arousal and valence were sensitive to differences in
movement complexity and fluidity when stimuli of different original tempi were shifted to
the same speed. This indicates a possibility that tempo, as an important factor in the internal
clock speed, is not merely event frequency but a multiple-faceted concept that calls for future
exploration.

Extending on the findings of ecological validity, Study 4 adopted a musical context of high
ecological validity where a drummer performed rhythms varying in tempo and complexity as
stimuli. The study compared timing performances when participants observed the stimuli
only and when they freely and isochronously tapped to the stimuli. The findings indicated
significantly faster PoT and shorter duration (at slow and medium tempi) perceived when
tapping than not tapping. In this case, motor involvement appeared to distract attention from
time judgments, suggesting that attention is a key component in supra-second timing.
Though not present in all conditions, tempo effects on both PoT and duration estimation in
Study 4 compared to not finding an effect in Study 3 might suggest that naturalistic
performance scenes that were more ecologically valid than lab-designed movements
potentially also received more attention, leading to a greater extent of changes in the internal
clock speed according to the pacemaker-counter theory. It is speculated that ecological
validity as an important environmental factor influences the allocation of attention in
temporal processing. However, the existing intrinsic clock lacks the power to explain the role
of attention in supra-second timing as with the central clock model. Therefore, the
discrepancy demands future investigations of a timing mechanism compatible with modality
specificity and cognitive processes indispensable to seconds-range temporal judgments.

In general, the findings of the current dissertation have contributed to the understanding of
the internal clock that is at the center of time perception in an audiovisual context. Study 1
identified modality specificity that essentially distinguished the central vs. intrinsic clock
model. The Modality effects found in Study 2 further provided evidence for an intrinsic clock
in the supra-second timescale. Using the same movement stimuli, Study 3 revealed the
absence of a bimodal advantage in temporal processing compared to unimodal stimuli,
potentially corresponding to a visual dominance effect with ecologically valid inputs. Study 4
found evidence for the involvement of attention in supra-second PoT and duration judgments,
in addition to a possible effect of ecological validity on the internal clock speed. The
observations provide implications for the evolvement of internal clock models, along with
passive and proactive strategies that could influence time perception in day-to-day auditory
and visual experiences.
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Zusammenfassung (Deutsch)

Zeit kann nicht direkt iiber ein bestimmtes Sinnesorgan wahrgenommen werden, sondern
wird vielmehr aus den Informationen mehrerer Sinnesmodalititen konstruiert. Die
Diskussion dariiber, ob der menschliche Zeitmessungsmechanismus, die sogenannte innere
Uhr, ein zentrales oder ein intrinsisches (verteiltes) Uhrenmodell darstellt, ist ein wichtiges
Thema in der Zeitwahrnehmungsforschung. Ziel dieser Dissertation war es, theoretische und
empirische Belege fiir das optimale interne Uhrenmodell im Sekundenbereich zu finden.
Dazu wurden menschliches Zeitempfinden auf verschiedenen Ebenen der 6kologischen
Validitét untersucht, um die Sensitivitdt des internen Uhrenmodells gegeniiber
Umwelteinfliissen als einen weniger erforschten Gegenstand weiter zu verifizieren. Hierfiir
wurden vier Studien durchgefiihrt: Studie 1 untersuchte die existierende Forschungsliteratur
zu den beiden Uhrenmodellen und identifizierte die wichtigsten Unterschiede. Studie 2
vertiefte den Aspekt der Modalitétsspezifitit bei der zeitlichen Verarbeitung und bestétigte
die Diskrepanz zwischen visuellen und auditiven Inputs bei Tempobeurteilungen. In Studie 3
wurde die Beurteilung der Dauer bei visuellen und audiovisuellen Reizen mit denselben
Stimulus-Bewegungen wie in Studie 2 verglichen in Erwartung eines additiven Effekts bei
bimodalen im Gegensatz zu unimodalen Inputs. Studie 4 untersuchte schlielich die
Zeitspannen- (PoT) und Zeitdauereinschdtzung von Versuchsteilnehmenden im Kontext
audiovisueller Perkussionsperformances, die eine hohere dkologische Validitit als die im
Labor entworfenen Bewegungen in Studie 2 und 3 mit sich brachten.

Studie 1 beschiftigt sich mit der vorhandenen Literatur, um die wichtigsten Modelle der
inneren Uhr, die unterstiitzenden Mechanismen sowie die Schliisselfaktoren zu untersuchen.
In der Studie wurden die intrinsische Uhr und die zentrale Uhr als die fithrenden Modelle
identifiziert, die im Sub-Sekunden- bzw. Supra-Sekunden-Zeitbereich optimal waren. Die
Beweise, die die beiden Modelle unterstiitzen, unterscheiden sich hinsichtlich des
Vorhandenseins eines Modalitatseffekts: Die intrinsische Uhr steht im Einklang mit der
modalititsspezifischen Zeitmessung mit Schwerpunkt auf der sensorischen Zeitmessung im
Subsekundenbereich, wihrend die zentrale Uhr von einem universellen Zeitgeber iiber alle
Modalitidten hinweg ausgeht, bei dem die kognitiven Mechanismen, wie z. B. die
Aufmerksamkeit, einen Beitrag im Sekundenbereich und dariiber hinaus leisten. In Studie 1
wurden jedoch empirische Belege gefunden, die den Modalititseffekt auch auf der supra-
sekundlichen Zeitskala hervorheben. Dieses Ergebnis lddt zu weiteren Untersuchungen ein,
um die Moglichkeit eines intrinsischen Uhrenmodells in dem Zeitbereich zu bestitigen, der
frither als der fiir die zentrale Uhr geltende Bereich angesehen wurde.

Zu diesem Zweck wurden in Studie 2 die Tempobeurteilungen in einem tempo-
inkongruenten Kontext mit dem Bisektionsparadigma untersucht. Die
Versuchsteilnehmenden bewerteten das Gesamttempo eines Reizes als ndher am langsamen
oder schnellen Referenztempo, wéhrend das auditive und visuelle Tempo des Reizes nicht
unbedingt iibereinstimmte. Die Ergebnisse deuten darauf hin, dass nicht nur mehr
Teilnehmende es vorzogen sich auf das visuelle Tempo zu verlassen, sondern dass dieses
auch eine groBere Verdnderung pro Einheit im Anteil der "schnellen" Beurteilungen
hervorrief als das auditive Tempo insgesamt. In diesem Fall spricht die Evidenz fiir das
intrinsische Uhrenmodell auf der Supra-Sekunden-Zeitskala. Abgesehen von der
Modalititsspezifitit zeigte Studie 2 auch eine mdgliche visuelle Dominanz bei der zeitlichen
Verarbeitung, indem die 6kologische Validitdt des Stimulus erhéht wurde. Statt kiinstliche
Stimuli wie vorangehende Studien zu verwenden, nutze diese Studie menschliche
Bewegungen, welche moglicherweise eine hohere Plausibilitét bieten, mit der
Wahrnehmungserfahrung der Teilnehmende iibereinzustimmen.
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Studie 3 setzte den Weg der modalitétsrelevanten Effekte flir das intrinsische Uhrenmodell
fort, indem sie die wahrgenommenen Dauern und Emotionen zwischen visuellen
(unimodalen) und audiovisuellen (bimodalen) Présentationen verglich. In dieser Studie
beurteilten die Teilnehmenden die Dauer, die emotionale Valenz und die Erregung von
tempoverschobenen Bewegungen (dieselbe Basis wie in Studie 2). In Studie 3 wurden keine
signifikanten Unterschiede in der Modalitit festgestellt, was darauf hindeutet, dass der
bimodale Vorteil bei der zeitlichen Verarbeitung, der in einigen fritheren Studien festgestellt
wurde, bei der Bewertung 6kologisch valider Bewegungen moglicherweise nicht gegeben ist.
Dies konnte auf die hohe Salienz der visuellen Reize zuriickzufiihren sein, was wiederum den
in Studie 2 gefundenen Effekt der visuellen Dominanz unterstiitzt. Dariiber hinaus zeigten die
Ergebnisse, dass emotionale Erregung und Valenz von Unterschieden in der
Bewegungskomplexitit und -fluiditdt abhéngig waren, wenn Stimuli mit unterschiedlichem
Originaltempo in derselben Geschwindigkeit prisentiert wurden. Dies deutet darauf hin, dass
das Tempo als wichtiger Faktor fiir die interne Taktrate nicht nur die bloBe Frequenz von
Ereignissen ist, sondern ein vielschichtiges Konzept, das noch weiter erforscht werden sollte.

In Studie 4 wurde ein musikalischer Kontext mit hoher dkologischer Validitat untersucht, in
dem ein Schlagzeuger Rhythmen mit unterschiedlichem Tempo und unterschiedlicher
Komplexitit als Stimuli einspielte. Verglichen wurden die Zeitleistungen, als die Teilnehmer
die Stimuli nur beobachteten und als sie frei und isochron zu den Stimuli klopften. Die
Ergebnisse zeigten eine signifikant schnellere PoT und eine kiirzere Dauer (bei langsamen
und mittleren Tempi) beim Klopfen im Vergleich zu keinem Klopfen. Hier schien die
motorische Beteiligung die Aufmerksamkeit von der Zeitbeurteilung abzulenken, was darauf
hindeutet, dass die Aufmerksamkeit eine Schliisselkomponente beim Supersekunden-Timing
ist. Das Auftreten von Tempo-Effekten in Studie 4 bei der PoT als auch bei der
Dauereinschétzung, im Vergleich zum fehlenden Effekt in Studie 3, konnte bedeuten, dass
naturalistische Auffiihrungsszenen, die 6kologisch valider waren als im Labor entworfene
Bewegungen, mdglicherweise auch mehr Aufmerksamkeit erhielten, was gemal3 der
Schrittmacher-Zahler-Theorie zu einem grofleren Ausmall an Verdnderungen in der internen
Uhrgeschwindigkeit fiihrte. Es wird vermutet, dass 6kologische Validitét als wichtiger
Umweltfaktor die Aufmerksamkeitszuweisung bei der zeitlichen Verarbeitung beeinflusst.
Allerdings fehlt der existierenden intrinsischen Uhr die Erklarungskraft hinsichtlich der Rolle
der Aufmerksamkeit bei der Supra-Sekunden-Taktung wie beim zentralen Uhrenmodell. Die
Diskrepanz erfordert daher zukiinftige Untersuchungen eines Timing-Mechanismus, der mit
der Modalitatsspezifitit und den kognitiven Prozessen, die fiir zeitliche Urteile im
Sekundenbereich unerlésslich sind, kompatibel ist.

Insgesamt haben die Ergebnisse der vorliegenden Dissertation zum weiteren Verstindnis der
internen Uhr beigetragen, die im Zentrum der Zeitwahrnehmung in einem audiovisuellen
Kontext steht. In Studie 1 wurde eine Modalitétsspezifitdt identifiziert, die im Wesentlichen
zwischen dem zentralen und dem intrinsischen Uhrenmodell unterscheidet.
Modalitétseffekte, die in Studie 2 gefunden wurden, lieferten weitere Belege fiir eine
intrinsische Uhr in der Supersekunden-Zeitskala. Unter Verwendung der gleichen
Bewegungsreize zeigte Studie 3 das Fehlen eines bimodalen Vorteils bei der zeitlichen
Verarbeitung im Vergleich zu unimodalen Reizen, was moglicherweise einem visuellen
Dominanzeffekt mit 6kologisch validen Stimuli entspricht. In Studie 4 wurden Belege fiir die
Beteiligung der Aufmerksamkeit an der Beurteilung von PoT und Dauer im Sekundenbereich
gefunden, zusétzlich zu einem moglichen Effekt der 6kologischen Validitat auf die
Geschwindigkeit der internen Uhr. Die Beobachtungen haben Auswirkungen auf die
Entwicklung von Modellen der inneren Uhr sowie auf passive und proaktive Strategien, die
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die subjektive Zeitwahrnehmung bei alltiglichen Hor- und Seherlebnissen beeinflussen
konnten.
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Forschungsberichte zum Themenschwerpunkt

Time as the Ink That Music Is Written With: A Review of Internal Clock

Models and Their Explanatory Power in Audiovisual Perception

Zeit als Grundlage der Musik: Ein Uberblick zu Modellen innerer Uhren und deren Erklarungswert fiir die
audiovisuelle Wahrnehmung

Xinyue Wang*z, Clemens Wollner=

[a] Institut fir Systematische Musikwissenschaft, Universitat Hamburg, Hamburg, Germany.

Abstract

The current review addresses two internal clock models that have dominated discussions in timing research for the last decades. More
specifically, it discusses whether the central or the intrinsic clock model better describes the fluctuations in subjective time. Identifying the
timing mechanism is critical to explain and predict timing behaviours in various audiovisual contexts. Music stands out for its prominence in
real life scenarios along with its great potential to alter subjective time. An emphasis on how music as a complex dynamic auditory signal
affects timing accuracy led us to examine the behavioural and neuropsychological evidence that supports either clock model. In addition to
the timing mechanisms, an overview of internal and external variables, such as attention and emotions as well as the classic experimental
paradigms is provided, in order to examine how the mechanisms function in response to changes occurring particularly during music
experiences. Neither model can explain the effects of music on subjective timing entirely: The intrinsic model applies primarily to subsecond
timing, whereas the central model applies to the suprasecond range. In order to explain time experiences in music, one has to consider the
target intervals as well as the contextual factors mentioned above. Further research is needed to reconcile the gap between theories, and
suggestions for future empirical studies are outlined.

Keywords: internal clock models, Dynamic Attending Theory, Scalar Expectancy Theory, music perception, audiovisual timing

Zusammenfassung

Dieser Uberblick befasst sich mit zwei Modellen der inneren Uhr, die in den letzten Jahrzehnten die Diskussion in der Forschung zur
Zeitwahrnehmung und -gestaltung bestimmt haben. Insbesondere wird diskutiert, ob das zentrale oder das intrinsische Uhrenmodell
Schwankungen der subjektiven Zeit besser erklart. Dabei ist das Erkennen des zugrundeliegenden Mechanismus' entscheidend, um das
Zeiterleben im Nachhinein zu erklaren oder in verschiedenen audiovisuellen Kontexten vorherzusagen. Musik zeichnet sich durch ihre
Bedeutung in realen Szenarien sowie durch ihr groBes Potenzial zur Veranderung des subjektiven Zeiterlebens aus. Musik kann als
komplexes dynamisches Audiosignal die zeitliche Genauigkeit beeinflussen. Dies ist der Hintergrund, verhaltensbezogene und
neuropsychologische Belege zu diskutieren, die eines der Uhrenmodelle oder beide unterstiitzen. Neben den Zeitmechanismen wird ein
Uberblick auf interne und externe Variablen wie Aufmerksamkeit und Emotion, sowie auf klassische experimentelle Paradigmen gegeben.
Dadurch wird dargelegt, welche Rolle den Mechanismen zukommt hinsichtlich der Reaktion auf Anderungen im Stimulusmaterial,
insbesondere beim Erleben von Musik. Im Ergebnis kann kein Modell die Auswirkungen von Musik auf das subjektive Zeiterleben
vollstandig erklaren. Wahrend das intrinsische Modell in erster Linie das Zeiterleben fiir sehr kurze Dauern unterhalb einer Sekunde zu
erklaren vermag, bietet das zentrale Modell einen hoheren Erklarungswert fir den Suprasekundenbereich, das heifdt fur das Timing von
Sekunden bis Minuten. Um Zeiterfahrungen in der Musik zu erklaren, missen die Zielintervalle sowie die oben genannten Kontextfaktoren
beriicksichtigt werden. Weitere Forschungen sind erforderlich, um die Kluft zwischen den Theorien zu schlieBen, wobei Vorschlage fir
kiinftige empirische Studien skizziert werden.

Schlisselwérter: Innere Uhrenmodelle, Dynamic Attending Theory, Scalar Expectancy Theory, Musikwahrnehmung, audiovisuelles
Zeiterleben
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Properties of time have attracted the interest of researchers since long. From a Newtonian perspective, time is
seen as an arrow flying eternally forward, whereas for classical thermodynamics, the passage of time shares
similarity with the irreversible increase of entropy, or the degree of disorder in the universe (Lieb & Yngvason,
1999). The psychological study of time perception, in comparison, held different opinions. One of the earliest
efforts in capturing an internal timing system stemmed from doctors’ skills in making accurate estimates of
time based on heartbeats and breathing (Goudriaan, 1921). Composers, as experts of time and timing, have
discovered the link between the tempo in which their works are played and the impression of durations
among the audience. Ravel once complained to Furtwéangler that his Boléro, when played too fast, would feel
unjustifiably long (Nichols, 2011). Ravel's somewhat paradoxical observation comes close to that of cognitive
scientists, such that music played at various tempi could induce corresponding time distortions (e.g., Droit-Volet
et al., 2010).

Much as Ravel perceived, music is a form of art closely intertwined with time. A rich vein of literature has
pointed out that rhythmic patterns, or beats, are fundamentally embedded in all genres of music, leading to
perceptual periodicities (London, 2004; Nozaradan, 2014). The perceived periodicities provide a sequence of
external events, which could subsequently be internalized as representations of time (Droit-Volet et al., 2013;
Gibbon et al., 1984; Jones & Boltz, 1989). Music- or beat-induced movements are noticed across a wide range
of ages as the substantiation of an individuals’ anticipation of the rhythmic patterns — among infants (Zentner
& Eerola, 2010), pre-schoolers (Eerola et al., 2006), and adults (Burger et al., 2018). By either proactively
or passively synchronising to the musical beats, an individual's perceptual time is subject to modifications.
The general tendency indicates that fast music leads to duration overestimation, whereas slow music to
underestimations (Droit-Volet et al., 2013; Wang & Shi, 2019).

In this review, timing refers to the active process of monitoring temporal order by explicit (e.g., tapping) or
implicit (e.g., silent counting) actions, with an emphasis on the efforts involved in the task. Meanwhile, duration
estimation, the action of gauging past time, composes the second part of time perception. It encompasses the
concepts of both prospective (knowing before that the duration of an event should be judged) and retrospective
timing (judging duration afterwards) after the target duration has elapsed (Zakay & Block, 1995). In this sense,
one could passively experience the passage of time with or without attending to the passage of time itself,
which affects subsequent judgments.
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In relation to duration estimation, it is equally important to underline the role of beat perception, or inner
timing as the ability to perceive and predict the temporal location of events. As a supporter of the cerebral
clock model, Poppel (1989) hypothesized that maintaining a constant tempo in music production, especially in
classical music, has to do with a time keeping mechanism that functions mainly by tracking the temporal order
such as synchrony and succession in addition to measuring durations. In the same vein, a “3-second window
of temporal integration” (Poppel, 1989, p. 86) was assumed to constitute the psychological present. This has
consequences for perceiving musical tempo and the integration of beats, and hence subjective experiences of
time. Similar attempts for developing clock models were based on beat perception (Langner, 2002; Schulze,
1978). Schulze, in particular, pivoted the Dynamic Attending Theory (Jones & Boltz, 1989) that emerged later
by emphasizing the variability of internal clock speed under the influence of environmental cues (accelerating
and decelerating beat patterns).

While some studies investigated musical tempo in order to formulate hypotheses about clock models, other
research found that the variables embedded in tempo, such as isochrony, salience, or complexity, directly
evoked changes in the functioning of the internal clock. Povel and Essens (1985) observed in their experiments
that different grouping of rhythmic beats led to various temporal reproductions, giving rise to a best fit for the
internal clock. Explanations lie in the coupling of beat accents and the clock ‘tick’: the stronger the beat pattern
is (in this case, higher metrical level), and the less complex the metrical structure is, the more likely the beat
would activate the internal time recording system and be represented in temporal processing. Recognizing beat
perception not only helps understanding human timing better, but also particularly with music listening and
performing, which can also be understood in terms of proactive and active timing. In fact, frequent exposure to
musical beat production appears to enhance one’s temporal sensitivity, and this effect may transcend to other
sensory modalities (from audition to vision; Cicchini et al., 2012). Apart from external training, the stability of
intrinsic rhythm was also positively correlated with tempo reproduction performances (McPherson et al., 2018).
It is therefore essential to look into the complexity in musical tempo itself.

Musical tempo is subject to ambiguity. The complexity of tempo structures in music has long been recognized
(e.g., Pressnitzer et al., 2011). It is not only marked by the number of note events in a melody (Behne,
1976), nor only by the patterns of percussion instruments, but rather by changes in pitch, timbre, or loudness
(Brochard et al., 2003), as well as phrasing and articulation (Auhagen & Busch, 1998). Multiple sound sources
of the instruments in a symphony orchestra vary tremendously across different sections and therefore consti-
tute auditory streams that are hard to disentangle (Shamma & Micheyl, 2010), especially for non-musicians.
Note that the difficulty of correctly identifying temporal structures in music is not equal to that of correctly
identifying the tempo of music, considering the latter has more to do with detecting the absolute ‘speed’ and
tempo changes. Attempts have been made to examine the thresholds of detecting musical tempo acceleration
and deceleration, for instance, among musically trained and untrained groups (e.g., Ellis, 1991). There are
several assumptions of how we cope with “noisy” auditory signals in terms of time and tempo perception. Some
argued that the process of tempo extraction depends mainly on periodic regularities (McDermott et al., 2011),
while others emphasized the importance of learning, regardless of tempo structure complexities (Agus et al.,
2010).

A small number of studies aimed at the disentanglement of auditory rhythmic features and revealed how tempo
salience affects perceptual time. One study investigated different metrical levels and found effects on listeners’
sense of time (Hammerschmidt & Wollner, 2020). More specifically, the lower the metrical level individuals at-
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tended to by tapping (e.g., eight notes versus half notes), the longer a music excerpt was perceived, providing
some evidence for the impact of event density (cf. Behne, 1976). In this case, the count of time was affected by
the number of beats registered in memory.

Apart from music, inputs from other sensory modalities may also affect temporal processing. Indeed, psycho-
logical research has often used visual stimuli such as flashes or flickering lights to investigate time. For
instance, studies of the entrainment effect for independent modalities showed that the presence of either
visual flickers or pure tones led to higher entrainment (e.g., Ortega & Lépez, 2008; Treisman & Brogan, 1992;
Treisman et al., 1990). The effect, nevertheless, is not limited to one modality. Past research suggests that
auditory signals of various complexities could enhance the entrainment effect for visual sequences and, in
some cases, were transferable to the attention acuity of the other modality (Bolger et al., 2013; Escoffier et
al.,, 2010). In Bolger et al.’s study, participants were able to perform equally well in a target detection task
regardless of the target modality (auditory or visual) when entrained with tone sequences. Another case in
point is the cross-modal transfer in tempo discrimination between auditory and tactile domains, where training
with rhythmic sounds led to enhanced performance in that of the latter (Nagarajan et al., 1998). These studies
provide evidence that the cognitive processes involved in timing and time perception should function at a
domain-general level.

In this review, an overview is provided of internal clock models that were established or further developed in
recent years. In particular, the aim was to show how each model accounts for the experience of musical time
in auditory and audiovisual contexts. We will tackle questions such as: How does music facilitate temporal
processing? What are the timing mechanisms and models, and how do they explain the inference between
music and perceptual time, respectively? What are the implications of studying music and time perception?

The Internal Clock

Comparable to an actual clock, the internal clock has been an analogy for the timing mechanism in human and
animals (Eagleman et al., 2005; Ivry & Schlerf, 2008). The temporal order of events is recorded by multiple
sensory modalities and processed in, according to different theories, a variety of pathways before becoming
representations of time, that is, the occurrence of “clock ticks”. Early in the discussion, hypotheses stated that
time perception was a form of information processing that highly depended on the recording capacity (Ornstein,
1969). Researchers such as Barry (1990) and Schulze (1978) both emphasized the importance of music as
an environmental construct of attention that shaped both the perceived time (in terms of its duration) and the
passage of time (the perceived speed).

In the past years, two major theories were on the forefront in discussions as to how the temporal units are
recorded, both postulating the presence of a specific cognitive module dedicated to timing. The ‘no clock’
hypothesis, or state-dependent network, and the ‘central clock’ hypothesis have both received increasing atten-
tion in research (Grondin, 2010b). The latter, in particular, encompasses two theories: The Dynamic Attending
Theory, based on a non-linear cumulation of temporal units, as well as the Scalar Expectancy Theory, which
assumed that the emission of temporal pulses follows a linear approach (lvry & Schlerf, 2008). Such as Stern
(1897) had already pointed out for “Prasenzzeit” (the experienced present moment) and the time range for
other cognitive processes, it appears that different theories function best at specific time ranges (Figure 1).
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The central clock model

Dynamic Attending Theory
e Non-linear cumulation of pulses
e Temporal entrainment to external events

Scalar Expectancy Theory
e Linear cumulation of pulses
e Weber's law/the scalar property
e The pacemaker-counter model

The intrinsic clock model

State-Dependent Network " - _—
e Embedded within each network Ongnsvm g ...
e Modality specific e Subject to contextual calibrations

e Retrospective timing

e Affected by previous events

Subsecond (milliseconds) Suprasecond (seconds) Seconds to minutes Minutes to hours

The interval of a stimulus

Figure 1. An overview of the internal clock models specified by interval ranges (subsecond, suprasecond, seconds to
minutes, and minutes to hours) as well as by the division of central vs. intrinsic model.

Note. The most important features described in the overview were discussed in detail in the following sections. For a review
of the research methods adopted in timing studies, see Grondin (2010b).

The Intrinsic Clock Model

Unlike the traditional view of a clock, some researchers believe that there might be no clock at all. Such a ‘no-
clock’ model is known as a state-dependent timing system or intrinsic model (lvry & Schlerf, 2008). The ‘state’
here describes the specific circumstances generated by a neural network in response to external changes.
Timing is seen as an implicit function of each neural network that is activated for a given sensory modality and
is sensitive to pre- and post-interval changes. It is postulated that activity-elicited changes in neural networks
directly reflect the inherent temporal structures and therefore serve as references for timing in sub-second
intervals (e.g., Karmarkar & Buonomano, 2007). The process is also referred to as “a temporal-to-spatial
transformation” (Karmarkar & Buonomano, 2007, p. 3), or the “intrinsic model”, as researchers hypothesize that
timing is an integral function of neural activity (Ivry & Schlerf, 2008).

The model essentially suggests that timing as a function is distributed to a variety of neural structures in
which oscillatory patterns stay consistent, known as the recurrent neural network (Buonomano & Laje, 2011).
Ramping, or climbing activities in neural oscillations ranging from primarily low frequency gamma band to
higher frequency such as beta and alpha band (e.g., Wittmann, 2013) have been revealed as the physiological
basis for the model, in addition to neural spikes across a wide range of brain regions such as the striatum
(Gu et al., 2015). The time stamps, or accumulated states, are hypothesized to be expressed on both micro
(individual neurons) as well as macro (populatory neuron excitation/inhibition) levels (Buonomano & Laje,
2011).
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The intrinsic model proposes the possibility that timing is an inherent function of multiple dynamic neural
networks. The flexibility allows the network to take into account calibrations towards previous durations and
to judge the duration of the current event on this basis. Furthermore, by hypothesizing the implicity of timing,
there is no need for external triggers even when an event is absent. However, the state-dependent network
also has its shortcomings. Studies suggested that the model is only applicable to the subsecond range. That
is to say, the cumulative effects of previous events, either enhancing or reducing one’s temporal sensitivity,
diminished within up to 300 milliseconds (Buonomano et al., 2009). On the other hand, it does not offer a clear
explanation of cross-modal temporal information integration. This is where the central clock model provides a
useful alternative perspective.

The Central Clock Model

The central timing mechanism, also known as the dedicated clock model (e.g., Allman et al., 2014), stemmed
from Treisman's (1963) work. Decades of research into the human timing mechanism were based on this
model and have assumed that timing is a specific cognitive module, hypothetically located across the global
neural network (e.g., Allman & Meck, 2012).

Where is the ‘clock’ in our brain? Neurological studies supporting the timing mechanism as an independent
cognitive module that is dedicated solely to this function, however, do not necessarily assume one single
structure in the brain for it. Research rather supports the roles of a wide range of brain regions working
collaboratively in order to process time (e.g., Buhusi & Meck, 2005). The cerebellum, for example, is involved
in short duration judgments, arguably from a few hundred milliseconds to 30 seconds (Allman & Meck, 2012).
Disruptions to other cortical and subcortical structures including the basal ganglia can lead to timing deficits
also in larger time frames. In Schwartze and colleagues’ (2011) study, participants with basal ganglia lesion
failed to detect tempo acceleration and deceleration of tones and could not entrain tapping movements with
the signals. The evidence implicates a global network where multiple brain regions are involved; impairments
at any part of the chain could possibly lead to malfunctions of the timing mechanism. There are two prominent
theories with consequences for time processing in music that will be explained below.

The Dynamic Attending Theory (DAT)

DAT, also known as the oscillator model, hypothesizes that the ability to estimate the duration of past events
depends on the coupling between attentional pulses and the occurrences of external events (Jones & Boltz,
1989). The theory supports the presence of a central clock, in the sense that the allocation of attention as
a limited resource is based on the expectation of the next event on the timeline (Large & Jones, 1999). An
exogenous stimulus, when aligned with the peak of attention, is best retained in working memory and trans-
formed into representations of time (Barnes & Jones, 2000). Essential to this theory is that, like the unstable
periodicities of external events, the emission of attentional pulses or oscillations is a non-linear process (Large,
2008).

Holding the central clock premise, DAT suggests that attention plays a critical role in regulating the frequency
of the pacemaker pulses according to the Attentional Gate Model (Block & Gruber, 2014; Zakay & Block, 1995).
More specifically, the “gate” through which temporal units pass before registering with the counter device opens
wider when more attention is assigned to the specific time point. When one’s attention is shifted elsewhere
irrelevant to temporal cues, fewer pulses are recorded, leading to duration underestimation. Some argue that
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DAT applies exclusively to prospective timing, while in retrospective timing, it is subject to contextual influences
and memory retrieval (Block & Gruber, 2014; Gu et al., 2015).

Note that DAT is hypothesized to function mostly within the suprasecond range, because prospective timing
recedes with time due to limited capacities of working memory (WM) (for a review, see Gu et al., 2015).
Concurrent tasks that require extra attentional resources could reduce timing accuracy (Brown & Boltz, 2002).
Polti et al. (2018) attempted to explore the interval boundary of attention in prospective timing and found that
the magnitude of WM interference on time estimation tasks increased proportionally with interval lengths (30 to
90s). In a more naturalistic setting, gamers were asked to estimate the elapsed time (12, 35, or 58 minutes)
either knowingly (prospective timing) or not (retrospective; Tobin et al., 2010). The 12-minute session was
estimated significantly longer in the prospective than the retrospective paradigm, while estimation differences
were less pronounced in 35- and 58-minute conditions, suggesting that DAT's predictive power may be reduced
in longer intervals. However, no evidence so far has made a clear cut of the interval ranges where each model
fits best. This question clearly deserves further exploration and will be discussed in the conclusion.

The Scalar Expectancy Theory (SET)

Another well-known model for the internal timing mechanism argues that the perceived amount of time is
composed of regularly emitted pulses from a pacemaker, as an analogy of an internal clock, and accumulated
by a counter device, therefore also known as the pacemaker-counter model (Gibbon, 1977; Gibbon et al.,
1984; Treisman, 1963). This model specifies that the temporal process is accomplished through roughly three
different steps: the clock, the memorisation, and the judgment of time. Accordingly, in order to explain the
temporal flow, SET proposes that subjective time is composed of (a) the representation of objective durations,
and (b) the estimation variance or error rate by Weber's fraction (Allman & Meck, 2012; Grondin, 2010b).
The variance is hypothesized to stem from transferring the clock readings to working memory (Meck, 1984;
Treisman, 1963). Inaccuracy in duration estimation, according to SET, is also subject to the influence of
attention, clock speed error, task switch, decision error and other factors (Allman & Meck, 2012). The longer
the duration, the larger the variance. It is, however, observed that SET has a controversial applicability in
the sub-second to supra-second range. Grondin (2010a) focused on the violation of scalar property when
examining participants’ timing performance in a subsecond range, and found a tendency for Weber's fraction
increasing as the interval approached 1s. This suggests that SET does not provide a powerful explanation
of timing behaviour in the millisecond range. The applicability of SET in the millisecond to second range was
further supported by the audiovisual evidence for this theory. Evidence is still needed for a clear boundary of
‘time ranges of the best fit’ for SET.

From a neurobiological perspective, the striatal beat frequency (SBF) theory offers an explanation for the
original pacemaker-counter model (Miall, 1989; van Rijn et al., 2014). Unlike the latter, SBF theory instantiated
the biological structure of the clock pulses as the oscillations of striatal medium spiny neurons (MSN), locating
at the suprachiasmatic nucleus at the anterior hypothalamus. Researchers proposed that the neurons at
different oscillatory frequencies reset when the timing begins, receiving inputs from cortical neurons firing as
the consequences of dopaminergic releases (Merchant et al., 2013). Detection of the synchronous neural
oscillation is known as the coincidental detection (Buhusi & Meck, 2005). The MSNs are capable of detecting
coincidental oscillations from the cortical neurons that fire at similar frequencies, also known as the input, then
translate to temporal units as the output. To justify the scalar property, that is variance in accumulative timing,
it's been proposed that neural oscillations phase out and disperse into the inherent frequency of each neuron
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after the initial alignment. As a result, the discrepancy increases proportionally until the neurons that were firing
together completely desynchronize in the end. The MSNs, however, retain the robust ability to detect temporal
patterns up to minutes despite the complexity of the inputs thanks to ironically the large number of cortical
neurons (e.g., Matell et al., 2003), making the theory viable for a wider range of durations.

Factors Overarching Both Clock Models

Sensory Modalities

Multisensory inputs often interact with one another in our daily life. A vase dropping to the ground is usually
followed by a shattering sound. A knock on the door leads to a knocking sound. To a broader extent, signals
from vision, hearing, touch, smell and taste constitute the intangible framework of timing references together.
Hence it is critical to understand the specificity of each sensory modality and their joint effects in temporal
perception.

The dominant role of audition in temporal processing has been evidenced by a series of studies (e.g., Boltz,
2017; Chen et al., 2018; Repp & Penel, 2002). A number of studies supported higher precision in temporal
discrimination in audition compared to vision (e.g., Large, 2008; Phillips & Hall, 2002). Furthermore, auditory
temporal processing is capable of interfering with visual timing. In this case, participants’ performances in iden-
tifying the correct rhythmic visual patterns were most heavily compromised when the task was accompanied
by a new string of isochronous sounds rather than visual display (Guttman et al., 2005). One may assume that
temporal information derived from auditory events weighs more than that of visual inputs. The auditory domi-
nance view is, however, not without dispute. van Wassenhove and colleagues (2008) found that incongruent
visual displays could distort temporal perception of auditory information in both directions. A recent finding, in
addition, suggests that temporal perception was biased towards the visually perceived tempo of natural human
movements rather than that of the drumbeats when the two sensory modalities were incongruent (Wang et al.,
2019).

Research showed that auditory stimuli can effectively distort visual perception (e.g., Burr et al., 2013). The
auditory driving effect emphasizes the perceived coupling of fluttering sounds to visual flicker rates, if the tem-
poral gap between the flutter and the flicker does not exceed a certain range (Shipley, 1964). In other words,
perceptual integration is accomplished by averaging auditory and visual input frequencies while endowing more
weights on the former. A robust auditory driving effect could be observed when the sounds were presented
as a brief distractor (Burr et al., 2013). Furthermore, Chen and colleagues’ (2018) study suggested that, in
addition to traditional regular flutters, irregular auditory inputs accompanying the visual flickers could also lead
to distortions in perceiving the latter. Similar observations of the audiovisual bias were reported as fission and
fusion illusions (Shams et al., 2002). In this case, the former specifies two visual events perceived as one when
presented simultaneously with a beep, while in the latter, one flash is perceived as two when accompanied by
two beeps.

Therefore, it is inevitable to take into account the arguably dominant position of the auditory modality when
exploring the role of music in temporal processing. It should be noted that music encompasses not only
complex acoustic signals, but a rich source of emotions that alter subjective time. Films are an example of
how music shapes experiences of time. In a study investigating slow motion film scenes as compared to the
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same scenes played back in real time, participants were significantly influenced in their temporal judgments
of the scenes’ duration when music was present (Wollner et al., 2018). While slow motion scenes led to an
underestimation of time, the same scenes in real time seemed to last relatively longer, and music yielded more
accurate time estimations. Furthermore, music led to higher physiological arousal and larger pupil diameters
in observers, suggesting that music modulates emotional responses and experiences of time in audiovisual
scenes.

Working Memory and Attention

Central to the SET is the memory stage, in which working memory is retained, and the judgment stage, in
which the current count of temporal units is compared to references retrieved from long-term memory (Gibbon
et al., 1984; van Rijn et al., 2014). Individual differences in short-term memory capacity and discrepancies in
timing performances bring attention to the role of working memory in temporal processing (e.g., Broadway &
Engle, 2011). More specifically, higher working memory capacities imply higher potential to hold more time units
at the second and third stage of timing, thus leading to more precision (Teki & Griffiths, 2014).

Working memory is positively related to other executive functions such as selective and divided attention
(Colflesh & Conway, 2007), for both auditory and visual modalities (Wéllner & Halpern, 2016). Both shift in
weights in various timing scenarios. This is particularly relevant for understanding the different mechanisms
behind prospective and retrospective timing, as mentioned before (Block & Zakay, 1997). In the oscillator model
(DAT), attentional pulses are emitted in order to track external beats. These pulses are recorded and transfer-
red to working memory before entering the stage of comparison with a reference duration in long-term memory
(Block & Zakay, 1997; Gibbon et al., 1984). Attention diverted from the timing task results in fewer temporal
units taken into the count and consequently underestimations of time, while attention directed to timing led to
overestimations regardless of test durations (Polti et al., 2018). Despite a lack of evidence, we hypothesize a
similar result with music listening. When instructed to time a piece of music before it commences, a listener
processes the passage of time differently than when asked to estimate the time elapsed at the end of the
excerpt.

The interpretation of the roles of WM and attention also depends on the theories. DAT, compared to SET, high-
lights the role of attention rather than working memory (e.g., Jones, 2010; Jones & Boltz, 1989). It postulates
that attention, when quantified as regular emitted pulses, could synchronize with external periodicity and there-
fore serve as a reference for time. The periodicities of external events, that is regular or irregular patterns, do
affect the strength of their synchronisation with attentional pulses. The more predictable an exogenous pattern
is, the better the effect, known widely as the temporal entrainment effect (Barnes & Jones, 2000; Schroeder
& Lakatos, 2009), This has been evidenced by a number of visual (Cravo et al., 2013), auditory (Barnes &
Jones, 2000; Jones, 2010), and movement (Burger et al., 2018) studies. Jones (1981, 1990) proposed that
the characteristics of the information, in this case musical expressions, could distort the perception of time.
Empirical studies supporting her claims found that, for instance, music was perceived to be slower when there
were more pitch variations and inconsistent metrical accents (Boltz, 1998). We may predict that music genres
with more predictable rhythms such as pop and rock, compared to those with less predictability such as Jazz,
are associated with higher duration sensitivity and better timing accuracy.

Jahrbuch Musikpsychologie
2020, Vol. 29, Artikel €67 GOLI
htps://doi.org/10.5964/jbdgm. 2019v29.67 PsychOpen

55



A Review of Internal Clock Models 10

Emotions

“Time flies when you are having fun”. Understanding the nature of emotions in time perception is important to
comprehend how music distorts subjective time, as it essentially conveys a wide spectrum of emotions. The
relatively small number of studies that have directly looked into the effects of musical emotions on subjective
time show that information of strongly emotional contents were more engaging and were subsequently better
processed and stored in WM, leading to time overestimation (for a review, see Schafer et al., 2013). Music as
a powerful tool to induce emotions was found to induce a sense of timelessness (duration overestimation) as
well as faster passage of time when an individual is completely submerged in the experience (Herbert, 2012).
Apart from the aesthetic pleasure, other types and intensity of emotions may also have an impact on how music
could distort the perception of time. The reasons may lie in the psycho-physiological arousal levels. Higher
arousal level is believed to cause time overestimation (e.g., Droit-Volet et al., 2013). A group of participants, for
instance, were presented with emotional film excerpts to induce corresponding emotions in them (Droit-Volet et
al., 2011). Results indicate that, compared to baseline temporal judgments, participants tended to overestimate
the durations after watching scary films. There are nevertheless findings implying the opposite, that is, higher
emotional arousal leads to duration underestimation especially from a retrospective point of view (Herbert,
2012).

Another line of studies investigates the impact of emotional valences on temporal processing. Positive emo-
tions, substantiated by happy music, led to duration underestimation, while negative emotions in sad music to
duration overestimation with retrospective paradigms (Bisson et al., 2008). It was speculated that the positive
emotions gave rise to less contextual changes than did the negative, therefore registering fewer events in the
memory. Some evidence, on the contrary, implies that valence does not matter. Further investigations showed
that highly arousing emotional pictures accelerated the internal clock speed and caused a leftward shift in the
reaction time compared with pictures of low emotional arousal, regardless of its valence (Droit-Volet & Berthon,
2017).

The seemingly puzzling observations may be explained by the mechanism by which emotions take effect on
time perception. One approach is rooted in the emission rates of attentional pulses, which can be moderated
by the affective states, especially the arousal level. According to the pacemaker-counter model (Treisman,
1963), more attentional pulses are emitted when the arousal level is high, and subsequently be recorded as
the sum of clock ticks, that is, the perceived duration. Attention could either facilitate or hinder the interaction
between emotions and temporal processing. More specifically, when attention is allocated to sustaining the
temporal units, the effect would lead to duration overestimation. In contrast, when attention is shifted from
temporal information to the emotionally charged event, fewer ticks are accumulated, resulting in duration
underestimation.

Modality-Specific Evidence for the Internal Clock Models

Audiovisual Evidence for the Intrinsic Clock Model

Time-dependent neural oscillations are specific to sensory modalities. Studies have revealed that neuron
excitation and inhibition could be elicited according to a specific type of sensory input, such as sound (Schnupp
et al., 2006) and visual flicker (Burr et al., 2007). Researchers found that the time-dependent decodability of
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visual objects with MEG in a window of 1000ms varied significantly, suggesting that time might be an inherent
feature in the local visual network (Carlson et al., 2013). Furthermore, transcranial magnetic stimulation studies
revealed that auditory timing could be dissociated with that in other sensory modalities (Bueti et al., 2008),
as participants performed worse in duration discrimination task (pure tones, 10 to 40ms) when receiving
disruptions in the auditory cortex. We might as well propose that, when listening to complex auditory signals
such as music, particular groups of neurons in the human auditory cortex generate time-dependent responses,
which simultaneously serve as time codes. However, relatively few studies with humans have directly confirmed
the time-dependent variability of the local auditory network (Toiviainen et al., 2019).

The disassociation in timing abilities among different sensory modalities also showed that time is processed as
a local flow of information. Early findings entail significantly higher timing precision with hearing than with vision
(e.g., Penney et al., 2000), indicating a superiority of audition over vision in providing temporal cues. Timing
is a highly selective, localized process even within one modality. Burr and colleagues (2007) successfully
modulated the perceived durations of the target visual stimuli by manipulating the apparent rate of flickers in
a confined retinal region. Their finding is among one of the first to empirically support (a) the spatial-temporal
connection in neural representations, and (b) the modality specificity in temporal processing, particularly the
superiority of audition (e.g., Repp & Penel, 2002). In Lustig and Meck’s (2011) study, the modality effect was
stronger for participants at both ends of the age spectrum. One potential cause was that older adults were more
susceptible to varying allocation of attention under different experimental conditions, whereas children might be
influenced by developing sensory functions. That is not to say that SDN is a ‘one modality, one clock’ system,
but rather a large network that also covers the interactions between multiple networks.

Taken together, from an intrinsic model's perspective, time is a consequence of cumulative states in a recurrent
neural network that represent the amount of changes induced by external stimuli. In this sense, when listening
to a piece of music repetitively, the perceived duration of both music and video (as a further stimulus) will be
altered if presented again later on.

Audiovisual Evidence for the Dynamic Attending Theory

DAT is endowed with a particular emphasis on attention, given that the count of temporal units depends on
how well attentional pulses synchronize with the external event, also known as the temporal entrainment effect.
The term specifies the coupling of the tempo of extrinsic temporal cues and that of pacemaker pulses (Jones,
2010). The emphasis on external entrainment like music began in the early days of the formulation of the
clock model (Barry, 1990; Poppel, 1989). Neurobiological evidence suggests that the just noticeable differences
for auditory gaps can be modulated when neural activities were entrained with specific frequency bands and
amplitudes (Henry et al., 2014). Regarding music, the synchronization between neural oscillations and musical
beats was substantiated as the steady-state event potential (SS-EP) evoked by periodicity in musical beats
(Nozaradan, 2014).

Behavioural evidence provided similar findings. Fast tempo was found to lead to overestimation, or “time
dilation”, and slow tempo to underestimation, or “time contraction” in both auditory (Wang & Shi, 2019) and
visual perception (Ortega & Lopez, 2008). In addition, behavioural entrainment to external beats were found
across age ranges and stimulus types, including auditory sequences and music excerpts (for a review, see
Repp & Su, 2013). The experimental paradigms usually provide participants with a rhythmic beat that ceases
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(or not) after a short period of entrainment and require them to continue tapping or moving along with the
beats. Boasson and Granot (2012) adopted a paradigm of tapping to pitch rises and drops in multiple melodic
sequences, in order to examine the entrainment effect. In their study, however, musicians and non-musicians
uniformly exhibited faster-paced tapping behavior with rising pitch. This is consistent with other findings which
revealed no difference in predictive timing between musically trained and untrained groups (e.g., Repp, 2010),
whereas other studies indicated that musicians (percussionists) exhibited better entrainment performance when
exposed to intense beat production activities (Cicchini et al., 2012). These studies suggest that individuals
actively entrain with external rhythms and perceive past durations accordingly, and may provide evidence of the
wide applicability of DAT.

Building upon simple click paradigms as previously discussed (Treisman et al., 1990), research in recent years
used naturalistic stimuli, since DAT is most applicable in music and speech. Periodic tone entrainment studies
yielded new results: Wearden et al. (2017) found the residual effect of the classic click train paradigm, that is,
the higher the preceding click frequency, the longer the following duration would be perceived. They have also
observed similar effects with irregular tones as well as white noise. This study revealed multiple approaches to
activate and to speed up the internal clock. Periodic and aperiodic clicks, as well as rhythmic visual flickers and
even white noise influenced results. In addition, the entrainment effect was also verified to transcend as long as
8s after hearing high-frequency clicks, indicating that the emission of attentional pulses has a latency between
activation and cessation.

More complex stimuli such as music are processed similarly. Fast music compared to slow one was perceived
to be longer due to the accumulation of more temporal units. A study adopted Mozart's Sonata for two pianos
(K.448), where participants tended to overestimate the duration when the excerpt was at the “fast” (120BPM)
end of the spectrum (Wang & Shi, 2019). The effect, nevertheless, is subject to the allocation of attention.
Keller and Burnham (2005) emphasized the flexibility of attention when listening to musical meter, which could
be composed of multiple metrical layers. Therefore, tracking high and low metrical structures is expected to
have its corresponding effects on psychological time (cf. Hammerschmidt & Wollner, 2020), as the former
should hypothetically lead to fewer mental counts and thus time compression. Neurological evidence also
indicated that focusing on different temporal structures led to alignments in steady state event potential (SS-
EP) frequencies, deciphered from EEG recordings (Nozaradan et al., 2012). In this case, neural entrainment
reflects that attending to local features in complex auditory signals could form mental representations of time by
modulating the original neural oscillations.

When more attention is allocated to the temporal features of music, Cocenas-Silva et al. (2011) observed a
time dilation effect. When participants were asked to group excerpts of various arousal levels based on their
estimated lengths, those which were highly arousing tended to be overestimated. The finding is consistent with
Droit-Volet et al.'s (2013) observation that faster music, which was thought to be more arousing, was judged
to be longer than the slow, less arousing ones. We might reason that, when individuals attend to temporal
features of the auditory signals, the temporal entrainment effect is stronger compared to situations when they
attend to other features such as key chords and pleasantness.
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Audiovisual Evidence for the Scalar Expectancy Theory

The following examines the evidence for multiple sensory modalities that either support or disagree with SET.
To establish a solid ground for SET, researchers tried to find evidence for Weber's fraction, or a constant
variance to subjective timing, across different sensory modalities, durations, populations, and other conditions.
Wearden and Jones (2007) probed the scalar property of subjective timing using two variations of the duration
comparison task with auditory tones ranging from 600ms to 10s. They found a linear increase in subjective
timing that conforms to Weber's law. This effect is consistent also in the visual domain. In a duration discrimi-
nation study, Grondin (2001) found that participants exhibited similar sensitivity towards intervals marked by
visual flickers between 600 to 900 ms, in accordance with Weber’s law. However, the ratio changed when the
inter-stimulus interval went beyond 900ms. The violation of Weber's law might be due to potentially explicit
counting.

Similarly, mixed findings have been reported in multi-modalities studies. Hypothetically, if the scalar property
holds across modalities, one should expect a consistent linear increase in different modalities. This was indeed
the case when participants performed predictive saccades, or eye-movement timing, when intervals from 500
to 1000ms were presented either as visual flashes or auditory tone flutters (Joiner et al., 2007). However,
comparing Weber’s ratios between the two modalities revealed that auditory timing had greater variability than
visual timing, as shown in participants’ reactive eye movements when tracking the periodic cues. Hence, one
might deduct that the scalar property holds but is also subject to stimulus modality. Block and Gruber (2014)
argued that the obstacles of finding a cross-modal transfer effect was restricted to below the 3 to 5s window,
beyond which the automatic processing should diminish due to the limited capacity of working memory.

On the other hand, evidence against the scalar property has been presented in auditory studies. Grondin
(2012) adopted three approaches to measure Weber's ratio: duration discrimination, reproduction and categori-
zation tasks on a spectrum from 1 to 1.9 seconds using pure tones. In all three tasks, Weber’s ratio appeared
to be higher when the intervals were longer regardless of the number of interval repetitions, in this case
either 1, 3, or 5 times. These results indicate the inconsistency in Weber's ratio or temporal sensitivity despite
different emphases of each paradigm on the timing process. Grondin (2010a) pointed out that the failure of
conforming to the pacemaker-counter model, which SET is built upon, was because this model no longer
applied to this duration range (see Figure 1). More specifically, a cut-off point at 1.2 to 1.3s was observed. This
aligns with observations from other studies (for a review, see Matthews & Meck, 2014). The question is, how
is time processed beyond that point? Some researchers proposed that a learning effect might have altered the
variance, as the brain was influenced by multiple exposures to the same interval (Matthews & Grondin, 2012).
Findings across timing tasks and sensory modalities, nevertheless, support the presence of a unitary clock
system.

Despite the controversial evidence, reports investigating timing precision on multiple sensory modalities align
with what the striatal beat frequency theory proposed: a familiarity effect that is reflected by enhanced synaptic
communication between neurons. This might lead to higher processing efficiency and smaller variability com-
pared to unfamiliar intervals. Grondin's (2012) experiments revealed that participants performed better in 3-
and 5-interval discrimination than when only one interval was presented. Frequent exposure to timing tasks,
as a part of music training, may also implicate the benefits of enhanced neural connection. In Rammsayer
and Altenmdller’'s (2006) study, musicians outperformed non-musicians in a perceptual timing task in terms
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of showing less variance and thus higher temporal sensitivity for instance in duration discrimination tasks.
Musicians, however, did not exhibit significant superiority in a temporal generalization task, where participants
compared the duration of an excerpt to the reference at the beginning, hypothetically stored in one’s working
memory. The authors believed that this was due to the fact that the intervals exceeded working memory
capacities. This explanation is equally applicable to Grondin and Killeen's (2009) results, where participants
in a reproduction-by-tapping task performed significantly better if they adopted counting or singing, compared
to doing nothing. Thus it might be concluded that the SET indeed predicts the timing performance only within
short intervals of no more than 2s (for a review, see Ivry & Schlerf, 2008). Nevertheless, it is equally important
to understand timing within a few notes as well as in larger musical structures such as phrases.

Conclusions

This review has discussed two internal clock models: the intrinsic and the central clock models. The intrinsic
model emphasizes automatic processing of temporal information in the subsecond range, while the central
clock model explains the suprasecond (seconds to minutes) range of timing, which demands higher levels of
cognitive control. Controversially, the Scalar Expectancy Theory, which can be seen as a specific account of the
central clock model, applies to timing in the seconds range only, while the Dynamic Attending Theory works for
timing intervals from seconds to minutes. According to SET and DAT, short intervals are represented linearly
through the accumulation of pacemaker pulses, while longer intervals are represented nonlinearly, as pulse
emission is calibrated to align with external periodicity. As for intervals of hours and longer, the timing process
is subject to contextual changes and memory segmentation, and relevant research is scarce.

Audition, among all modalities, shows superiority in temporal processing by entailing higher sensitivity to detect
changes and to estimate interval lengths compared to vision and other sensory modalities. In this sense,
the modality specificity supports a distributed timing mechanism. Yet more evidence is needed to explain the
cross-modal transfer of training effects in, for example, duration discrimination. Despite years of debate on the
superiority of one clock model, there is no conclusive evidence to the best of our knowledge. We come to the
observation that each model has its best fit at a different time duration scale, and as to whether discrete events
(SET) or complex streams (DAT) such as in music are at the core of the investigation.

Regarding the explanatory power of the internal clock models for the perception of musical time, it is therefore
necessary to consider an interval-specific approach. Short interval timing within the milliseconds range plays a
crucial role in music production such as expressive microtiming, whereas long interval timing is more strongly
modified by attention, emotion, and working memory, consequently adding more variables to the equation. In
this regard, the timing paradigm adopted in an ecologically plausible environment such as music concerts,
movies, or sports should receive more attention. Ways of applying clock models to longer-interval timing and
time estimation are yet to be investigated.
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