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ABSTRACT 

 

This research examines auditory motor synchronization 

(AMS) in relation to tone frequency (perceptual property of auditory 

stimuli) and interval timing present in an isochronous sound 

sequence. Analyses of tapping behavior, synchronization errors, and 

listening effort (LE) are emphasized. The study was conducted in a 

controlled laboratory environment having acoustic treated facility. 

The role of frequency of tone and interval timing are investigated in 

affecting the AMS in its entirety, which includes tapping 

performance, listening effort, motor behavior, and variability. This 

study employs a synchronized tapping paradigm. This dissertation is 

comprised of four parts in terms of understanding — anticipatory 

tapping and reactive tapping under two different inter-stimulus 

intervals (ISI), motor response to the tone and listening effort 

involved in performing a continuous tapping task, tone frequency 

(perceptual property of auditory stimuli) on inter-tap interval (an 

index of motor process) under the peri-second and supra-second 

range, and tone frequency  on motor variability (MV) studied 

through the coefficient of the variation of ITI (CV) under the peri-

second and supra-second range.   

Part-1 examines anticipatory tapping and reactive tapping 

under two different ISIs.  The analysis reveals that the ISI plays an 

important role in sensory motor synchronization (SMS). The analysis 

of asynchrony revealed that two different types of tapping occurred 

under two different ISIs. Under short ISI (1000 ms), participants 

executed their responses before the tone (i.e., anticipatory tapping 

driven by feed-forward motor control). Under long ISI (2000 ms), 

participants executed their responses after the tone (i.e., reactive 

tapping driven by feed-back motor control mechanisms). In 

summary, participants showed anticipatory tapping in the absence of 
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top-down attention and reactive tapping with the involvement of top-

down attention. 

Part-2 examines the motor response of the participants to the 

tone and their listening effort involved in performing the continuous 

tapping task. The emphasis is on how the effect of tone frequency 

and ISI affect synchronization error and listening effort in a 

isochronous sound sequence. The analysis reveals that the frequency 

of tone plays a crucial role in tapping performance and listening 

effort. In summary, this study demonstrates that there is better 

temporal alignment with the low-frequency tones with lesser 

listening effort as compared to high-frequency tones.  

Part-3 examines the effect of tone frequency on the inter-tap 

interval (an index of motor process) under the peri-second and supra-

second range. The analysis reveals that perception-action coupling is 

influenced by cognition and more prominent in peri-second range 

where less cognitive resources involved unlike supra-second range. 

Under peri-second range, on average, participants over translated 

objective time (ITI > ISI) with low-frequency tone and under 

translated (ITI < ISI) with high-frequency tone in peri-second range. 

The results suggest that tone frequency has a greater influence on 

motor timing and perception-action coupling within peri-second 

range as compared to supra-second range. In conclusion, peri-second 

timing is mainly subject to local sensory processing, while supra-

second timing is dependent on more centralized mechanisms. Tone 

frequency should therefore be a significant factor in the design of the 

sound sequence to be used for rhythmic auditory stimulation. 

Part-4 focuses on examining the effect of tone frequency on 

MV studied through CV of ITI under peri-second and supra-second 

range. The analysis reveals that motor variability is susceptible to 

frequency influences in long ISI where more cognitive resources 

involved unlike peri -second range. Under long ISI, participants 
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showed higher MV with low-frequency tone as compared to high-

frequency tone. The results suggest that low frequency tones are 

most suitable for auditory- motor learning within supra-second 

range. 

 

Keywords: Sensory–motor synchronization; Auditory-motor 

synchronization (AMS); Frequency; Inter-Stimulus Interval; 

Synchronization Error; Motor Variability; Anticipatory Tapping; 

Reactive Tapping; Inter-Tap Interval; Subjective translation index 

(STI)  
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Chapter 1 

 

Introduction 

 

1.1. Background of the study 

Music has a vital role in expressing feelings and emotions in 

people's daily lives. In human evolution, music has played a conspicuous 

role in influencing human cognition, interpersonal interaction, and cultural 

history. Besides this, music has the potential to trigger human movements. 

Due to this unique property, music has a significant role in movement-

based therapies, especially in movement disorders, which are commonly 

seen in older people. One of the most common movement disorders seen 

in elderly people is Parkinson’s disease (PD). 

The basal ganglia play an important role in controlling movements 

through its close association with internal timing and rhythm perception. 

PD is a neurodegenerative pathological condition in which the loss of 

dopamine producing neurons in the substantia nigra of the midbrain, 

affects dopamine transmission from this area to the striatum of the basal 

ganglia (Jones & Jahanshahi, 2006). Due to such a dopamine deficiency, a 

loss of rhythmicity in timed movements, impediment in initiating 

movement, diminished length of steps and speed, freezing of strides due to 

impairment in alternating timed movements like walking, and other 

similar abnormalities in movement are observed in PD. Different 

mechanisms have been proposed to explain the therapeutic effects of 

music and rhythm on motor symptoms in patients with PD. One potential 

mechanism involves recruitment of alternative neural pathways that are 

relatively spared in PD. The movement impairment in PD may be atoned 

by the engagement of cerebellar networks, as they are spared in PD and 

depend upon external auditory or visual cues. 
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There have been many rehabilitative approaches for providing Gait 

training for various movement disorders. Auditory rhythmic signaling, 

auditory rhythmic stimulation, or acoustic rhythmic cueing is one of the 

most recent treatment approaches with greater proof of efficacy for its 

beneficial effect on functional walking. In this approach, metronomes or 

previously chosen music create auditory rhythms to signal the cadence 

while walking so that the patient synchronizes their footsteps with the 

stimulus provided by the rhythm. 

Accomplishing such synchronization results in immediate and 

sustained effects that are passed on to different gait features or parameters, 

like: 

1. Increase in the length of steps, cadence, and symmetry 

2. Improvement in functional walking capability by generating 

quicker walking and longer strides, and perceptible by increased 

speed of gait. 

To date, there have been no studies investigating RAS from the 

point of view of attention, where the magnitude of attention’s involvement 

is different at two different intervals. It is not well understood, up to what 

interval-range RAS works efficiently, which interval range is most 

suitable for motor learning (as it requires conscious control), and what 

type of frequency of tone is required for RAS to work efficiently. 

The concept of rhythmic auditory stimulation has acquired much 

research attention in recent decades, but there is still scope to explore 

issues concerning temporal and pitch information processing and their 

causal relationship with tapping behavior, motor timing and variability, 

listening effort (LE), and synchronization errors under different levels of 

attention. There is meager knowledge about these issues. This may have 

been partially so, because auditory-motor synchronization (AMS) lacks 

experimental paradigms. This dissertation reports a study emphasizing 

scientific investigation of issues related to motor timing and variability, 

tapping behavior and synchronization error. 
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1.2. Context of the problem 

In order to work effectively in life, we need to align our behavior 

with the surrounding environment and other human beings. In our normal 

day to day activities, like speech and expression, and even in more 

complex endeavors like singing and dancing, auditory-motor 

synchronization plays a crucial role.  An understanding of both normal and 

abnormal brain functions is crucial to comprehend the fundamental 

mechanisms that enable us to accomplish such complex coordination 

tasks. Several studies in the past have examined periodic motor activity to 

assess time perception and the capability to coordinate with external 

stimuli (Repp, 2005; Repp and Su, 2013). In terms of implications, such a 

body of knowledge is of vital importance in dealing with and treating 

movement disorders like PD. 

There have been many rehabilitative approaches for providing Gait 

training for various movement disorders. Auditory rhythmic signaling, 

auditory rhythmic stimulation, or acoustic rhythmic cueing is one of the 

most recent treatment approaches with greater proof of efficacy for its 

beneficial effect on functional walking. In this approach, metronomes or 

previously chosen music create auditory rhythms to signal the cadence 

while walking, so that the patient synchronizes their footsteps with the 

stimulus provided by the rhythm.  

In the context of rhythmic auditory stimulation, since the 

environment is dynamic, and the subjects need to process the temporal 

information from the isochronous sound sequence to synchronize their 

movement with the tone, Attention and WM are involved in attending and 

processing of information. 

In order to transfer the temporal information to motor structures, 

the auditory system plays a vital role in processing the temporal 

information rapidly and accurately, thereby maintaining a synchrony 

between the rhythmic sound sequence and the motor response (e.g., the 
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tapping response used in this study). This is because there is a high range 

of connectivity between the auditory and motor systems at the cortical, 

subcortical, and spinal levels (Thaut & Abiru, 2010). The efficacy of 

metronome or music-based RAS training (artificial RAS) is therefore very 

well known in the PD literature. Although the tempo of RAS is typically 

assessed on the basis of the patient's own cadence, the issue of 

determining the tempo and frequency of auditory stimuli irrespective of 

age, gender, or cognitive abilities has not been adequately addressed in the 

research literature. Moreover, RAS has not been studied in its entirety, 

including movement efficiency and listening effort.  
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1.3. Purpose of the study 

Individuals, when engaged in music listening, start moving their 

bodies in automated mode. But what properties of music lead to this 

spontaneity and automaticity need to be investigated. In this process, the 

perception-action link plays an important role because perception 

translates into action, which leads to auditory motor synchronization. In 

AMS, participants perform two tasks simultaneously; one is listening and 

the other is tapping, and both consume the same pool of attentional 

resources. First the subject listens to the metronome, then the brain 

processes the temporal and spectral information present in it and processes 

it into motor structures, thus creating entrainment. 

AMS has been investigated from the perception-action perspective, 

but how this coupling affects cognition, which differs in its level of 

magnitude under peri-second and supra-second inter-stimulus interval 

(ISI) timing, is the main purpose of this study. The peri-second range is 

the transition zone between the sub-second and supra-second ranges. In 

the context of neural correlates under sub-second and supra second time 

systems, there are two different neural networks for these time systems 

(Hayashi et al., 2014; Jahanshahi et al., 2006; Lewis and Miall, 2003b; 

Pouthas et al., 2005; Wiener et al., 2010).  Supra-second timing stimulates 

the frontal and posterior parietal parts of the cortex, which are associated 

with working memory and attention. The other region stimulated in the 

sub-second and peri-second timing ranges is the motor and somatosensory 

systems, which incorporate the precentral and postcentral regions and the 

supplementary motor area (SMA). 

In previous studies, AMS had been examined through a 

synchronized tapping framework, in which subjects were instructed to tap 

along with the auditory stimuli present in the metronome in a 

synchronized manner, and in order to do so, subjects did error and trail to 

achieve the synchronization, which led to tap-to-tap variability, also called 

motor variability. To achieve exact synchronization is an ideal condition 
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that is difficult to achieve because of the nerve conduction delay, which 

includes the time from the ear to the brain and from the brain to the 

muscle. The time taken from the ear to the brain will depend upon the 

response time of auditory nerve fibers towards tone, which is different for 

low-frequency (LF) and high frequency (HF) tones respectively. In this 

way, frequency of tone and interval timing can affect the AMS, but in 

what way is a matter for this current investigation. 

Till now, AMS to isochronous sound sequence has been 

investigated in terms of tapping performance analyzed by synchronization 

error (SE), but not in terms of the mental effort associated with it. This is 

because efficient AMS involves not only tapping performance but also 

requires mental effort, as two different individuals with different cognitive 

abilities and learning styles can demonstrate the same performance with 

their different efforts. 

In synchronizing with an isochronous sound sequence, some 

attention and cognitive resources are needed to retrieve the temporal 

information present in the sound sequence in order to have AMS. This is 

called listening effort (LE), which may be understood as a kind of mental 

effort. Mental effort is an energy mobilising (Fairclough & Houston, 2004) 

neurocognitive mechanism that represents the regulated allocation of 

psychological information-processing resources in the performance of 

perception, cognition, and action tasks. In the face of increased task 

requirements and the presence of psychological stressors, the deployment 

of mental effort is a compensatory tactic to maintain performance 

(Hockey, 1997). To mitigate the negative effects of mental fatigue on real-

world tapping efficiency, there is a realistic need to incorporate and assess 

mental effort. 

Listening is multi-dimensional and auditory-motor synchronization 

likely requires auditory-cognitive interactions. According to the FUEL 

model, cognitive domains involved in listening include working memory, 

attention, and speed of processing. There is the possibility that the spectral 
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content of auditory stimuli, which is the frequency, will affect the LE. 

People experience high-frequency sounds as sharp and unpleasant 

compared to low-frequency (LF) sounds, which are widely known to be 

bass sounds and high-frequency (HF) sounds are perceived as being louder 

than low-frequency sounds at the same intensity levels. Apart from the 

frequency of tone, which is part of stimulus characteristic, LE also 

depends upon the demands of the listening situation. Now that the demand 

of the listening situation is higher in the ISI range between 1800 and 3600 

ms (due to the involvement of top-down attention), there are high chances 

that LE will be different in both ISI.  

In this way, tone frequency and ISI are important aspects that need 

to be looked at from an efficient AMS point of view, which includes 

listening effort and AMS performance, which comprises motor behavior, 

motor variability, and synchronization error and their actual causal factors. 

Considering that establishing suitable procedures for experimentation is 

essential, this dissertation emphasizes the development and reporting of 

synchronized tapping experimental paradigms. The current research 

intends to gain a scientific understanding of the underlying causal 

relationships between tone frequency, interval timing, tapping 

performance, and tapping behavior in the context of AMS.  
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1.4. Significance and objectives of the study 

Tapping in response to an isochronous sound sequence is a task 

undertaken in a highly dynamic environment and relies on temporal and 

non-temporal information present in the isochronous sound sequence, such 

as tone frequency and ISI. The subject needs to process the time and pitch 

related information from the sound sequence and project it to the motor 

structures of the brain. 

However, in an effortful listening scenario, subjects often fail to 

devote sufficient attentional resources to tapping tasks, which affect the 

anticipatory time control process. On the whole, in this study, the current 

research investigates how pitch and temporal information processing 

under two different interval timings affect tapping performance, which 

includes synchronization accuracy and motor timing, motor variability, 

and listening effort. This study employs a synchronized tapping paradigm. 

The results of this research signify the importance of tone pitch and 

interval timing in relation to effortless motor learning, which comprises 

listening effort, synchronization, tapping behavior, and motor behavior. To 

achieve efficient synchronization, better synchronization must be achieved 

with less listening effort. Different neural mechanisms are involved under 

two different interval timings. One activates the brain regions responsible 

for involuntary and spontaneous movements, and the anticipation and 

other activates the region responsible for voluntary movement and 

important for motor learning. In such a way, pitch and interval-timing are 

important aspects that must be considered while designing any movement 

therapy that uses AMS for motor rehabilitation purposes. 

Particularly, the research explores the role of tone frequency on 

AMS under two different interval timings that engage different levels of 

cognitive processes. In this scientific endeavor, a single comprehensive 

experiment was conducted with the following specific objectives. 

• To investigate the role of ISI in tapping behavior. 
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• To examine the effect of tone frequency on synchronization 

error and listening effort. 

• To examine the effect of ISI on synchronization error and 

listening effort. 

• To examine the effect of tone frequency on ITI and STI. 

• To examine the effect of ISI on ITI and STI. 

• To examine the effect of tone frequency on MV and 

predictive tapping. 

• To examine the effect of ISI on MV and predictive tapping.  
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1.5. Thesis outline 

This chapter has highlighted the background and context of the 

study. It has also specified the purpose and objectives of the current study 

(in four parts). Chapter 2 discusses the available literature specifying the 

role of frequency and inter-stimulus interval (ISI) in auditory-motor 

synchronization, issues related to synchronization error, listening effort, 

and the changes in tapping behavior and motor timing and variability 

under two different ISI ranges. This includes a review of previous research 

on the role of sensory motor synchronization (SMS) and Rhythmic 

auditory stimulation (RAS) in affecting gait. Chapter 3 reports the 

methodology of the experiment. Chapter 4 reports Part-1, which 

investigated how the tapping behavior gets affected in different ways 

under two different interval timings. Chapter 5 reports Part-2, which 

investigated how the tone frequency affects listening effort and tapping 

performance under two different interval timings. Part-3 is reported in 

Chapter 6, which investigated how auditory perception translated to motor 

action under two different interval timing. Part-4 is reported in Chapter 7, 

which investigates how the frequency of tone affects motor variability in a 

differential manner under two different interval timings. Chapter 8 

provides a comprehensive discussion based on the findings. Finally, 

chapter 9 presents a consolidated account of the findings, discusses the 

limitations and implications of this research, and describes the scope for 

future research. Chapter 10 includes the appendix section. 
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Chapter 2 

 

Review of Literature 

 

2.1. Music and Movement 

Music is an enjoyable activity that helps people communicate 

their feelings and emotions and soothe their body and mind. Some early 

scholars like Spencer (1890) understood the origin of music as arising 

from the physical manifestation of feeling due to mental arousal, while 

others like Darwin (1896) expounded an evolutionary theory of origin 

of music, in response to sexual selection (Kleinman, 2015). 

Nevertheless, the origin of music is older than human history itself. 

Moreover, music has a crucial role in human evolution, by affecting 

human perception, their cognitive faculties and their relational 

behaviour. Apart from this, music has a causal relationship with 

movement in the human body.  It has the ability to induce movements 

in human bodies such that we perceive music while moving (Jensenius, 

2007). Due to this unique property, music plays a significant part in 

movement-based therapies, especially in movement disorders, which 

are commonly seen in older people. One of the most common 

movement disorders seen in elderly people is Parkinson’ disease (PD). 

The basal ganglia play an important role in controlling 

movements by close association with internal timing and rhythm 

perception. PD is a neurodegenerative pathological condition in which 

the loss of dopamine producing neurons in substantia nigra of 

midbrain, affects the dopamine transmission from this area to the 

striatum of basal ganglia (Jones & Jahanshahi, 2006). Due to such a 

dopamine deficiency, a loss of rhythmicity in timed movements, 

impediment in initiating movement, diminished length of steps and 

speed, freezing of strides due to impairment in alternating timed 

movement like walking and other similar abnormalities in movement 

are observed in PD. The movement impairment in PD may be atoned 
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by engagement of cerebellar networks, as they are spared in PD and 

depend upon external auditory or visual cues. 

Music entrainment is a widely practiced cultural activity with 

increasingly recognized pro-social and therapeutic benefits. Music 

encourages us to move with the beats, demonstrating humans’ 

extraordinary ability to detect and create rhythmic impulses. The 

underlying functional mechanisms, meanwhile, are unknown. One 

school of thought, which dates back to Darwin, holds that the 

underlying pathways are primitive and rooted in the human brain 

evolutionary earliest subcortical regions. 

Recent studies suggest that, even in the absence of visible 

locomotion or desire to move, rhythm perception is a complicated 

cognitive process involving temporally accurate communication 

between cortical sensory and motor regions.  

 

2.2. Perception-Action coupling and its link to body movement 

In a variety of cognitive contexts, interactions between 

perception and behavior have been studied. As a result, different 

responses to the issue of connection between the input and output sides 

of cognitive and behavioral activity are connected to each other should 

not be shocking. According to ideomotor theory, the relation between 

perception and behavior is based on shared representational resources 

or structures (Hommel et al., 2001; Prinz, 1997). In short, ideomotor 

theory, supposes that actions are illustrated by their perceptible effects. 

While the sensory and motor domains are initially assumed to be 

incompatible, they become compatible when motor entries are 

converted into sensory signals (Prinz, 1984). 

As a result of representational overlap or similarity, action and 

perception may cause or obstruct each other (Kornblum et al., 1990; 

Prinz, 1990, 1997). The ideomotor approach has gained a lot of 

empirical support in the last two decades, which can be roughly 

clustered into three main issues (Hommel & Elsner, 2009): (1) how is 

action knowledge interpreted, (2) how is knowledge of action obtained, 
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and (3) What role does this knowledge have in the selection of action 

and regulation.  In this context, action awareness involves details about 

objectives, movements, and the linkage between movements and goals. 

Furthermore, declarative action knowledge, which is frequently 

regarded as clear and conscious, as well as technical knowledge for 

action, which is frequently assumed to be intuitive and unconscious, 

may be included in action knowledge (Prinz, 2014; Schack & 

Mechsner, 2006). 

The ideomotor framework is based on the common coding 

principle which states that action information and perception are 

produced and retained in the common representational medium (Prinz, 

1990, 1997). As a result of representational overlap or similarity, 

perception and behavior can cause or interfere with one another. A 

variety of studies back up this hypothesis. Perception, on the one hand, 

has been shown to influence actions. As demonstrated by research on 

ideomotor movements and emulation (e.g., Knuf et al., 2001; Meltzoff 

& Prinz, 2002), watching others' acts can either stimulate or hinder the 

display of expected actions (Brass et al., 2001). 

In contrast, perception has been found to be influenced by 

action. This implies that, action preparation and development can 

improve (assimilation effect, see Craighero et al., 1999; Symes et al., 

2008) or impede (contrast effect, see Müsseler & Hommel, 1997; 

Zwickel et al., 2008) the stimuli's perception that are close to action 

features. Furthermore, information of the connection between goals 

and gestures is collected in the form of a bi-directional association) of 

behavior and their associated perceptual consequences (e.g., Elsner & 

Hommel, 2001; Herwig & Waszak, 2012). Classical or operant 

conditioning principles tends to govern the learning of these action–

effect relationships. Action–effect relationships, for example, may be 

applied to other occurrences with similar characteristics (e.g., Beckers 

et al., 2002; Hommel et al., 2003). 
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2.3. Sensory-Motor Synchronization (SMS) 

Sensorimotor synchronization (SMS) can be understood as a 

kind of 'referential behavior' (Pressing, 1999) where an action is timed 

to a foreseeable extrinsic event known as the referent. In indirect way, 

SMS may be called as a temporal synchronization of internal motor 

rhythm with external rhythm which is essential for any musical event. 

In a musical band, musicians must try to align and synchronize their 

actions with the other partners’ actions of the band. In addition, 

orchestral players must imitate the composer's gestures. Also, during 

practice sessions, to time their actions, classical musicians very 

frequently use a metronome.  

Soldiers march to the sound of music, and artists perform with 

the beats. People create temporal supposition (a sort of an intuitive, 

intrinsic synchronization) when they hear music, and they might move 

in sync with the beat. Animals, unlike humans, do not instinctively 

show synchronized movement in response to auditory or visual stimuli, 

and no successful attempts have been made to teach them to do so 

(Patel et al., 2005). 

The faculty to engage in SMS at a variety of tempi is also be 

peculiar to humans, and it may have driven the development of music 

and language in an evolutionary context (Merker, 2000). The task of 

tapping ones’ finger in response to an auditory series of tones or clicks 

is widely used in laboratory studies of SMS. Different modes of 

movement (e.g., finger flexion or movement of limb with no contact 

compared tapping on a firm surface with contact), various stimulation 

modes, and different forms of coordination all lead to the variety of 

SMS tasks. 

SMS research dates back to 1910 (Dunlap, 1910; Miyake, 

1902; Stevens, 1886; Woodrow, 1932), but Paul Fraisse in the 1950s–

1970s and John Michon (his dissertation of 1967) were the most 

significant developers of the field. In recent years, there has been a 

significant rise in research activity, making this analysis timely. The 

objective is to provide an understanding of theories and observations 

from the viewpoint of the one who is passionate about music 
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performance and the skills that go with it. As a result, the finger-

tapping task takes precedence over research on contact-free movement 

of the limb, since it is potentially more important to creation of musical 

sound, especially on keyboards and percussion instruments (the ones 

producing sound when struck). The information-processing theory, 

which usually caters to responses interpreted as a distinct time 

sequence, is one of the key theoretical approaches to SMS. In addition, 

while information-processing methods seek to explain hypothetical 

internal mechanisms underlying actions, theory, which is more 

commonly applied in engineering applications than in psychology 

science, lies in the middle of the spectrum (Jagacinski & Flach, 2003). 

Since physical tapping causes distinct events, the researchers 

who use that model focus on information processing (and vice versa), 

while the researchers of dynamic systems prefer continuous movement 

activities.  Movements ordered as a sequence of discrete contacts tend 

to necessitate more evident temporal regulation than continuous 

movements (Delignières et al., 2004; Zelaznik et al., 2002), and thus 

can engage various brain circuits, especially the cerebellum (Spencer et 

al., 2005). Paced or timed finger movements (without making contact 

with the surface) are frequently less symmetrical than finger 

movements which are not paced, making an oscillator model more 

challenging to handle (Balasubramaniam et al., 2004). There are 

several aspects of SMS in executing a finger tapping task to an 

isochronous sound sequence, such as synchronization error, tap to tap 

variability, tapping behavior, and motor timing. 

In order to achieve synchronization with the tone, individuals 

try to adjust their internal time keeper with period of isochronous 

sound sequence and in an attempt to do so, they usually perform trial 

and error process which leads to the variability in inter-tap interval 

(ITI). This phenomenon occurs because, initially they undergo learning 

process and the variability helps in gaining this learning. Once they 

acquire learning, then after sometime variability decreases. In order to 

achieve synchronization, sometimes their tapping precedes the tone 

and at other times succeeds the tone. This occurs as it is impossible to 
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achieve exact synchronization due to nerve conduction, and hence, 

tapping behavior also gets affected. 

In every SMS Task, 3 stages are involved: perception, 

cognition and action. Sensation is a part of perception process. The 

coupling between perception and action will depend upon how much 

an individual exhaust their cognitive resources. Since listening is 

involved in AMS, so it is likely to interfere in the tapping task. 

 

2.4. Rhythmic-Auditory Stimulation  

Rhythmic auditory stimulation (RAS) is based on the oscillator-

entrainment paradigm, which states that rhythmic processes in motor 

system synchronize with rhythmic time-keeper networks in the 

auditory system. Rhythmic stimuli, such as music or a metronome 

controls the time-keeper networks in the background. Among the first 

to explore these models were Safranek et al., 1982 (rhythmic cuing’s 

modulatory effect on electromyogram (EMG) in arm movements) and 

Mandel et al, 1990 (EMG feedback versus rhythmic feedback in 

rehabilitation of stroke gait). Thaut et al. (1991) studied the impact of 

rhythmic cuing on arm movements through EMG analysis in much 

greater detail. Additionally, Thaut et al. (1992) also investigated stride 

characteristics and EMG patterns in healthy people's gaits and 

discovered improvements in stride symmetry and EMG patterns, in 

particular the variability in amplitude of muscle contractions during 

movement. 

When individual stroke, cerebellar, and transverse myelitis 

patients were measured, the results were identical (Thaut et al., 1992). 

Based on their findings, they began exploring Rhythmic Auditory 

Stimulation (RAS) as a motor rehabilitation tool and standard RAS gait 

training method was developed, which are now used in neurologic 

music therapy (NMT) and other rehabilitation settings. 

RAS extension to upper extremity and balance training has 

been successfully implemented and are now being used in clinical 

settings (Thaut, 2005). Following a CVA, RAS Gait Rehabilitation is 
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needed. Five subjects suffered thrombotic or hemorrhagic episodes in 

the right hemisphere, usually in the middle cerebral artery distribution. 

To assess their baseline walking capacity, patients walked six meters at 

their own pace. During the second walk their baseline gait cadence was 

matched to external auditory cueing to see whether immediate 

entrainment effects can arise without training. The same trial was 

conducted three times, each one separated by a week. The majority of 

the participants in this study displayed a strong pattern of auditory-

motor synchronization. On the paretic hand, stride time symmetry and 

stride length symmetry increased greatly, as did weight bearing time. 

Stride time variability was significantly reduced. 

On EMG, participants' paretic and non-paretic limbs displayed 

a more balanced muscular activation pattern. On the paretic side, there 

was also a decrease in integrated amplitude variability of EMG. RAS 

also led in a significant decrease in lateral displacement and a 

significant rise in vertical centre of mass displacement, resulting in a 

smoother forward gait trajectory (Prassas et al., 1997). Following that, 

a six-week daily training research was done with 10 stroke patients in a 

RAS gait training group and ten stroke patients in a matched control 

group utilising traditional physical therapy gait training (Thaut et al., 

1997). 

In Thaut et al. (1997), patients were enrolled in the study after 

walking for five meters with hand-held assistance in an average of 15 

days following a CVA. The RAS group showed a non-significant trend 

for improved stride symmetry and a slightly stronger increase in gait 

velocity and stride duration. The RAS group increased their gait 

velocity by 164 percent compared to 107 percent in the control group. 

RAS increased stride length by 88 percent compared to 34 percent for 

traditional physical therapy. It is worth noting that RAS's extensive 

gait pattern shifts in immediate entrainment, as well as in clinical 

training, lead us to believe that RAS plays a bigger role in motor 

control than a pure pacemaker. RAS affects and enhances positional 

and muscular regulation by augmenting timing as the primary 
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coordinative control structure in the generation of complex movement 

sequences. 

 

2.5.  Role of auditory information on rhythmic auditory stimulation 

In light of the aforementioned concerns, it is clear that RAS 

plays a crucial part in rehabilitation training, but what function does 

auditory information (available in metronome) such as pitch and tempo 

play is a relevant question. The main component of a metronome is a 

beat, with which individuals normally synchronize their movements, 

but other aspects of the music also influence the manner and intensity 

of their movements. 

The bass drum is one of the most important musical elements in 

today's dance music. Van Dyck et al. (2010) investigated the impact of 

bass drum's dynamics on subjects during dancing. An environment like 

that of a club was created, and 100 participants (both adolescent and 

adults; and 50 males and 50 females) were invited for dancing in five-

person clusters to a 10-minute and 30-second musical mix that 

contained six songs, three bass drum solitary pieces, and some 

transitional music. Each song was made up of a single part, which was 

repeated thrice, every time with a distinct bass drum dynamic level. 

Video capturing and motion detection technologies were used in the 

study. A motion tracking device was used to measure head movement 

while motion sensing acceleration data was collected from the hips. 

The study inferred that the dynamic shift of the bass drum has a 

considerable impact on the pace of the movement during dancing. It 

appears to be a normal phenomenon that dancers are unaware of. These 

findings suggest that the bass drum's increasing significance in 

contemporary dance music is more than just a stylistic choice; it also 

has a favorable impact on the quantity of movement produced by the 

dancers. External auditory cues can be coordinated with our motor 

movements. For this externalization, we can utilize a number of 

gestures, such as finger tapping, head banging, or a complicated 

combination of numerous movements, as seen in dancing. People may 

be urged to perform certain moves in synchronization with the music, 
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but they can also do it on their own consciously or unconsciously. 

Also, it is a common observation that when listening to sounds and 

music, infants engage in greater rhythmic activity than when listening 

to words (Zentner & Eerola, 2010). 

The fact that music motivates us to move is one of the 

foundations of the music cognition theory, which views body 

movement as an active personal involvement of a human perceiving 

music and considers the human body to be the primary component of 

musical perception and comprehension (Leman, 2008). The movement 

that accompanies music in most cases represents structural properties 

of the music, such as pitch, tempo, and timbre, while the periodicity of 

the movements is usually related to the meter. Other elements of music 

may have an effect on the form or volume of movement (Leman, 

2008). There are currently components in stereo systems that are 

designed to enhance the lower tones in music. Excessive use of low 

frequency tones has become standard practice, particularly in 

mainstream dance music. 

The human ear can detect tones as low as 20 Hz (Plack, 2005), 

and young males in particular seem to have a preference for low tones 

that can be heard both by body contact and through the ear (McCown, 

1997). Experiments have been conducted to decide why so many 

people appreciate better bass in music. Hellbruck (1984) discovered 

that the male preference for bass enhanced music is due to the average 

larger size of the male ear canal, using music played through 

earphones. Female subjects consider noises to be louder than male 

subjects because loudness decreases with rising ear canal length. As a 

result, male subjects can withstand louder sounds than female subjects. 

The relationship between bass drum volume and corporeal articulations 

is less well understood. Despite its apparent connection to dance 

music, the bass drum can have a significant influence on human 

movement. 

Hove et al. (2014) showed that subjects tapped in 

synchronization with a pacing sequence similar to that employed in 

EEG experiments, where the higher or lower tone occurred 50 ms early 
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on occasion (deviants). Participants’ taps were substantially altered in 

time considering a lower tone that was 50 ms too early as opposed to a 

higher tone that was 50 ms prior.  According to these findings, the 

lower pitched stream has a significant influence on motor 

synchronization to a polyphonic auditory input. When people dance in 

groups of five to contemporary dance music, their bodily activity 

changes in response to the complex level of the bass drum, according 

to data analysis. The average amplitude of the participants' hip 

movements usually increases as the bass drum level is raised. This may 

be clarified by the fact that when the bass drum is more prominent, 

subjects focus more on the music's pulse. This results in quicker and 

shorter movements, which are most noticeable in hip movements. 

When the pulse is less pronounced, however, subjects make larger and 

slower movements. 

In the light of above-mentioned issues, it is obvious that, there 

is a role of auditory information such as pitch in affecting auditory-

motor synchronization (AMS) and music strongly compels us to move 

to its rhythm. There is temporally precise communication between 

cortical sensory & motor regions but none of the study is tried to see 

the AMS from effort point of view which is involved in it under 

different interval timing and time window. Till now AMS to 

isochronous sound sequence has been investigated in terms of tapping 

performance analyzed by synchronization error (SE) but not in terms 

of mental effort associated with it. This is because efficient AMS 

involves not only tapping performance, but also requires mental effort 

as two different individuals having different cognitive abilities and 

learning can demonstrate the same performance with their differential 

effort. For example, people with lower cognitive capacities will put in 

more effort to initiate cognitive activity and achieve comparable 

objective performance levels as the ones with better cognitive talents. 

(Oberauer, 2005). But efficient synchronization would be the one that 

can be achieved with less effort (Sparrow et al., 1999; Sparrow et al., 

1998). 
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In order to have synchronization with the tone, it is needed for 

an individual to listen the isochronous sound sequence actively, and 

then he/she will have to comprehend and retrieve the temporal 

information sequence and translate it into inter-tap interval (ITI). So in 

this process, listening and comprehension are the most important 

aspects of AMS. 

Listening is a multidimensional activity, and it is possible that 

auditory-motor synchronization necessitates auditory-cognitive 

connections. Working memory, attention, and processing speed are all 

cognitive domains involved in listening, according to the FUEL model 

(Phillips, 2016). An effort is necessary to accomplish a task that 

demands active listening, such as synchronized tapping in response to 

an auditory input, which is frequently characterized as the attention 

and cognitive resources required to comprehend (hear, attend, and 

understand) the speech (McGarrigle et al., 2014). Effort is distinct 

from attention in that it is a response to fulfill the attentional demands 

necessary to complete any work at hand (Strauss & Francis, 2017). An 

increase in effort, according to Sarter et al. (2006), is defined as the 

conscious and motivated activation of attentional resources to 

overcome impediments (such as spectral deterioration of signal, 

stimulus features) to task performance. Since listening is involved in 

the tapping task so listening effort will increase demand on cognitive 

resources and would be reflected in tapping performance in terms of 

compromise in it. 

Unfortunately, there has been relatively less research explicitly 

examining the role of frequency in affecting AMS in its entirety 

(which includes listening effort) under two different interval timing. 

Miyake et al. (2002) in his study, found that temporal information 

processing in the ISI range between 1800 to 3600 ms is influenced by 

top-down attention, but it is unaffected by top-down attention in the 

450 to 1500 ms range. Different temporal information timeframes are 

linked to various behavioral processes and interpreted by various 

neural systems (Buhusi & Meck, 2005). The motor system is regulated 

by two timing systems, one separated by 1-second range (Lewis & 
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Miall, 2006) and the other by milliseconds (Merchant & 

Georgopoulos, 2006). Weber percentage of perceived duration changes 

at the 1-second border (Grondin, 2014), and cognitively influences 

sub-second and supra-second timing output differently (Rammsayer & 

Lima, 1991). The neural implementations of sub and supra-second 

time vary, according to neuroimaging investigations (Lewis & Miall, 

2003b; Wiener et al., 2010). Many regions in the motor system, such as 

the primary motor area, supplementary motor area, and primary 

somatosensory area, are activated and govern motor control in the sub-

second timing system. Working memory and attention are aided by the 

supra-second time system (Lewis & Miall, 2006), which includes the 

posterior parietal, prefrontal cortex, and basal ganglia. 

Despite recent neuroimaging research highlighting the 

distinctions between the sub- and supra-second timing systems 

(Pouthas et al., 2005; Jahanshahi et al., 2006; Lewis & Miall, 2006; 

Wiener et al., 2010; Hayashi et al., 2014), the prevalence of 

concordance between both the systems is unclear. If the goal time is 

sub-second, supra-second, or peri-second (i.e., about 1 second), we can 

undertake psychological timing activities. However, it is impossible to 

provide seamless timing across various temporal ranges in absence of a 

transit zone between sub-second and supra-second range. This put-up 

many question with regard to peri-second processing. Weiner et al. 

(2010) found the existence of certain areas triggered in supra-second 

and sub-second range. Neuroimaging studies such as fMRI showed 

that different areas of the brain are associated with event duration on 

timescales spanning from milliseconds to seconds. These finding show 

that mechanism involved in sub-second and supra-second have some 

links but no fMRI research looked at how these two different neural 

timing mechanism function for peri-second range. 

A monotonic shift in BOLD behavior throughout sub- and 

supra-second time intervals was hypothesized in these fMRI studies, 

and findings reveal some connections between the sub-second and 

supra-second timing systems. Nevertheless, no neuroimaging 
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researchers have examined into how these two cerebral timing systems 

work during peri-second time intervals. 

Since the peri-second and supra-second time windows recruit 

two separate cognitive timing mechanisms, there's a good chance that 

tapping behavior, tap-to-tap variability, and perception-action coupling 

(all of which are different aspects of AMS) can vary depending on the 

time frame. Different levels of top-down focus are needed in these two 

time windows. The sub-second time window requires less top-down 

attention and is generally automatic, whereas the supra-second time 

window requires more cognitive energy and is controlled by a 

centralized process. Since effort is needed to satisfy attentional demand 

for completing a task, the results are likely to vary when the intervals 

are timed differently. Since synchronization, motor timing, motor 

variability, and tapping actions are all related and interconnected, they 

all rely on temporal information processing, which differs depending 

on interval timing. As a result, it is most likely that the aforementioned 

AMS parameters would be influenced by tone frequency under 

different interval timing, but in what way is the subject of this study. 
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2.6. Listening Effort and Pupil Dilation 

Routine listening task is frequently marred by acoustic issues 

that degrade the auditory signal (Mattys et al. 2012). External reasons 

of acoustic difficulty include background noise, competing voices, 

and speakers with a different accent (Van Engen &Peelle 2014). Even 

if the external auditory input is perfectly clear, hearing loss reduces 

the quality of information reaching the listener's perceptual system. 

Contrary to cognitive demand, listening effort includes the resources 

and the energy spent by a listener in order to meet cognitive needs. A 

recent consensus paper established the Framework for Understanding 

Effortful Listening, which tackles many of the intricacies that define 

verbal communication and listening effort (Pichora-Fuller et al. 2016). 

Listening effort has been defined by Pichora-Fuller et al. 

(2016) as “the deliberate allocation of mental energy to resolve 

challenges in target pursuit while carrying out a listening task. 

Researchers suggest pupil dilation as an appropriate test for LE 

because the term ‘pupil dilation’ appertains to a decrease in the 

diameter of the eye's pupil caused by factors other than light, most 

common factors being emotional or cognitive. The pupil dilation 

response has long been correlated with cognitive effort tasks (Beatty, 

1982; Kahneman, 1973), such as listening effort (Koelewijn, Shinn 

Cunningham, Zekveld, & Kramer, 2014; Winn, 2016). Since a long 

time, the pupil dilation response has been linked to cognitive exertion 

tasks (Beatty, 1982; Kahneman, 1973) like listening effort (Koelewin 

et al., 2014; Winn, 2016). 

Pupil dilation has been associated with the involvement 

of selective attention (Wierda et al., 2012) and working memory 

(Goldinger & Papesh, 2012), and also to intermediary concepts like 

generic arousal connected to task demand (Kahneman, 1973) and 

engagement (Gilzenrat et al., 2010; Goldinger & Papesh, 2012). Both 

sympathetic and parasympathetic arousal control pupil dilation - 

constriction being induced by parasympathetic arousal and dilation 

by sympathetic arousal (Steinhauer et al., 2004).  
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2.7. Synchronization Error and Tapping Performance 

Human behavior is quite susceptible to errors in life which is 

most unwelcoming part of human existence and it is usually seen in 

every aspect of life such as medical procedures, battlefields, 

transportation and vehicle operation. This happens because of 

impairment in motor timing skills due to which humans usually find 

themselves unable to synchronize their timing with external events. 

Error occurs when response does not meet target. Earlier SMS studies 

suggest that while syncing with a series of 

tones, individuals' tap appear to be a few milliseconds ahead of tones 

rather than symmetrically dispersed across the tone initiation (Miyake, 

1902; Woodrow, 1932). This phenomenon is known as anticipation 

phenomena or negative mean asynchrony (NMA). NMA has been 

observed in many studies and has paved the way for future studies (see 

Aschersleben, 2002). Despite this, the causes of the NMA are still 

unknown. For NMA, several explanations have been proposed but 

none is comprehensive but each of them has some merit. Differences in 

nerve transmission periods from the finger to the brain versus the ear to 

the brain give rise to NMA (Fraisse, 1980).  

The fact that the NMA for foot tapping is greater than for hand 

tapping offered early support for this concept (Aschersleben & Prinz, 

1995; Aschersleben et al., 2002; Fraisse, 1980). This disparity could 

be related to different kinematics for foot and finger movement, which 

has to be investigated further.NMA appears to be minimal and non-

existent in musical contexts and it is seen that participants who are 

musically trained shows smaller NMA as compared to untrained 

participants and also shows zero NMA in some cases (Aschersleben, 

2002; Repp, 2004b). Furthermore, auditory feedback, rhythmic 

complexity and subdivision help in minimizing and removing the 

NMA (Aschersleben & Prinz, 1995; Wohlschläger & Koch, 2000). 

Thus, NMA occurs only when non-musicians tap in time with a 

simple metronome. 
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2.8. Motor Control and Tapping Modes 

Individuals must predict the next stimuli from the current state 

when attempting to synchronize their tapping with the sound 

sequence. Often in anticipation of the next event, individuals 

typically tap before the incoming event referred to as negative 

asynchrony and this form of tapping mode is called anticipatory 

tapping which involves feedforward motor control. The 

interdependence of the effectors is preplanned and visible using 

feed-forward control before sensory feedback from the movement 

can be used.  Positive asynchrony, on the other hand, occurs when 

top-down attention is engaged because it activates the feedback 

motor control system, which is a reflexive motor action that results 

in reactive tapping. 

With feedback control, the motor system can respond to 

sensory data that signals departure from anticipated or 

normal movement. The distinguishing feature of coordinative 

feedback control, in contrast to local feedback control, is that motor 

commands to one effector are dependent on sensory feedback from 

another effector. After very short latencies (70 ms), coordinated 

feedback responses can be seen, which are most likely the product 

of motor cortical control circuits (Pruszynski et al., 2011). The 

transitions from anticipatory to reactive tapping could indicate a 

universal feature of human coordination, in which the brain adapts 

to changes in the environment, such as inter-stimulus intervals, by 

switching from one mode of coordination to the other. 
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2.9. Motor Timing and Time Perception 

To maintain synchronization with external events, the subject 

begins to make judgments based on the length of events (tone duration) 

and the time gap between them, which can be of following two types.; 

beat-based judgments, and, interval based judgments (Keele et al., 

1989).When the subject touches the surface, they do not immediately 

release their finger but also keep the finger in contact with the surface 

for very short time intervals. It occurs because the subject attempts to 

estimate the length of the sound, which is a kind of beat-based time 

function, perceptually throughout this time period timer, which 

involves synchronizing events. Following finger release, tapping 

response occurs with the next tone again. The period between one tap 

and the next tap (including the period when the finger stays in contact 

with the surface) is called an inter-tap interval, an index of motor 

timing. The time interval between taps change as subjects make a 

series of uniformly spaced taps. Individuals assess the passing of time 

depending on their personal perceptions of time. 

At least two key origins of time perception are identified, 

namely, judgment of the passing of time and evaluation of interval 

length. It's worth noting that variables other than physical time 

influence the subjective perception of interval length. A time period, in 

particular, can be viewed differently by different people depending on 

their psychological states or personality traits. Timing abilities are 

aided by a dispersed network of frontal regions, including prefrontal 

and premotor equivalents, as well as non-frontal regions including the 

cerebellum, basal ganglia, and parietal areas, according to previous 

neuropsychological and neuroimaging studies (Buhusi & Meck, 2005; 

Lewis & Miall, 2006). 

However, as a result of the current limits, the brain areas that 

process timing-related information are more flexible (Witt et al., 

2008) . As a result, internal and external factors may cause resource 

processing to overlap, resulting in the coupling of timing skills. In this 

sense, motor timing and time perception might interact in such a way 
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that repeating acts can help with interval timing calibration in a dual-

tasking setting (Carlini & French, 2014). 

 

2.10. Motor Variability and Learning 

In order to achieve synchronization with the tone, individuals 

try to adjust their internal time keeper with period of isochronous 

sound sequence and in the attempt to do so, they usually perform error 

and trail processes leading to the variability in inter-tap interval (ITI).  

It's because they're going through a learning process at first, and the 

variation in ITI aids in learning. After they acquire learning, their 

variability reduces over time. Motor variability (MV), in this 

perspective, aids skill learning in the way that genetic variation has 

aided evolution: an integral element of a mechanism that molds 

adaptive behaviors through selection by outcomes (Skinner, 1981).  

Movements are the result of a network of hierarchically 

organized motor controllers generating tightly choreographed patterns 

of muscle activity (Lemon, 2008). From variability in central circuit 

movement planning to noise in muscle force generation, variability in 

the motor circuits can occur at any stage. If the motor system can 

recreate neural activity patterns that produce successful outcomes, it 

may be able to take advantage of such variability. Variability in the 

motor systems can occur at any level. In this work, variability in 

central planning and control circuits termed as 'planning noise' is 

differentiated from variability in the motor peripheral, which is called 

as 'execution noise’. 

Central circuits, receiving performance-related feedbacks, are 

somewhat more inclined to provide learning-friendly variability as 

compared to peripheral circuits, which might be more challenging to 

replicate and reinforce. At the motor periphery, the variability of the 

motor system has perhaps been explored the most. Studies have 

revealed that signal dependent noise in force generation, i.e. trial-to-

trial variations that scale proportionally with mean force, reflect a 

fundamental characteristic of muscle activity. Peripherally derived 

variability, also known as "execution noise" (Van Beers et al., 2004), 
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may not be ideal for learning-related motor inquiry due to its 

uncontrollable nature. On the contrary, learning-related motor 

exploration may be best served by variability in central planning loops. 

These circuits have higher experience-dependent plasticity and have 

better access to reinforcement signals (Björklund & Dunnett, 2007; 

Doyon & Benali, 2005; Nudo et al., 1996; Sanes & Donoghue, 2000; 

Schultz, 1998).  
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Chapter 3 
 

Methodology 

 

The study examines the effect of tone frequency and ISI on 

synchronization error and listening effort. Synchronization error (SE) 

is measured as the absolute temporal difference (i.e., irrespective of ± 

asynchrony) between the tone onset and the tap onset and ISI is 

defined as an interval between the offset of the previous tone and onset 

of the next tone. 

The analyses reported in this dissertation are restricted to data 

collected prior to Covid-19 Pandemic. The study was conducted 

abiding by the required precautions of involving human subjects. 

When the pandemic crisis began, further data collection was suspended 

and at the time of submitting this dissertation, the prevailing pandemic 

crisis remains a safety concern. 

 

3.1. Experimental room set-up 

 

3.1.1. Eye-tracking system 

The sound sequence clubbed with the video was presented 

using the Tobii TX30 Eye-tracking workstation. Investigator connected 

Tobii TX30 to the PC through USB in order to collect data pertaining 

to pupillary dilation (pupil diameter) for both the eyes at the rate of 30 

samples per second. Calibration includes few dots on the screen, and it 

takes 2-5 minutes. The stimulus is displayed on the screen through the 

interface of Tobii studio.   

 

3.1.2. Arduino Tapping Board Set-up 
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Piezoelectric sensor was connected to pin 1 of an analog port of 

Arduino microcontroller for measuring tapping data. Light Dependent 

Resistor (LDR) sensor’s output was fed to pin 0 of an analog port of 

arduino microcontroller for synchronization with PC. Investigators 

placed LDR sensor over the lower right corner of the PC screen. In this 

arduino tapping board set-up, audio metronome starts with the start of 

the black screen which is detected by LDR. This generates start signal 

which received through analog pin 0 and by receiving this signal, it 

starts taking tapping data through analog pin1. 

 

3.1.3. Participants 

Thirty healthy participants (M = 24.6 years; SD = 4.9; range = 

18-35 years) voluntarily participated in the study. They received a T-

shirt for their participation in this study. There were equal number of 

participants assigned in randomized manner to short ISI group (1000 

ms) and long ISI (2000 ms) group.  

 

3.1.4. Design 

The Design of the study is a 2 (Frequency: LF vs. HF) ×2 

(Inter-stimulus interval: Short ISI vs. Long ISI) with the second factor 

as a between-groups variable. 

In this experiment, LF is 100 Hz comes under low-frequency 

range, and HF is 1000 Hz comes under the high-frequency range. The 

inter-stimulus interval was operationalized having two categories, i.e., 

(i) Short ISI (1000 ms), (ii) Long ISI (2000 ms). 

 

3.1.5. Experimental Task 

Participants performed the experimental task that required them 

to tap on tapping board with their dominant index fingers in response 

to the tone present in isochronous sound sequence. The tone occurred 

72 (i.e., 2 initiation tones + 70 execution tones) times in both ISI levels 
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out of which first two tones were initiation tones whereas the 

remaining were execution tones. 

Investigators created two isochronous sound sequence with the 

help of Audacity software (Mazzoni & Dannenberg, 2000), under two 

different ISI, i.e., (i) Short ISI (1000 ms), (ii) Long ISI (2000 ms).  

The duration of isochronous sound sequence was 2.15 minutes 

under short ISI and was 4.30 minutes under long ISI (i.e., double the 

duration of short ISI). This duration does not include initiation period 

in which 2 initiation tones were presented i.e., 1 second and 2 second 

in short ISI and long ISI respectively. 

As stated above, there were 70 occasions of presenting the 

execution tone to which participants were required to tap in a 

synchronized manner (i.e., tapping needs to be coincide with the 

presentation of the execution tone). These 70 execution tones were 

divided into two blocks. There were a thirty-five low-frequency tone in 

one block and thirty-five high-frequency tones in second (see Fig.2) . 

For loudness equalization of high and low-frequency tones, the 

investigators used a replay gain algorithm, an inbuilt plugin in audacity 

(Wolters et al., 2010). 

Participants were randomly assigned to isochronous sound 

sequence (i.e., short ISI vs. long ISI). Further, under each ISI, there 

were two blocks of tone frequency (i.e., LF vs. HF) that were 

counterbalanced in the experiment. In a single session, each participant 

went through two blocks of an isochronous sound sequence consisting 

of 35 tones, each having low-frequency and high frequency and were 

separated by a fixed ISI. Initial six tones among 35 tones were for 

initiation trails and rests were for the experimental trials. Among 30 

participants, 15 participants had gone through short ISI, and the other 

15 participants went through long ISI.  

 In order to maintain steady intensity, participants used noise-

cancellation headphones (68 SPL) during the experimental task. They 

also used Disposable Head Cap considering hygiene requirement. For 

measuring the tapping response, the investigators used Arduino-based 
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customized tapping board and for measuring the pupil diameter, Tobii 

tx-30 eye tracker having a sample rate of 30 Hz was used. 

This Arduino-based tapping board was customized (developed 

for this study) to synchronize with the PC via a light-dependent 

resistor, which was placed over the lower right corner of the PC screen 

to ensure synchronization of tapping data with the execution tones.  

Tapping data were recorded using Arduino based customized 

tapping board connected to a Dell PC running Arduino IDE software; 

light-dependent resistor was placed on the lower right corner of the PC 

screen to achieve synchronization between tapping board and PC. 

 

 

 

Figure.1. Temporal relationship with respect to onset of the stimulus and onset of tap. Information assessed during this 

experiment is stimulus onset and tap onset. Synchronization error (SE) is calculated as absolute temporal lag between the onset of 

stimulus and the onset of tap the time difference was described as the Inter-stimulus Interval (ISI) between two successive 

stimulus onsets. The tone duration is 200 ms. 

 

 For measuring the synchronization error, the investigator used 

Arduino based customized tapping board, and for measuring the pupil 

diameter, Tobii tx-30 eye tracker having a sample rate of 30 Hz was 

used.    
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Figure 2: Presentation of Stimulus 

 

 

Figure. 3 Measuring the physiological pupillary response. Participants were presented a black screen 

following by the white screen for one minute each for the purpose of eliciting maximum pupil dilation and 

maximum pupil constriction. A gray screen is used for the rest of the experimental trials. 

 

As the pupil diameter is very sensitive to the light so to ensure 

the sensitivity of pupil diameter to the listening effort, the investigator  

created a video stimulus consist of three frame in Filmora software in 

such a way that for the initial first minute, frame with black color was 

displayed so that  participant  got maximum pupil dilation, then a white 

image frame was displayed for the next 1 minute, to create maximum 

pupil constriction  then gray image were meant to elicit inter-mediate 

pupil size for rest of the experimental trial period. Then isochronous 

sound sequence (created via audacity) has been merged with the frame 
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of gray image in filmora software to create final stimuli and presented 

in front of the participant via Tobii studio software. A fixation cross 

was presented in the center of the computer screen to keep participant's 

gaze fixed throughout the session. Arduino based customized tapping 

board (developed for this study) was made to synchronize with the eye 

tracker via a light-dependent resistor, which was placed over the lower 

right corner of the PC screen to ensure low latency between recording 

time of tapping data and playback of sounds. 

 The Subjects were involved in two different tasks concurrently, 

the tapping task and the listening task. Participants were asked to sit in 

front of the table, and to tap their dominant index finger on the tapping 

board along with the tone of the isochronous sound sequence in a 

synchronized manner without compromising his/her gaze towards the 

fixed cross. 

 

3.1.6. Dependent Variables 

Anticipatory tapping and reactive tapping: Anticipatory 

tapping and reactive, tapping is examined in terms of asynchrony of 

tapping responses (i.e., negative- and positive- asynchrony). Negative 

asynchrony and positive asynchrony are differentiated in terms of the 

nature of taps with reference to deviation from exact coinciding point. 

In other words, the sign of asynchrony is determined based on whether 

a tap is executed before or after the occurrence of the tone. For 

instance, those taps which occur before the tone will be considered as 

negative asynchrony in contrast to positive asynchrony i.e., taps which 

occur after the tone.  

Synchronization error (SE) is measured as the absolute 

temporal difference between the stimulus onset and the tap onset and 

inter-stimulus interval defined as an interval between the offset of the 

previous tone and onset of the next tone in isochronous-sound 

sequence 

LE is described as the purposeful distribution of mental 

resources to overcome obstacles to the objective concern while 

performing a listening task (Pichora-Fuller et al., 2016). 
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Inter-Tap Interval (ITI) is calculated by taking temporal 

difference between successive taps and used as an index of motor 

timing in context of AMS. 

To investigate how the subjects translated the ISI into action, 

subjective translation index (STI) was computed by dividing each 

inter-tap interval (ITI) by ISI. Further, the mean STI was calculated for 

each participant. 

STI> 1 indicates, subjects over translated the ISI. 

STI<1indicates, subjects under translated the ISI. 

Motor variability (MV) studied through the coefficient of 

variation of ITI (CV) under the peri-second and supra-second range. 

CV was calculated by dividing the standard deviation of ITI by mean 

(ITI) for each participant. 

 

Hypothesis 

and objective 

Dependent 

variable as 

referred to 

as 

hypothesis 

Measure of 

dependent 

variables 

How are 

measures 

related to 

measures of 

dependent 

variables? 

To investigate 

the effect of 

tone frequency 

and Inter-

stimulus 

interval on 

Tapping 

Behaviour 

 

Anticipatory 

tapping and 

Reactive 

tapping 

Anticipatory 

and Reactive 

tapping were 

measured as 

number of taps 

which occurred 

before and after 

the tone  

Taps with 

negative sign is 

related to 

anticipatory 

tapping and 

positive sign is 

related to 

reactive tapping 

To investigate 

the effect of 

frequency of 

tone on 

listening effort 

and 

synchronization 

error under two 

different inter-

stimulus 

intervals 

 

 

Tapping 

Performance 

Listening 

Effort 

Pupillary 

dilation is taken 

as measure of 

listening effort 

 

Synchronization 

Error (Absolute 

measure of 

asynchrony) is 

taken as a 

measure of 

tapping 

performance 

Increase or 

decrease in 

pupillary 

dilation is 

related to higher 

and lesser 

listening effort. 

Lesser and 

higher 

synchronization 

error is related 

to increased or 

decreased 

tapping 

performance. 
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To investigate 

the effect of 

tone frequency 

on perception-

action coupling 

and motor 

timing under 

two different 

interval timing 

 

Motor timing 

, 

Subjective 

Translational 

Index (STI) 

Inter-Tap 

Interval is taken 

as a measure of 

Motor timing 

and STI  

 

STI> 1 

indicates, 

subjects over 

translated the 

ISI. 

STI<1in

dicates, subjects 

under translated 

the ISI. 

 

          To 

investigate the 

effect of tone 

frequency on 

motor 

variability and 

predictive 

tapping under 

two different 

interval timing                                                                                                                                

Motor 

Variability 

(MV), 

Predictive 

tapping  

Coefficient of 

Variation is 

taken as a 

measure of 

Motor 

Variability 

 

 

Larger variation 

of inter-taps is 

related to high 

motor 

variability and 

vice-versa 

 

 

3.1.7. Independent Variables: 

Two independent variables were manipulated in testing these 

hypotheses. 

Frequency is measured as the number of wave cycles repeated 

in one-second and its unit is Hertz (Hz). It was being manipulated 

based on the studies which says that processing of temporal 

information in the brain and its coding in the central nervous system 

(CNS) is unique for low and high different frequency ranges, as an 

auditory neuron can maintain the temporal fine structure of a low-

frequency tone by phase-locking its response to the stimulus 

(Reichenbach and Hudspeth, 2012) unlike a high frequency tone. For 

high frequencies, the temporal fine structure is not preserved in neural 

responses, below 300 Hz. auditory fibers fire almost in phase lock with 

stimulus frequency, and beyond 800 Hz, this phase-locking decline 

(Reichenbach& Hudspeth, 2012). 

Inter-stimulus Interval (ISI) is described as the temporal 

difference between two successive stimulus onsets. It was being 

operationalize and manipulated based on the Miyake et al.(2002) 

which says that ISI is expected to affect the temporal information 
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processing in its two ranges, namely short ISI (450 ms<ISI< 1500 ms) 

and long ISI (1800 ms<ISI <3600 ms), respectively. It is because that, 

one time scale lies in between 450 ms to 1500 ms, which does not 

involve subjects’ top-down attention and other one lies in between 

1800 ms to 3600 ms which involve subjects’ top-down attention. 

3.1.8. Procedure 

Prior to engaging the participants, the investigators secured the 

approval of the experimental protocol from the Institute Human Ethics 

committee, Discipline of Biosciences and Biomedical Engineering 

which monitors the ethical compliance issues. Participants were 

explained about the task that they had to perform in the experiment so 

that they could take an informed decision regarding their consent. 

After this, a vital information sheet for recording personal details (such 

as, name, date of birth, interest in music etc.) was used by the 

experimenter. 

Practice session preceded experimental task for each participant 

in order to ensure that they had understood the task. Each participant 

was engaged individually for the experimental session. The 

experimenter sat beside the participant (Figure. 4) for empirical 

observation through a parallel headset connected to the audio splitter. 

After data collection, participants went through a debriefing session in 

which each participant was asked some probing questions about his/her 

experience during the experiment. 

 

 

Figure.4. Experimental Setuo 
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Chapter 4 

 

Tapping Behavior and Inter-Stimulus 

Interval in Isochronous Sound Sequence 

 

4.1. Introduction 

Sensory-motor synchronization (SMS) refers to the rhythmic 

coordination between perception and action (Repp, 2005). For 

instance, people move their body parts in response to musical beats in 

which actions are coordinated in the prediction of an external event 

(Pressing, 1999). It is important to have situation where both action 

and referent are periodic for SMS to occur (Rajendran & Teki, 2016). 

This is because periodicity of the referent increases its predictability 

where referent refers to auditory stimuli in a sequence comprises of 

series of auditory stimuli. Therefore, SMS requires temporal 

coordination between motor rhythm and external auditory rhythm 

(Repp & Su, 2013). In the context of Rhythmic auditory stimulation 

(RAS), Thaut (2010) have shown that auditory rhythm affects the 

motor system because both systems share crucial connectivity at 

cortical, subcortical, and spinal level. Auditory system plays an 

important role in processing temporal information quickly and 

precisely in order to pass it to motor structures in the human brain, thus 

creating synchrony between rhythmic sound sequence and motor 

response (such as tapping in this study) (Lezame & Hernandez, 2020). 

This study highlights two aspects of asynchrony with respect to 

execution of tapping response. When individuals try to synchronize 

their tapping with the sound sequence, it is necessary to predict the 

next stimuli from the current state. Often in anticipation of the next 
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event, individuals usually tap before the incoming event referred to as 

negative asynchrony. In contrast, positive asynchrony occurs with the 

involvement of top-down attention because it activates the feedback 

motor control system which is a reflexive motor action and it leads to 

reactive tapping.  

The primary goal of the current study was to investigate the 

anticipatory tapping and reactive tapping in isochronous sound 

sequence under short ISI and long ISI levels. An important concern 

with respect to the role of temporal aspect is that of understanding how 

ISI affects SMS. Miyake et al. (2002) reported that there is different 

levels of involvement of attentional demand under ISI range of 1800-

3600 ms and ISI range of 450-1500 ms such that the former is found to 

have more attentional demand.  

As the ISI range of 450-1500 ms demands lesser attentional 

resources, this ISI range will switch motor control to feed-forward 

mode because it doesn’t require voluntary control (Klein, 1976; 

Seidler, 2004). In the feed-forward model of motor control, cerebellum 

receives an efferent copy (internal copy of an efferent movement 

inducing signal) of a motor command from the primary motor cortex 

for a motor-to-somatosensory prediction (Malapani et al., 1998). This, 

in turn, induces the cerebellum to make predictions about the sensory 

consequences of these motor instructions, which prepares the muscle-

skeletal system for movement execution. Incoming sensations are then 

contrasted with the predicted sensations. A constructive match between 

incoming and predicted sensation also maintains the same pattern for 

the succeeding motion. This whole process leads to anticipation. The 

forward model of motor control presumes that the cerebellum receives 

an efferent copy (internal copy of an efferent movement inducing 

signal) of a motor command from the primary motor cortex for a 

motor-to-somatosensory prediction. This, in turn, induces the 

cerebellum to make predictions about the sensory consequences of 

these motor instructions, which prepares the muscle-skeletal system for 

movement execution. Incoming sensations are then contrasted with the 

predicted sensations. A positive match maintains the same pattern for 
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the succeeding movement also. But if there is a mismatch between the 

incoming and predicted sensations, then an alert signal is sent back to 

motor cortical and sub-cortical areas for movement corrections and 

calibration of forward model. 

In the long ISI range of 1800-3600 ms which is also called the 

supra-second range involves more attentional demand which activates 

feedback motor control system (Gooch et al., 2010; Koch et al., 2006; 

Teki et al., 2012). Seidler et al.(2004) had a study in which people had 

to hit different size objects on the LCD screen with a moving joystick, 

and  found that movement made to larger targets relied more on feed 

forward-motor control whereas movement made to smaller targets 

relied on feedback motor control. Smaller targets require more 

attention than larger targets due to increased precision requirements for 

aiming. 

The cerebellum plays an important role in the sub-second 

interval timing while on the other hand, basal ganglia work in both the 

timing range (i.e., sub-second timing and supra-second timing). Studies 

have shown that in both the timing ranges, different motor networks 

get activated during temporal processing. 

The thesis of Brown that memory traces decay over a brief 

period until some threshold is reached, and the memory becomes 

unreliable, is also in agreement with other studies. According to 

memory-prediction theory, prediction depends on memory so it is 

obvious that anticipation will be affected after that threshold and then 

the subject will rely only on the sensory feedback that will activate the 

feedback motor control system. Investigators envisage that, if the ISI 

increases beyond the sub-second timing, then memory trace will decay 

very rapidly and become unreliable after crossing the threshold. This 

will hamper the anticipatory timing control, and response will only 

depend on the present instead of the past. So there will be reactive 

response instead of being anticipatory. 

In the light of the current discussion, it is conceivable that 

temporal aspect of ISI will play a role in SMS (tapping performance). 

The point is that if the involvement of attention is different in two 
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different ISI namely, short ISI and long ISI they are expected to have 

significant difference in terms of SMS. As anticipation happen when 

there is lesser involvement of attention. So it is expected that 

anticipatory tapping will happen under short ISI whereas reactive 

tapping will happen under long ISI. 

4.2. Results 

Anticipatory tapping and reactive tapping: Anticipatory 

tapping and reactive, tapping are examined in terms of asynchrony of 

tapping responses (i.e., negative- and positive- asynchrony). Negative 

asynchrony and positive asynchrony are differentiated in terms of the 

nature of taps with reference to deviation from exact coinciding point. 

In other words, the sign of asynchrony is determined based on whether 

a tap is executed before or after the occurrence of the tone. For 

instance, those taps which occur before the tone will be considered as 

negative asynchrony in contrast to positive asynchrony i.e., taps which 

occur after the tone.   

A paired-sample t-test was performed to compare    anticipatory 

tapping and reactive tapping under the short ISI (1000 ms) in terms of 

their occurrences. The analysis revealed a significant difference 

between anticipatory tapping (M = 59.5, SD = 24.27) and reactive 

tapping (M =12.4, SD = 24.27); t(14) = 3.75, p = 0.002, two-tailed 

(Figure. 6). This suggests that there were more cases of anticipatory 

tapping as compared to reactive tapping under the short ISI. To the 

contrary, this trend is absent in case of long ISI as there was no 

significant difference between anticipatory tapping (M = 22.6) and 

reactive tapping (M = 49.3). An independent-sample t-test was 

performed to compare anticipatory tapping between short ISI and long 

ISI. There was a significant difference with respect to anticipatory 

tapping between short ISI (M = 59.5, SD = 24.27) and long ISI (M = 

22.66, SD = 25.53); t(28) = 2.537, p = 0.017<0.05, two-tailed. Further, 

an independent-sample t-test revealed a significant difference in 

reactive tapping between short ISI (M = 12.46, SD = 24.27) and long 

ISI (M = 49.33, SD = 25.53); t(28) = -2.35, p = 0.017<0.05, two-tailed.  
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Figure. 6 show anticipatory tapping and reactive tapping under 

both ISI levels. On the whole, the results provide statistical evidence 

that there is higher occurrence of anticipatory tapping under short ISI 

as compared to long ISI. In contrast, higher occurrence of reactive 

tapping is observed under long ISI than short ISI. Figure. 5a and 

Figure. 5b show the asynchrony variation of participants for all the 70 

occasions under short ISI and long ISI respectively. In the figures 5a 

and 5b, line plots below 0 (which is ref line) represents negative 

asynchrony and line plots above 0 represents positive asynchrony. 

Thirteen participants showed anticipatory tapping in terms of negative 

asynchrony and only two participants showed reactive tapping in terms 

of positive asynchrony under short ISI.   

 

Figure. 5a. Asynchrony variation under short ISI (execution tones) 
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Figure. 5b Asynchrony variation under long ISI (execution tones) 

 

It implies that anticipatory tapping is more prevalent in short 

ISI and Figure. 5b shows that participants showed both reactive and 

anticipatory tapping because none of these two was prevalent in long 

ISI. But there were more number of cases for reactive tapping in long 

ISI as compared to short ISI. 

 

 

Figure. 6.Anticipatory Tapping and Reactive Taping under Short and Long ISI 
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4.3. Discussion 

This study emphasizes the issues pertaining to SMS in 

isochronous sound sequence. ISI is an important aspect concerning 

response asynchrony.  

According to the results, anticipatory tapping outperforms 

reactive tapping under short ISI. Under short ISI, this refers to the 

predictability of a synchronised motor movement with an anticipated 

stimulus (Repp, 2005; Ascherzleben & Prinz, 1995; Ascherzleben, 

2002). Conversely, a reflex action is indicated by a larger occurrence 

of reactive tapping under long ISI compared to short ISI.This occurs in 

reaction to a stimulus associated with feedback motor control relying 

on sensory feedback for coordinating movements (Iosa et al., 2015).   

Individuals under short ISI tend to tap ahead of the tone's 

beginning by anticipating it, rather than tapping in a symmetric 

uniform distribution around initial (irregular) inputs (Repp, 2005; 

Pressing, 1999;Repp, 2013; Fraisse, 1980; Wohlseqer, 1999).As a 

result, the researchers suggest that anticipation is crucial in the short 

ISI because of its  ability to predict the next event while synchronising 

with the external auditory stimuli and it occurs in less absence of 

attentional resources because it adheres to the belief that in the short 

ISI, less attentional demand is required (Miyake et al., 2002). 

In this context, one important question to consider is how 

anticipation occurs when top-down attention is less involved. The 

argument is that anticipation occurs when activities rely on future 

projections, expectations, or beliefs in addition to prior and current 

stimuli (Schuboltz, 2007). As a result of the current study, the role of 

sequential decision making in auditory-motor synchronisation becomes 

very significant, and anticipation is a key aspect of this process. 

When individuals make decisions in in sequential decision 

making (Deco, 2011) based on anticipation involving memory (i.e., 

retrieval of information by attractor dynamics if a given input is 

sufficiently similar to a stored attractor state) then first stimulus is held 

in memory and then compared with the subsequent similar stimuli. 

Attractor neural activity of second stimuli depends not only on the 
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present stimuli but also on the sensory memory of the first sound event 

(Deco et al., 2010).  Anticipation is difficult without memory, which 

plays a key part in prediction (Hawler et al., 2009) and provides the 

individual with previous experience to anticipate the upcoming 

stimulus from its current state. Auditory sensory memory is the 

shortest element of memory and the critical first stage in auditory 

perception (Alain et al., 1998). It allows the cognitive system to retain 

sensory information representations after the prior auditory stimuli 

have passed. It works as a buffer for the stimuli received through the 

auditory senses, which are only stored for a short time (but accurately). 

In case of short ISI, next stimulus occurred before the decaying 

of sensory memory, so this past sensory memory helped to predict the 

next event via anticipation mechanism and the‘prediction’ is a 

preplanned behavior that activates the feedforward motor control 

mechanism and it is unaffected by peripheral feedback (Pisotta & 

Molinari, 2019). Feed-Forward motor control is an open-loop motor 

control system that regulates fast, ballistic movements before any 

sensory information is processed (Seidler et al., 2004; Iosa et al., 

2015). It necessitates understanding of the incoming stimuli in 

advance. Deafferentation studies on monkeys and cats with sensory 

nerves severed from their spinal cords have been performed for this 

type of control (Seidler et al., 2004; Iosa et al., 2015). It requires prior 

knowledge of the upcoming stimulus. For this type of control, 

deafferentation studies have been done on monkeys and cats whose 

sensory nerves were cut off from their spinal cords (Taub et al., 1966). 

After recovering from the deafferentation procedure, monkeys started 

normal behavior after losing sensory information from their arms. That 

is why this motor control mechanism is called ‘automatic’. 

In this automatic mechanism, some reflex loops require lower 

brain areas and are independent of perceptual processing active control 

but can be affected by prior commands; while the other loops are 

directed by the spinal cord with no active control of the brain. 

In case of long ISI, participants showed reactive tapping 

behavior. Reactive response is a reflexive response which is not based 
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on anticipation. It is because of memory traces decline (i.e., decaying) 

over a short span of time until a certain limit is reached, and that 

memory becomes unreliable (Lu & Sperling, 2003; Brower, 1993). 

Under such circumstances, it becomes difficult for an individual to 

retain representation of auditory information for a longer duration 

because memory decays very quickly, in the region between 200-500 

milliseconds (less than a second). Moreover, in the absence of 

anticipation mechanism, top-down attention plays a critical role which 

switches an individual’s motor action to feedback mode (in contrast 

feed-forward mode) for error compensation. In other words, feedback 

motor control relies on sensory feedback for coordinating movements. 

Reactive tapping is a reflex activity which occurs in reaction to a 

stimulus due to feedback motor control. As reactive tapping in long ISI 

(2000 ms) occurs under supra-second range and anticipatory tapping in 

short ISI (1000 ms) occurs in 1-second range, it indicates that as the 

ISI increases from 1-second to supra-second range, there is a transition 

in tapping from anticipatory to reactive. In future studies, it will be 

important to examine issues concerning sensory-automatic processing 

in 1-second range which is a transit zone (Rammasyer & Ulrich, 2011; 

Repp & Su, 2013) between sub-second range and the supra-second 

range.  
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4.4. Conclusion 

In summary, this study demonstrates significant occurrence of 

anticipatory tapping and reactive tapping under short ISI (1000 ms) and 

long ISI (2000 ms) respectively. 

In Anticipatory tapping, the feed-forward motor control 

mechanism plays a critical role (unlike the case of reactive tapping in 

which the motor control is dependent on the feed-back motor control 

mechanism). In terms of implications, the findings of this study 

indicate that ISI in isochronous sound sequence should be given due 

consideration in designing movement studies and incorporate use of 

the same for therapeutic purposes such as rhythmic auditory 

stimulation (RAS).   
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Chapter 5 

 

Listening Effort and Tapping Performance 

in Auditory-Motor Synchronization 

 

5.1. Introduction 

In general, music is known to stimulate movement in humans. 

While listening to music, the human body moves spontaneously. The 

rhythmic nature of the music induces body movement (McGarrigle et 

al., 2014; Keller & Rieger, 2009). Janata et al. (2012) found that when 

participants were made to tap in response to music, they moved their 

body parts. Movement execution through music involves the coupling 

of the sensory system and motor system, which leads to sensory-motor 

synchronization. When the body parts are in motion, muscles convey 

the information to the brain, and the brain constantly revises the 

instructions and sends them back to the muscles. 

Sensory-motor synchronization (SMS) is defined as the 

rhythmic coordination between perception and action and is a form of 

referential behavior in which actions are coordinated in the prediction 

of an external event (Repp & Su, 2013). SMS occurs in many contexts 

but especially in music and dance. When SMS occurs in response to a 

sequence of auditory stimuli, then it is referred to as auditory-motor 

synchronization (AMS). It has been studied in the form of finger 

tapping to a sequence of auditory stimuli. In the context of rhythmic 

auditory stimulation (RAS), Thaut et al. (2010) have shown that 

auditory rhythm affects the motor system because both systems share 

crucial connectivity at cortical, subcortical, and spinal level. The 

auditory system plays an important role in processing temporal 

information quickly and precisely in order to pass it to motor structures 

in the human brain, thus creating synchrony between rhythmic sound 

sequence and motor response. 
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In order to achieve synchronization in a spontaneous manner 

(in response to rhythmic sound sequence), predictability of external 

events (precisely the beat and the rhythm patterns) is important. It is 

thought that predictability leads to effortless actions, but this may not 

be true in all circumstances. Predictability might also occur without 

either smoothness or effortlessness (Montero, 2011). Effortless bodily 

movements involve reduced effort or an appearance of reduced effort, 

and such an effort can be physical or mental (Montero, 2016). In 

synchronizing with the isochronous sound sequence, some attention 

and cognitive resources are needed to retrieve temporal information 

present in the sound sequence in order to have AMS. This is called 

listening effort (LE) which is a type of mental effort (McGarrigle et al., 

2014).  

Till now AMS to isochronous sound sequence has been 

investigated in terms of tapping performance analyzed by 

synchronization error (SE) but not in terms of mental effort associated 

with it. This is because efficient AMS involves not only tapping 

performance, but also requires mental effort as two different 

individuals having different cognitive abilities and learning can 

demonstrate the same performance with their differential effort. For 

e.g., individuals having less cognitive ability will expend more effort 

to initiate cognitive activity and achieve similar objective levels of 

performance than those of higher cognitive abilities (Oberauer, 2005; 

Hess, 2011).But efficient synchronization would be the one that can be 

achieved with less effort (Sparrow et al., 1999;Sparrow et al., 1998) 

Tapping performance and listening effort of an individual will 

depend on how efficiently he/she can process the temporal information 

present in an isochronous sound sequence. In the present context, 

temporal information processing can be modulated by two factors; one 

is the tone frequency present in the isochronous sound sequence. The 

frequency of sound is the speed of vibration and determines the pitch 

of the sound. Frequency is measured as the number of wave cycles 

repeated in one-second, and its unit is Hertz (Hz). The processing of 

temporal information in the brain and its coding in the central nervous 
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system (CNS) is unique for low frequency and high-frequency 

spectrum. For low-frequency tone below 300 Hz. auditory fibers fire 

almost in phase lock with stimulus frequency, and temporal fine 

structure is preserved in neural responses. But for high frequencies 

beyond 800 Hz, this phase-locking declines (Reichenbach & 

Hudspeth, 2012). Another factor is the inter-stimulus interval (ISI), 

which is an interval between the onsets of successive auditory stimulus 

thought to require a different level of top-down attention in its two 

different ranges. Miyake et al.(2002) in his study, found that temporal 

information processing in the ISI range between 1800 to 3600 ms is 

influenced by top-down attention, but is unaffected by top-down 

attention in the 450 to 1500 ms range. 

The primary objective of the current study is to examine the 

synchronization error and listening effort in relation to the inter-

stimulus interval (ISI) and tone frequency (pitch of an auditory 

stimulus) in an isochronous sound sequence. 

Listening is multidimensional, and AMS likely requires 

auditory-cognitive interactions. According to the FUEL model 

(Phillips, 2016), cognitive domains involved in listening include 

working memory, attention, and speed of processing. In performing a 

task that requires active listening such as synchronized tapping in 

response to an auditory stimulus, an effort is required, which is often 

defined as the attention and cognitive resources needed to comprehend 

(to hear, attend and understand) the speech (McGarrigle et al., 2014). 

Effort is different from attention in such a way that it is a response to 

meet attentional demands required to perform any task given at the 

moment (Strauss& Francis, 2017). Sarter et al. (2006) stated that an 

increase in effort is defined as deliberated and motivated activation of 

attentional resources to overcome obstacles (such as spectral 

degradation of stimulus, stimulus characteristics) for performing task. 

There is the possibility that the spectral content of auditory 

stimuli, which is the frequency will affect the LE. People experience 

high-frequency sounds as sharp and unpleasant compared to low-

frequency sounds, which is widely known to be as bass sound 
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(Kurakata et al., 2013; Ramachandran, 1996), and high-frequency 

sounds are perceived to be louder than low-frequency sound at the 

same intensity levels (Moore, 2012). To retrieve and process the 

temporal information from unpleasant high-frequency sounds might be 

more effortful, which is likely to increase the listening effort (LE).  

Apart from the tone frequency, which is part of stimulus 

characteristics, LE also depends upon the demand of the listening 

situation (Phillips, 2016). Now since the demand for the listening 

situation is higher in the ISI range between 1800 to 3600 ms (due to 

involvement of top-down attention), so there are high chances that LE 

will be higher in this range as compared to ISI range less than 1500 

ms. For the measurement of LE, pupillometric methods have been 

widely used to show changes as a function of listening task demand in 

clinical (Just et al., 2003) and non-clinical trials. Since cognitive 

processes are involved in listening and have a relationship with the 

pupillary response, hence, task evoked pupillary response quantifies 

listening effort in auditory task (Beatty, 1982; Hyönä et al., 1995). 

Apart from LE, there is synchronization error (SE), which is to 

be seen in a broader perspective in the context of AMS. 

Synchronization error is a measurement of tapping performance, which 

manifests in the form of negative and positive asynchrony. Negative 

asynchrony occurs when individuals attempt to synchronize their 

finger taps with the tone by tapping a few milliseconds before the onset 

of the tone (Aschersleben, 2002). According to Fraisse (1980), the 

occurrence of negative asynchrony is due to differential nerve 

transmission times from finger to the brain and from the ear to the 

brain. On the other hand, when the taps succeed the tone, it is known 

as positive asynchrony.  

Individuals need to retrieve the temporal information between 

successive tones, which will pass to the motor structures in order to 

create synchronization with the tones. Therefore, temporal information 

processing becomes a crucial factor in maintaining synchronization. As 

mentioned before, it will depend on the response of auditory nerve 

fibers towards the tone frequency and the range of ISI. For low-
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frequency tone below 300 Hz, auditory fibers fire almost in phase lock 

with stimulus frequency and temporal fine structure is preserved in 

neural responses, but for high frequencies beyond 800 Hz, this phase-

locking decline (Reichenbach & Hudspeth, 2012). So it is most likely 

that individuals will show lesser synchronization error and better 

temporal alignment with the low-frequency tone than high-frequency 

tones. As far as ISI is concerned, temporal information processing in 

long ISI range is influenced by attention. Hence, in this range, tapping 

and listening compete with each other in the consumption of 

attentional resources, unlike short ISI, which is not influenced by 

attention. So more effort in listening will reduce the cognitive 

resources required for tapping task and will hamper the ability of a 

person to synchronize with tone. So, there is a possibility that SE will 

be larger in long ISI as compared to short ISI. 

On the whole, the study emphasizes the effect of tone 

frequency and ISI on synchronization error and listening effort. 

In the current study, ISI was operationalized by creating two 

isochronous sequences of different inter-stimulus intervals, one is a 

short ISI of 1000 ms (within the range of 450 ms to 1500 ms), and 

another one is a long ISI of 2000 ms (within the range of 1800 ms to 

3600 ms). We divided each sequence into two blocks, each block 

having 35 identical tones, and the tone frequency was different in both 

the blocks. Based on previous explanations, investigators selected a 

low frequency (LF) tone of 100 Hz (< 300 Hz) and a high frequency 

(HF) tone of 1000 Hz (> 800 Hz). Synchronization error and Listening 

effort were measured as dependent variables and the following 

hypotheses were tested in this study: 

• There is lesser synchronization error with LF tones than HF 

tones 

• There is higher synchronization error involved in long ISI as 

compared to short ISI 

• There is lesser listening effort involved with LF tones than HF 

tones 
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• There is higher listening effort involved in long ISI as 

compared to short ISI 

5.2. Data Processing and Statistical Analyses 

Participants deviated from ideal benchmark line (0 ms) of 

synchronization that leaded to asynchrony. Asynchrony (As) was 

calculated by subtracting the tap onset time from the tone onset time 

which resulted in the form of negative asynchrony -As  and positive 

asynchrony + As which indicates that participant executed the tap 

before and after the tone (see Figure.7) under each condition. Then 

absolute measure of asynchrony (|As|) was taken to estimated overall 

error without regard to its sign. Since, it was difficult for each 

participant to get exactly synchronized because of nerve conduction 

delay, so threshold line of ± 20 ms was set  based on previous studies  

(see Figure.7) which says that tap precedes or succeed the click by 

about 20 to 80 ms. Investigators selected a minimum value between 20 

and 80 ms and set a threshold of 20 ms. With the set threshold, 

synchronization error (SE) was calculated (i.e., subtracting threshold of 

20 ms from |As|) under each condition and this was submitted to the 

statistical analyses. 
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Figure.7: Mean signed asynchrony under different conditions. NMA and PMA refers to Negative and Posititve  

Mean Asynchrony indicates each participant executed tap before the tone and after the tone under each conditions.  

Green and Violet dotted line refers to benchmark Line.  

 

Listening effort was analyzed by measuring pupillary dilation. 

Mean pupil diameter was calculated by averaging the pupil responses 

for each trial recorded over period of time for LF and HF conditions 

separately under both ISI 

5.3.   Results 

An alpha value of 0.05 was used to test for statistical 

significance in all the analyses. 

5.3.1. Tapping performance 

The analysis revealed a significant effect of frequency (LF, M = 

123.62 ms, and HF, M = 141.39 ms, see Figure. 8), F(1,28) = 8.187, p 

= 0.008, partial η2= 0.226. But the main effect of ISI was not 

significant F (1, 28)=0.899, p>0.05, partial η2= 0.001. Thus, there was 

no overall difference in synchronization error between short ISI (M 

=129.782 ms) and long ISI (M = 135.239 ms) (see Figure.8). Levene's 

test indicated equal variances across groups under both LF (F =2.305,p 

=0.140) and HF (F =1.930, p =0.176 ) conditions. 

  

 

 

 

Figure.8: Synchronization Error. Error bars denote Standard Error. 



 

67 
 

 

5.3.2. Listening Effort  

 The analysis revealed a significant effect of frequency 

(LF, M = 4.3055 mm and HF, M = 4.4349 mm, see Figure. 8), F(1,28) 

= 5.037, p = 0.032, partial η2= 0.154. These results revealed that less 

listening effort was observed with low-frequency tones than high 

frequency tones. But the main effect of ISI was not significant F (1, 

28) = 0.177, p >0.05, partial η2= 0.006. Thus, there was no overall 

difference in listening effort between short ISI (M = 4.316 mm) and 

long ISI (M = 4.429 mm) (see Fig.9). Levene's test indicated equal 

variances across groups under both LF (F = 0.035, p =0.852) and HF 

(F = 0.885, p = 0.352) conditions. 

 

 

 

Figure.9  Pupil dilation with respect to listening effort. Error bars denote Standard Error. 

 

5.4. Discussion 

This study focused on issues pertaining to AMS in isochronous 

sound sequences. Tone frequency and ISI are important aspects 

concerning synchronization error and listening effort. As per the 

results, participants showed more temporal alignment with low-

frequency tones as compared to high-frequency tones under short ISI 

and long ISI. It implies that low-frequency tones demand less 
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attentional resources for efficient temporal information processing as 

compared to high-frequency tones. In addition, lower listening effort 

was observed with low-frequency tones as compared to high-frequency 

tones under both ISIs. 

During the experiment, it was observed that participants were 

unable to catch the first beat but they were able to anticipate the next 

beat under both conditions of ISI. While debriefing, no variation in 

tapping was reported because of the fixed ISI in the isochronous sound 

sequence. In terms of the synchronization error and listening effort, no 

significant effect of ISI was found which rejects our hypothesis that 

was based on the fact that  short ISI ( which comes under 1-second 

range) and long ISI (which comes under supra-second range) has 

different involvement of attention. This implies that both level of ISI 

engages same cognitive process and this corroborates with 

Rammsayer’s finding which states that 1-second range involves both 

cognitive and perceptual process (Rammsayer& Troche, 2014). 

We observed a significant effect of tone frequency on 

synchronization error and found that it was significantly higher with 

HF tone (1000 Hz) than the LF tone (100 Hz), which comes under bass 

range. It implies that subjects’ tapping were comparably more aligned 

with the low-frequency sound than high-frequency tone. This finding 

corroborates with the previous research which asserts that when people  

are presented with music,  they have a strong tendency to align their 

body movement with  the low-frequency sounds (Burger et al.,2013) 

and increased body movements are associated with an increase in 

loudness of low-frequency sounds (Van Dyck et al., 2013), and there is 

one transcranial magnetic stimulation (TMS) study that also 

substantiates the findings. That study shows that songs which have 

greater spectral flux in the low-frequency region activate the motor 

system to a greater extent (Stupacher et al., 2013).It is evident that 

sounds with low-frequency aim maximal actuation of the basilar 

membrane close to the apex of the cochlea whereas, high-frequency 

sounds initiate the basilar membrane close to the base of the cochlea, 

and intermediate frequency sounds actuate the membrane film at 
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halfway split between these two boundaries. Recording of signals in 

the auditory tracts of the brainstem and in the auditory receptive fields 

of the cerebral cortex demonstrates that explicit brain neurons are 

actuated by explicit sound frequencies. In this way, the significant 

technique utilized by the sensory system to identify distinctive sound 

frequencies is to decide the positions along the basilar membrane that 

are most actuated. 

Following frequency rules, low-frequencies are segregated by 

the volleys. These low-frequency sounds in the range of 20 to 1500 to 

cycles for each sound can cause volleys of impulses resonating at same 

frequencies, and cochlear nerve transmits these volleys into the brain's 

cochlear nuclei. It is assumed that the brain's cochlear nuclei can 

recognize the different frequencies of the volleys (Bamne et al. 

(2015)). 

Such findings expand previous ones in relation to the 

synchronization activity relationship between low-frequency spectral 

flux and general music-induced movement (Burger et al., 2013). In the 

debriefing session, the majority of participants reported significant 

discomfort in listening to the high-frequency tones than to the low-

frequency tones. This implies that the listening task was more 

demanding with the high-frequency tones than the low-frequency 

tones.  

The finding of the current study showed that there was a 

significant effect of tone frequency on participants’ listening effort. 

Listening effort was significantly higher in the case of HF as compared 

to LF which indicates that participants felt less listening discomfort 

with the low-frequency tones than with high-frequency tones, which 

was in an agreement with participant’s subjective reports of listening 

effort. This is because low-frequency tones are perceived to be more 

pleasant and easier to process than high-frequency tones at the same 

intensity. Hence low frequency tones require less attentional demand 

for efficient temporal information processing leaving more attentional 

resources for the tapping task as compared to high-frequency tones. 

Tapping task with LF tones is more engaging because it requires less 



 

70 
 

effort. With HF tones, the tapping task will be less engaging and 

people tend to avoid such a task which demands more effort (Song, 

2019) 

With LF tones, higher performance can be achieved with the 

less mental effort required for listening. In other words, performance 

under low-frequency tones is more efficient than under high frequency 

tones; the link between movement efficiency and tone frequency could 

be explored in future studies. 

5.5. Conclusion 

In summary, we conclude that a human’s  motor response is 

more easily synchronized with low-frequency tones as compared to 

high-frequency tones with less listening effort while responding to 

isochronous sound sequence. In terms of implications, this study 

suggests that frequency of tone in isochronous sound sequences should 

be given due consideration in designing movement therapies such as 

rhythmic auditory stimulation (RAS).  
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Chapter 6 

 

Perception-Action Coupling and Inter-

stimulus Interval in Auditory-Motor 

Synchronization 

 

6.1. Introduction 

 

Sensorimotor synchronization (SMS) is the ability to 

coordinate rhythmic movement with an external rhythm or beat, which 

is of fundamental importance to musical activities (Repp, 2005). The 

beat is not a physical characteristic of the music itself; rather, it is a 

perceptual phenomenon that results from the music through beat 

induction (Rajendran et al., 2018). Beat induction is extracting a 

periodic pulse from music and synchronizing the body’s tempo 

(Ravignani et al., 2017). Therefore, beat induction reflects the 

involvement of SMS in environmental rhythmic sensory cues and 

everyday activities like walking, dancing, or clapping (Blais et al., 

2015; Repp, 2005), which is often regarded as a cognitive skill 

(Honing, 2012). SMS is also a referential behavior(Pressing, 1999) in 

which an action is temporally coordinated with a predictable external 

event, the referent, and both the action and the referent are periodic so 

that the referent’s predictability is derived from its regular recurrence.  

People typically move to the beat of the music in real-world 

situations, and their actions are synchronized in advance of a beat. In 

laboratory research, finger tapping in synchrony with external (usually 

computer-controlled) stimuli, often an isochronous auditory or/and 

visual metronome, remains a popular paradigm because of its 

simplicity and long history (Blais et al., 2015; Jin et al., 2019). 

Synchrony is ascertained by calculating the mean time delay between 

each stimulus and its associated tap and the variability of the mean 
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delay over time (Chen et al., 2002). Previous studies on SMS reflect 

the negative mean asynchrony in adults who are not musicians, 

indicating that people touch more frequently before the stimuli onset 

(Repp, 2005). 

SMS is known as auditory-motor synchronization (AMS) when 

it happens in response to a series of auditory stimuli. In rhythmic 

auditory stimulation (RAS), auditory rhythm impacts the motor system 

as they share a critical connection at the cortical, subcortical, and 

spinal levels (Thaut & Abiru, 2010). In order to synchronize rhythmic 

sound sequence and motor response, the auditory system plays a 

crucial role in processing temporal information fast and correctly and 

transmitting it to motor structures in the human brain. The desired 

motor response results from an overall synchronization of the 

individual, task, and environment. This synchronization must occur not 

just within the body but also between the body and the environment 

through the dynamic coupling of perceptual information into the 

proper action units (e.g., perceptual-action coupling; Sternad, 2000). 

Perception-action processing needs accurate time information 

for seamless execution. Bueti et al. (2008) emphasized the role of 

temporal information in perception, the corresponding action, and the 

necessity of accurate production of temporal intervals in daily life. The 

ability of a person to estimate time is frequently attributed to a central 

time-keeping device (Spapé et al., 2022), the paradigm—scalar 

expectancy theory (Gibbon, 1977; Wearden & McShane, 1988), which 

has two parts: a pacemaker and an accumulator. The pacemaker “ticks” 

at an undetermined rate, and the accumulator polls the pacemaker if 

attention is directed toward making a temporal judgment. The 

hypothesis uses attentional resource allocation to the timing task or a 

change in pacemaker rate as its primary mechanism for explaining 

systematic timing errors. This asynchrony is important in 

understanding perception-action coupling, where shared pacemakers 

need to recognize durations to function promptly (Bueti et al., 2008). 

For instance, the inter-stimulus interval (ISI) is systematically 

increased or decreased by the rapid periodic presentation of auditory 
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stimuli (Treisman et al., 1990, 1992). The generated ISI will be shown 

as a motor response or inter-tap interval (ITI). In contrast, the 

perceived ISI will take place at the sensory level. However, the 

information does not move immediately from sensory to motor levels, 

indicating a delay. 

People make judgments based on the length of events (the 

tone’s duration) and the interval between them to have synchronization 

with external events. These judgments can be either beat-based or 

interval-based (Keele et al., 1989). In a beat-based judgment, an initial 

series of periodic events establishes an internal beat for an individual 

that persists after the initial events, which helps predict the following 

beat. In contrast, individuals make interval-based judgments based on 

the duration of an interval between events. In this process, temporal 

memory is compared to other intervals to judge whether they are the 

same. The relationship between perceptual and motor timing is so 

intertwined that changes to one affect the other (O’Regan et al., 2017), 

which occurs due to communication between basal ganglia, 

cerebellum, and parietal areas (i.e., non-frontal regions) and premotor 

and prefrontal cortical areas (i.e., frontal regions). Therefore, internal 

and external stimuli may cause overlapping processing resources and 

coupling timing abilities (Bueti et al., 2008). Concerning perceptual 

timing and motor timing, the fundamental question is whether there is 

a consistent relationship between motor timing and perceptual timing 

across all temporal ranges or whether variations depend on the 

temporal range. Top-down attention affects how quickly temporal 

information is processed, with different amounts of engagement 

occurring in the sub-second, peri-second, and supra-second time 

frames (Miyake et al., 2004). Therefore, it is important to examine the 

role of frequency in perceived ISI, which will, in turn, influence motor 

timing.    

The ISI range is classified into three types based on the diverse 

attentional resource involvement (Lewis & Miall, 2003). Firstly, the 

sub-second range (<1000 ms) is brief and can be categorized as 

sensory-automatic, and they are involved in motor control (Merchant 
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& Georgopoulos, 2006) and speech generation (Schirmer, 2004). 

Second is the supra-second range (>1000 ms), which is involved in 

foraging (Kacelnik & Brunner, 2002) and decision-making (Sohn & 

Carlson, 2003). According to earlier research, the Weber fraction of 

the perceived duration or the coefficient of variation varies at the 

border at about 1000 milliseconds, and cognitive load has a varied 

impact on timing performance at the sub- and supra-second levels 

(Grondin, 2014; Rammsayer & Lima, 1991). There has been a report 

of a third transit zone between these two, the peri-second range (1000 

ms), which is influenced by both sensory-automatic and cognitive 

timing mechanisms. Among the brain regions related to motor timing, 

frontal and posterior parietal areas of the cortex trigger in the supra-

second range, where more top-down attention is involved, whereas 

cerebellum and basal ganglia trigger in the peri-second range, where 

less top-down attention is involved (Lewis & Miall, 2003). It is 

anticipated that there will be strong perception-action coupling and that 

temporal processing will be influenced by a frequency characteristic of 

auditory stimuli (responsible for sensation) in the peri-second range. 

This is because both sensory-automatic and cognitive timing 

mechanisms are temporally triggered by the peri-second range (Murai 

& Yotsumoto, 2016). 

An individual’s tapping performance and listening effort 

depend on efficiently processing the temporal information in an 

isochronous sound sequence (Sanjram & Shivhare, 2021). The 

frequency displayed in the isochronous sound sequence is modulated 

together with the ISI, which affects how temporal information is 

processed. Further, the perceived duration of a tone is influenced by 

frequency because high-pitched tones elicit more tension arousal (Ilie 

& Thompson, 2006). The expansion and reduction of perceived 

duration are related to changes in physiological arousal (Droit-Volet & 

Gil, 2009; Lake et al., 2016). Pure and complex tones, with high-

frequency (HF) tones, it is perceived as longer than low-frequency 

(LF) tones (Burghardt, 1972). Given this knowledge, there is a greater 

likelihood that tone frequency will influence how the ISI (interval 
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between tones) is perceived, altering the motor timing so that the ISI 

will either be under or over-translated, manifesting as ITI in the peri-

second range. In addition, because HF tones are seen as lasting longer 

than LF tones, it is anticipated that ISI will be under-translated and 

over-translated with LF and HF tones, respectively (Jeon & Fricke, 

1997). 

The current study examined perception-action coupling over 

two different time scales, including evaluations of the subjective 

translation index (STI =ITI/ISI). During the perception-action 

coupling, the perceptual characteristics of external stimuli would 

impact the action. Mean asynchrony helps to understand how the 

motor response to a tone is aligned temporally. However, it does not 

provide information on how the motor timing changes during the 

perception-action coupling process. The tone frequency affects the 

perceived translation of ISI into ITI during perception-action coupling. 

The STI was used to examine the subjective translation of ISI into ITI. 

As a result, the STI index provides information on how the subject 

interprets the perceived ISI as ITI (over-translation or under-

translation). Because STI offers information about the direction of 

transformation (of ISI into ITI), it is preferred over “mean asynchrony 

difference” (i.e., the temporal difference between stimulus and tap 

onset times). When the STI is greater than 1, the participant over-

translated the ISI, whereas STI less than 1 indicates that they under-

translated the ISI. 

 

6.2. Results 

An alpha value of 0.05 was used to test the statistical 

significance in all the analyses throughout this paper.  
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6.2.1. Tapping Analysis 

STI was computed by dividing each ITI by ISI. Further, the 

mean STI was calculated for each participant. 

• STI>1 indicates subjects over-translated the ISI. 

• STI<1 indicates subjects under-translated the ISI. 

A repeated measures ANOVA was carried out for 2 

(Frequency: LF vs HF) × 2 (ISI: Short ISI vs Long ISI) mixed factorial 

design with the second factor as a between-groups variable on STI. 

The analysis revealed a significant main effect of frequency on STIs. 

Investigators found that there was a significant difference in the mean 

STI for LF (M = 1.00, SD = 0.0017) and HF (M = 0.99, SD = 0.003) 

conditions (see Figure 3), F (1, 28) = 4.569, p = 0.04, ηp
2 = 0.14. There 

was no main effect of ISI (Short ISI, M = 1, Long ISI, M = 1), F (1, 28) 

= 2.157, p = 0.153, ηp
2 = 0.072). Levene’s test indicated equal 

variances across groups under both LF (F = 1.277, p = 0.26) and HF 

(F = 0.013, p = 0.90) conditions. 

 

Figure 10. STI under two frequency conditions. 
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As shown in Figure 4, there was a significant interaction 

between frequency and ISI, F (1, 28) = 4.277, p = 0.048, ηp
2 = 0.132), 

such that under short ISI (peri-second range), participants showed 

higher STI with LF tone as compared to HF tone. With long ISI (supra-

second range), this trend was absent. This indicates that under short 

ISI—with LF tone, participants over-translated ISI (i.e., STI >1), and 

participant’s mean ITI was higher than ISI in contrast to HF tone, 

where participants under-translated ISI (i.e., STI<1). 

 

Figure.11 Significant Interaction between frequency and ISI (under Short ISI: with LF, STI >1 in 

contrast to STI <1 with HF). . Error Bars denotes Standard Error. 

 Furthermore, a paired sample t-test was carried out to analyze 

the effect of tone frequency on ITI under short and long ISI. 

Investigators found that there was a significant difference in the mean 

ITI for LF (M = 1001.04 ms, SD = 1.50 ms) and HF (M = 

998.28ms, SD = 2.21 ms) conditions; t(14) = 2.69, bootstrapped p = 

0.01 (Figure 5) under short ISI, but this trend was absent under long 

ISI (Figure 6) since no significant difference was found in the mean 

ITI for LF (M = 2000.60 ms, SD = 3.81 ms) and HF (M = 2000.51 

ms, SD = 5.54 ms) conditions; t(14) = 0.04, p = 0.96. These results 

suggest that there is a relation between the frequency of the tone and 

motor timing in the short ISI, and there is a connection between what 

people perceive (hear) and their actions (motor timing). Therefore, 

there is a strong coupling between perception and action timing in the 
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short ISI as compared to the long ISI. The mean ITI for LF is 

significantly more than HF under the short ISI. This implies that 

participants over-translated the ISI = 1000 ms to 1000.64 ms with LF 

tone and under-translated to 998.83 ms with HF tone in short ISI 

(which comes under the peri-second range). 

Figure 12. Frequency and ITI under short ISI condition. 

  Figure 13. Frequency and ITI under long ISI condition. 
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6.3. Discussion: 

This study used a synchronized tapping task to explore the 

relationship between perception, cognition, and action in the context of 

auditory-motor synchronization. It signified how people interpreted 

information from the ISI into actions that were represented in the ITI 

and how auditory information—such as the tone’s frequency—affected 

the timing of perception and action over a range of temporal scales. 

Additionally, it reported the mean ITI (representing motor timing) and 

STI, which showed how accurately the participant translated the ISI. 

The findings also revealed that motor production was 

perceptually sensitive in the peri-second range. The tone’s frequency 

considerably impacted STI, and there was evidence of a cross-over 

interaction between the tone’s frequency and ISI. Participants over-

translated ISI with LF tone and under-translated with HF tone, as 

evidenced by higher STI with LF tone than HF tone. The cross-over 

interaction between tone frequency and ISI showed that tone frequency 

significantly affected ITI, which indicated motor timing under the short 

ISI, falling under the peri-second range. However, no such effect was 

observed in the supra-second range of the long ISI.  

ISI had no significant impact on motor timing (i.e., ITI), 

implying that participants showed similar motor timing in both short 

and long ISI. Furthermore, this indicated that the peri-second range 

was also involved in cognitive control. As frequency affected the 

motor timing in the peri-second range (unlike the supra-second range), 

it is clear that the range is sensory-automatic (Rammsayer & Troche, 

2014). In the peri-second range, motor production was perceptually 

sensitive. This range was automatic and frequency-sensitive as it did 

not involve much top-down attention, unlike the supra-second range, 

which was slow (because of higher ISI) and driven by top-down 

attention. There are two potential causes: subjective rhythmization 

(SR), a phenomenon in which a participant would have perceived the 

sounds in an isochronous sound sequence as subjectively different 

despite their objectively equal amplitude. It was also discovered that 

the SR experience ceases when the ISI between consecutive sound 
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onsets increases beyond 1600 ms(Fraisse, 1982), which reflected the 

results of this study as there is no significant effect of tone frequency 

on motor timing (2000 ms). 

The peri-second range is a transit zone between the sub-second 

and supra-second ranges. The results support the research conducted 

by Michon (1985), which explains that, in short intervals, the 

processing of temporal information is sensory-automatic, independent 

of top-down control, and regulated by the reticular activating system 

(RAS), whereas, in longer intervals, the processing of temporal 

information necessitates cognitive control. The research showed that 

tone frequency was the primary factor affecting motor timing in the 

peri-second region, and this range that motor timing was impacted by 

perceptual timing as the frequency of the tone is a perceptual attribute 

of sound and is effective in affecting motor timing, as opposed to the 

supra-second range. 

The central nervous system is less active in the peri-second 

range because, unlike feedforward motor control, the signal does not 

directly travel from the centralized brain to the finger muscles (Seidler 

et al., 2004). Participants overestimated the goal time of 1000 

milliseconds in this range to 1001.042 milliseconds with a low-

frequency tone and underestimated it to 998.28 milliseconds with a 

high-frequency tone. This finding supports the ideomotor principle, 

which states that perception will modulate action where overlap exists 

between perceptual and motor representations of action (Ammirante et 

al., 2011). The reason behind the occurrence of this phenomenon might 

lie in the movement execution process in a synchronized tapping task. 

In a synchronized tapping task, movement execution completes in 

three steps of a single cycle of finger tapping. In the first step, the 

participants will move down their finger, tap on the surface, and then 

hold their finger for some time, called dwell time 1. Later, the 

participants will release and extend the finger by recruiting extensor 

muscle, then again down their finger and tap on the surface. This 

includes the initial cycle of continuous tapping, and the entire period 

will be counted as ITI, as well as the duration during which the finger 
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remains in contact with the surface following the initial touch before 

being released and moving vertically up before moving down for the 

subsequent tap (excluding the time of the next successive tap). It 

suggests that participants took their time moving their fingers 

vertically up and down after estimating the tone length by keeping 

them on the surface for a while. 

Accuracy in motor timing is necessary for better SMS 

performance. The shift in arousal prevents it from happening because it 

can only be completed at the optimal degree of arousal. This is because 

performance only temporarily rises with physiological or mental 

stimulation. An excessive amount of arousal lowers performance. 

Since time perception and motor timing are interwoven, physiological 

arousal changes time perception, which changes motor timing. 

Previous research revealed that auditory arousal is influenced by the 

pitch of the signal, which is a psychological correlate of tone 

frequency. It was discovered that low-frequency square waves elicited 

considerably lower auditory arousal thresholds (AATs) than other tonal 

frequencies. It is seen that tension arousal increases by high-pitch level 

tones (Ilie & Thompson, 2006). High-pitched music has been 

correlated with high-arousal words such as excitation, exhilaration, 

animation, elation, movement, strength, alertness, and higher excitation 

emotions such as high spirits, rage, anger, and fear (Coutinho & 

Cangelosi, 2009; Eitan & Timmers, 2010). Perceived duration 

lengthens with an increase in physiological arousal and shortens with a 

decrease in physiological arousal (Droit-Volet & Gil, 2009; Lake et al., 

2016), and this physiological arousal alters the time perception and 

leads to changes in motor timing as both are intertwined with each 

other (O’Regan et al., 2017). According to Yerkes-Dodson law, peak 

performance occurs at optimal arousal level (Cohen, 2018), so it is 

assumed that at optimal arousal level, the mean inter-tap interval 

would be closer to ISI. Nonetheless, when arousal level shifts towards 

either direction from optimum arousal, then and are likely to increase 

or decrease. Here t1 refers to dwell time that is sensitive to the 

attention, which impacts the judgment of frequency and duration 
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(Winkler et al., 2015), and t2 is the movement time taken for going up 

and down as the tap velocity is constant because of the fixed period. 

𝑡1 + 𝑡2 = ISI=ITI (at optimal arousal) 

𝑡1
′ + 𝑡2

′ =ITI (when arousal shifts from optimal 

arousal) 

(𝑡1
′ -𝑡1) + (𝑡2

′ − 𝑡2)= ITI-ISI=Δ (difference between 

ITI and ISI) 

If 𝑡1
′ >𝑡1 and 𝑡2

′ >𝑡2 then Δ>0 

ITI-ISI=Δ 

ITI=ISI+Δ 

If 𝑡1
′ < 𝑡1 and 𝑡2

′ <𝑡2 then Δ<0 

ITI=ISI-|Δ| 

Participants demonstrated greater ITI than ISI with LF tone and 

lesser than ISI with HF tone. Therefore, with LF tone, Δ was positive; 

it happened only when the dwell time for LF tone was higher than HF 

tone. The dwell time was influenced by sensory and cognitive 

processing. It was also related to the level of motivation, engagement, 

and movement time that had come under the transition phase 

unaffected by attention, so it would be the same regardless of the 

frequency of auditory stimuli. Therefore, only dwelling time, not 

moving time, would cause a change in the pace of the taps. Participants 

felt more engaged in the tapping activity when using LF tone with 

short ISI than HF tone because dwell duration was relatively longer 

with LF tone than with HF tone. This indicates that the individual liked 

the LF tone more. The only visible representation of the listener’s 

subjective experience of tone frequency was this perception and action 

link, which caused this motion and minor tensions in the listener’s 

finger muscles (Repp, 1993).  

Future studies on the tonal frequency and dwell time in the sub-

second and peri-second regions should give the researchers a better 

understanding of different brain parts. It’s vital to remember that only 
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one pitch of the sound was used in the current investigation. Additional 

insights can be gained by including an isochronous sequence of tones 

with varied pitches. Furthermore, because just one frequency level in 

the LF and HF ranges was used in this study, it will be intriguing to 

investigate this aspect over a wider frequency range. Another crucial 

and pertinent subject in this context is what would happen to motor 

timing when two subsequent tones of different pitches are provided in 

the same metronome differently.  
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Conclusion 

The current study shows that perceptual-motor interaction is 

more common in the peri-second range, where auditory-motor 

synchronization will function better than in the supra-second region. In 

summary, the investigators conclude that, on average, participants 

over-translated the ISI with a low-frequency tone and under-translated 

with a high-frequency tone in the peri-second range. At the same time, 

this trend is absent in the supra-second range. The findings imply that 

tone frequency substantially affects motor timing in the peri-second 

region more than in the supra-second range. The results of this study 

suggest that ISI should, therefore, be a crucial consideration when 

creating sound sequences for auditory-motor synchronization.  
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Chapter 7 

 

Motor Variability in Auditory-Motor 

Synchronization 

 

 
7.1. Introduction 

Sensorymotor synchronization (SMS) is the rhythmic 

coordination between perception and action in which individuals try to 

align their action such as motor response with a tone. In attempt to do 

so, they adjust their internal timekeeper with the rate at which stimuli 

occur in a sound sequence. This involves trial and error process 

manifested in the form of motor variability (MV).  It is because, 

initially individuals go through learning process. In acquiring learning, 

MV is prominent and once they acquired learning, variability declines. 

For learning, MV is needed in the same way, in which genetic 

variation is necessary for evolution. MV is an essential component and 

plays an important role in adapting behaviors (Skinner, 1981).  

Variability in the motor system normally occurs at the motor 

periphery (Van beers et al., 2004; Clamann, 1969; Hamilton et al., 

2004; Jones et al., 2002). During force production, signal dependent 

noise occurs in the form of trial to trial variability fluctuation that scale 

in linear manner with mean force reflect a basic property of the muscle 

function (Clamann, 1969; Hamilton et al., 2004). In the context of 

auditory-motor synchronization (AMS), MV occurs in the form of tap 

to tap variability in response to auditory metronome. MV is depends on 

the stimulus features like inter-stimulus interval (ISI) and tone 

frequency because these parameters likely to modulate the temporal 

information processing.  In a synchronization paradigm study 

performed by Peters (1989), subjects were asked to track the intervals 

ranges from 180 ms to 1000 ms. The results suggested that there was a 

sudden increase of variability of inter-tap interval (ITI) near 300 ms 
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because of the transition from automatic to controlled movement. 

Miyake et al. (2002) found that temporal information processing in the 

ISI range between 1800 to 3600 ms is influenced by top-down 

attention but it is unaffected by top-down attention in the 450 to 1500 

ms range. This implies that supra-second range involves central 

planning circuits, and it is said that variability is said to be better suited 

for learning-related motor exploration in central planning circuits. 

These circuits are more accessible to reinforcement signals (Björklund 

& Dunnett, 2007; Skinner, 1981) and show more experience-dependent 

plasticity (Doyon & Benali, 2005; Nudo et al., 1996; Schultz, 1998).  

Reinforcement learning states that when the stakes are high, 

exploitation will happen otherwise exploration will occur (Van beers et 

al., 2004). It is found that the central nervous system (CNS) regulates 

MV in context dependent manner by responding to rewarding 

situations. The pleasant and motivational stimuli act as reward for an 

individual, which cause adaptive responses and affect different 

cognitive functions. Growing evidence suggests that stimuli with 

unique motivational values can strongly modulate perception and 

attention. 

 Sound can be reinforcing stimulus that is used to direct flexible 

behavior—as such, its meaning is often dependent on contextual cues. 

Basically, sound has 3 important features: one is frequency, amplitude 

and other is duration. Sound pleasantness depends on the frequency 

(which is a perceptual feature of sound) because high frequencies are 

associated with unpleasantness by the individuals as compared to low-

frequency spectral components (Halpern et al., 1986). In this way, 

motor variability seems to be connected with the frequency of auditory 

stimuli and ISI. In a synchronization paradigm study performed by 

Peters (1989) subjects were required to track the intervals ranging from 

180 ms to 1000 ms. The results suggested that there was a sudden 

increase of variability of ITI near 300 ms because of the transition 

from automatic to controlled movement. Since in short ISI, less 

amount of top-down attention involved than long ISI so it is possible 

that there will be lesser MV in short ISI as compared to long ISI. 
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If an individual shows lesser variability in ITI then it means 

that they perform action in a consistent manner and they does not 

change learning strategy and manipulates and selectively change their 

action in reinforcement manner, instead they uses the past information 

or memory and translates into the action in a predictive manner or 

automated manner where no error feedback mechanism is involved. 

Lesser variability in ITI in learning phase has a disadvantage in such a 

manner that it leave less scope for an individual to adjust his/her 

internal timekeeper in order to achieve synchronization. In this way, in 

case of lesser variability of ITI, individual will respond and tap to the 

tone (present in isochronous sound sequence) in predictive mode under 

short ISI irrespective of frequency of tone under peri-second and 

supra-second range (which involves different level of cognitive 

resources). Furthermore, under long ISI, which comes under the supra-

second range where more central planning is involved, MV is better 

suited for learning-related motor exploration and helps in copying the 

metric pattern of metronome into the muscle memory during sensory-

motor learning. A central planning circuit (which is part of central 

nervous system) has better accessibility to reinforcement signals and 

demonstrates experience-dependent plasticity (Björklund & Dunnett, 

2007; Nudo et al., 1996; Sanes & Donoghue, 2000). Under long ISI, 

MV likely to be modulated by the tone frequency unlike short ISI 

which is very fast and automatic in nature. Under short ISI, there is 

lesser degree of motor controllability, because here variability is 

derived from periphery and often referred to as ‘execution noise’ (Van 

beers et al., 2004) which is likely to be unmodulated by tone 

frequency.  

Since low-frequency spectral components that lead to the 

‘chilling’ effect of fingernails scratching on a blackboard, not the high 

frequencies that most people associate with the unpleasant nature of 

that sound (Halpern et al., 1986) so low-frequency tones are more 

rewarding than high-frequency tones. This implies that subjects will 

orient their top-down attention more to low-frequency tone than high-
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frequency tone. Therefore, it is expected that there will high MV with 

low-frequency tones as compared to high-frequency tones. 

Investigators of the present study have tried to see the effect of  

tone frequency on predictive tapping and MV under two different time 

scale by creating an experimental protocol in which the participant has 

to listen to a series of tones separated by a certain ISI in the 

isochronous sound sequence and tap with the tone accurately. In this 

current study, there are two isochronous sequences of different ISI, one 

is a short ISI of 1000 ms in peri-second range, which does involve less 

subject's top-down attention and another one is a long ISI of 2000 ms 

in supra-second range that included the subject's top-down attention. 

Each sequence is divided into two blocks and each block has 35 

identical tones. Tone frequency is different in both blocks. Based on 

previous explanations, the investigator selected HF tone of 1000 Hz 

(>800 Hz) in one block and the other has LF tone of 100 Hz (<300 

Hz).  

On the whole, this study emphasizes the role of frequency of 

tone on predictive tapping and MV under short and long ISI, 

respectively. The following hypotheses are tested in this study: 

• There is higher MV in long ISI as compared to short ISI. 

• There is predictive tapping under short ISI irrespective of 

the frequency of tone. 

• Under long ISI, MV is higher with LF tone than the HF 

tone. 

 

7.2. Results 

An alpha value of 0.05 was used to test the statistical 

significance in all the analyses throughout this paper. 

 

7.2.1. Predictive Tapping 

An ANOVA was carried out for 2 (ISI: short ISI vs. long ISI) 

✕2 (Frequency: LF vs. HF) mixed factorial design with the first factor 

as a between-groups variable. The analysis revealed that there is a 

main effect of ISI on predictive tapping (short ISI, M = 35.7, and long 
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ISI, M = 20.4, see Figure. 14), F (1, 28) = 29.517, p = 0.0001, ηp
2= 

.513. There was no main effect of frequency (LF, M = 28.06, HF, M 

=27.03), F (1, 28) = 0.054, p = 0.818, ηp
2 = 0.002). Individuals made 

significant number of predictive tapping responses under short ISI as 

compared to long ISI irrespective of tone frequency which has no 

significant effect on predictive tapping 

 

 

Figure.14 Predictive Tapping under short and long ISI. Error bars denote Standard Error. 

 

7.2.2. Motor Variability (MV)  

 

In order to examine MV, an ANOVA was carried out for 2 

(ISI: Short ISI vs. Long ISI) ✕2 (Frequency: LF vs. HF) mixed 

factorial design with the first factor as a between-groups variable. With 

regard to MV, significant frequency by  ISI cross -over interaction was 

found in ANOVA for the LF and HF based conditions  [F (1, 28) = 

4.689, p = 0.039, ηp
2= 0.143) (see Figure.15). It appears that 

participants showed higher MV with LF tone as compared to HF tone 

under long ISI unlike short ISI where reverse effect was observed.  
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Figure.15   Significant Interaction between frequency and ISI. 

 

Furthermore, a paired sample t-test was carried out to check the 

significance level of difference between the means of MV for LF and 

HF conditions under both ISI. Investigators found that there was a 

significant difference in the mean MV for LF (M = 0.069, SD = .056) 

and HF (M = 0.029, SD = 0.025) conditions; t(14)  = 3.427, p = 0.004 

(Figure.16) under long ISI (2000 ms)  but this trend absent under short  

ISI (1000 ms) since no significant difference was found in the mean 

MV for LF (M = 0.044, SD = .0144) and HF (M = 0.078, SD = .126) 

conditions; t(14) = -1.061, p = 0.307. These results suggest that the 

mean MV for LF significantly more than HF under the long ISI 

(Figure.16). This indicates that under long ISI—with LF tone, 

participant’s motor learning is higher as compared to HF tone. This 

result strengthens our argument that MV does not get influence by the 

frequency of auditory stimuli under short ISI as compared to long ISI.  
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Figure.16 Motor Variability with LF and HF tone under short ISI (which comes under supra-second 

range). Error bars denote Standard Error. 

 

7.3. Discussion 

In this study, investigators examined the role of tone frequency 

and ISI in predictive tapping and MV under two different time scale 

(peri-second vs. supra-second range). Predictive tapping was analyzed 

in terms of negative asynchrony where tap (response) occurred before 

the tone under which participants tap in a predictive-based manner 

without any feedback. MV was analyzed in terms of coefficient of 

variation of the ITI. The results showed that there were a significant 

number of cases for predictive tapping under short ISI as compared to 

long ISI irrespective of the tone frequency which has no significant 

effect on predictive tapping.  Also, tone frequency showed a significant 

effect on MV under supra-second range unlike peri-second range. This 

implies that the tone frequency affects an individuals’ external focus of 

attention, and regulates motor control (Lohse et al., 2014). Therefore, 

individuals’ motor responses were reactive to the tone rather than 
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predictive under long ISI. Under short ISI, where there were higher 

number of cases for predictive tapping, MV was unaffected by tone 

frequency. Motor control is not regulated by tone frequency but rather 

by a prediction-based feed-forward mechanism. As a result, individuals 

made a predictive tapping response before the tone. Higher MV under 

low-frequency tone as compared to high-frequency tone indicates that 

— (a) low-frequency tone captures more external focus of attention 

than high-frequency tone and (b) low frequency tones are better for 

auditory-motor learning under supra-second range. There is prediction 

based learning instead of stimulus-driven learning under short ISI 

because lateral side of cerebellum plays an significant role in initiating 

and coordinating predictive movements (Bares et al.,2007, Xu, 2006) 

and  is well connected with motor cortices via thalamus which 

involved in predicting movements (Dum  & Strick, 2005; Strick et al., 

2009). 

In terms of temporal processing of events, involvement of 

cerebellum is mostly limited to sub and peri-second range (Ivry & 

Spencer, 2004; Lewis & Miall, 2003) but not in supra-second range. 

Therefore, predictive tapping was dominant in contrast to reactive 

tapping under short ISI irrespective of tone frequency. The participants 

made tapping decision in a predictive-based manner not reinforced by 

the perceptual property of the auditory stimuli. The results revealed 

that tone frequency showed a significant effect on MV under supra-

second range. However, no such effect was found in peri-second range. 

Supra-second range involves more top-down attention and central 

planning circuits and variability in these circuits is better suited for 

learning-related motor exploration.  It is worth noting that these 

circuits are aided by easier access to reward signals (Björklund & 

Dunnett, 2007; Schultz, 1998), and exhibit more experience-dependent 

plasticity (Doyon & Benali, 2005; Nudo et al., 1996; Sanes & 

Donoghue, 2000). The motivation characteristics of stimuli impact 

stimulus-driven reinforcement learning. Adaptive reactions and 

cognitive functioning are influenced by motivational stimuli such as 

rewards. In example, there is mounting evidence that stimuli with 
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specific motivational values can significantly influence perception and 

attention (Bourgeois et al., 2016). Both selective top-down and 

stimulus-driven attentional orienting are similar to these effects. 

Under long ISI (within supra-second range), participants 

showed more MV with low-frequency tones as compared to high-

frequency tones. Since high-frequency tones increase stress arousal 

(Ilie & Thompson, 2006), participants avoided them, while they 

responded and reacted to low-frequency tones. Hence, low-frequency 

tones are more rewarding than high-frequency tones. Further, LF tone 

has a pleasing effect, so an individual's attention will orient to it 

selectively, so variability with LF will be comparatively more than the 

HF tone. This implies that LF tones are best suited for motor learning 

under the supra-second range. 

In the supra-second range, participants showed higher MV with 

low-frequency tones as compared to high-frequency tones because MV 

is context-sensitive across basal ganglia network. Basal ganglia play an 

important role in supra-second timing, unlike sub-second and peri-

second range. As a result, tone frequency (which is perceptual property 

of the sound) influenced the MV in supra-second range unlike sub-

second and peri-second range. In supra-second range, variability 

facilitates learning because the subject’s attention is more involved. As 

a result of this, motor control is regulated by a feedback mechanism, 

which is a closed-loop system. In the feedback system, error fed back 

to the input to reduce the error between target and input and causes the 

MV. MV is required during the transient phase to aid learning and 

motor exploration, which is a trial-and-error process aimed at 

improving motor outcomes. It is well recognized that it plays an 

important role in motor learning. This is especially true during 

reinforcement learning, when actions that result in a 

successful outcome are encouraged while acts that result in a 

unsuccessful actions are avoided. 

 Since learning begins with the conscious mind and requires 

top-down attention, and then transfers into the unconscious mind after 
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a period of time (McLaughlin, 1990). As a result, it is recommended 

that the subject be asked to synchronize with slow tempo (long ISI) 

first with LF tone, and then gradually progress to high tempo (short 

ISI).  

7.4. Conclusion 

This paper demonstrates that participants showed predictive 

tapping under short ISI (peri-second range) irrespective of tone 

frequency. Under short ISI (within supra-second range), tone 

frequency significantly influenced the MV but this trend was absent 

under long ISI.   Therefore, it is evident that motor control is regulated 

by prediction-based feed-forward mechanism under short ISI. As a 

result, individuals made a predictive tapping response before the tone. 

Under long ISI, participants made a reactive response to the tone in a 

reinforced manner unlike short ISI where they made a predictive 

tapping response to the tone without being affected by tone frequency. 

Participants showed higher MV with low-frequency tone than high-

frequency tone in the long ISI (in supra-second range) while this trend 

is absent in short ISI (in   peri-second range). Hence, low-frequency 

tones are more rewarding than high-frequency tones. In terms of 

implications, results suggest that supra second range time window is 

best suited for motor learning, which is reward-based and low-

frequency tones are best suited for motor learning as compared to high-

frequency tones. For better motor learning, supra-second time range 

will be beneficial in rhythmic auditory stimulation and stimulated by 

low-frequency tones For future directions, investigation is needed to 

examine how the low-frequency tone will affect AMS if participants 

switch over from learning phase (in supra-second range) to 

synchronization phase (in sub and peri-second range) or it will be 

worth knowing that whether this training pattern will improve AMS or 

not. 
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Chapter 8 

General Discussion 

 

The present dissertation addresses the role of tone frequency 

(Low vs. High) in motor timing, tapping behavior, synchronization 

accuracy and listening effort under peri-second and supra-second 

interval timing. The cognitive processes underlying auditory motor 

synchronization (AMS) are related to temporal information processing. 

As evident from previous chapters, increasing line of research has 

contributed to our knowledge of various aspects of AMS and the 

current research is an effort to pursue this avenue for further scientific 

progress by taking into consideration different processes of tapping 

behavior to isochronous sound sequence.  

In particular, this research emphasizes on how the tone 

frequency under peri-second and supra-second interval timing affect 

individuals’ tapping behavior, tapping performance (synchronization 

error) and listening effort in a controlled listening environment. The 

current chapter unifies and reflects on the findings of the present 

research in the light of the available literature and relevant insights. 

This study focuses on the issues pertaining to SMS in 

isochronous sound sequence. Tone frequency and ISI are an important 

aspects concerning perception-action coupling, tapping behavior 

(comprise of timing and variability), synchronization error and 

listening effort. In this study, investigator examines the role of tone 

frequency affect these aspects under two different time scale (peri-

second vs supra-second range) 

As per the results, participants showed more temporal 

alignment with low-frequency tones as compared to high-frequency 

tones under short ISI and long ISI. It implies that low-frequency tones 

demand less attentional resources for efficient temporal information 

processing as compared to high-frequency tones. On the other hand, 

lower listening effort was observed with low-frequency tones as 

compared to high-frequency tones under both ISIs. the dominance of 
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anticipatory tapping over reactive tapping under short ISI implies the 

predictive quality of a synchronized motor action with an anticipated 

stimulus]unlike long ISI. On the other hand, higher occurrence of 

reactive tapping under long ISI as compared to short ISI indicates a 

reflex activity. This occurs in reaction to a stimulus associated with 

feedback motor control relying on sensory feedback for coordinating 

movements. 

This study emphasizes the issues pertaining to SMS in 

isochronous sound sequence. ISI is an important aspect concerning 

response asynchrony.  

As per the results, the dominance of anticipatory tapping over 

reactive tapping under short ISI implies the predictive quality of a 

synchronized motor action with an anticipated stimulus (Repp, 2005; 

Ascherzleben & Prinz, 1995; Ascherzleben, 2002) unlike long ISI. On 

the other hand, higher occurrence of reactive tapping under long ISI as 

compared to short ISI indicates a reflex activity. This occurs in 

reaction to a stimulus associated with feedback motor control relying 

on sensory feedback for coordinating movements (Iosa et al., 2015).  

The investigator found an interesting finding concerning motor timing 

is that tone frequency has shown significant effect on motor timing 

under 1-second range. But no such effect was found in Supra-second 

range. While ISI has no significant impact on motor timing which 

implies that participants showed similar motor timing in both short ISI 

and long ISI.  It implies that peri-second range also involves some top-

down attention. As frequency affected the motor timing in this range 

unlike supra second range so it is clear that this range involve 

perceptual process. On the whole, peri-second range (1-second) 

involves both cognitive and perceptual process whereas only cognitive 

process are involved in supra-second range.   

  

8.1. Tapping behavior 

As per the results, the dominance of anticipatory tapping over 

reactive tapping under short ISI implies the predictive quality of a 

synchronized motor action with an anticipated stimulus unlike long 
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ISI. On the other hand, higher occurrence of reactive tapping under 

long ISI as compared to short ISI indicates a reflex activity. This 

occurs in reaction to a stimulus associated with feedback motor control 

relying on sensory feedback for coordinating movements.   

In case of short ISI, individuals tend to tap before the onset of 

the tone by anticipating it, instead of tapping in a symmetric uniform 

distribution around original (irregular) stimuli. Therefore, investigators 

conclude that anticipation plays an important role in the short ISI to 

predict the next event while synchronizing with the external event. 

Anticipation happens in the absence of required attentional resources. 

It conforms to the understanding that lesser attentional demand is 

required in the short ISI.  In this context, a relevant issue is in terms of 

how anticipation takes place when there is a lesser involvement of top-

down attention. The point is anticipation takes place when activities 

rely not only on previous and present stimuli but also on future 

projections, expectations, or beliefs. Therefore, the current study 

indicates that the role of sequential decision making becomes very 

important in synchronizing with the tones present in isochronous sound 

sequence and anticipation is a critical part of this process. 

In sequential decision making, individuals make decisions 

based on anticipation involving memory (i.e., retrieval of information 

by attractor dynamics if a given input is sufficiently similar to a stored 

attractor state). During decision making between sequential auditory 

stimuli, the first stimulus is held in memory and then compared with 

the subsequent similar stimuli. Attractor neural activity of second 

stimuli depends not only on the present stimuli but also on the sensory 

memory of the first sound event.  Anticipation cannot happen without 

memory because it plays an important role in prediction and it gives 

the previous experience to the individual for anticipation of the next 

stimulus from its current state. Auditory sensory memory is the 

shortest element of memory and the critical first stage in auditory 

perception . It gives the cognitive system- to retain representations of 

sensory information after the previous auditory stimuli have ended. It 
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acts as a buffer for the stimuli received through auditory senses, which 

is very briefly (but accurately) retained.  

In case of short ISI, next stimulus occurred before the decaying 

of sensory memory, so this past sensory memory helped to predict the 

next event via anticipation mechanism and the ‘prediction’ is a 

preplanned behavior that activates the feedforward motor control 

mechanism and it is unaffected by peripheral feedback. Feed-Forward 

motor control is an open-loop system for motor control that controls 

fast, ballistic movements before any sensory information is processed. 

It requires prior knowledge of the upcoming stimulus. In this automatic 

mechanism, some reflex loops require lower brain areas and are 

independent of perceptual processing active control but can be affected 

by prior commands; while the other loops are directed by the spinal 

cord with no active control of the brain. 

In case of long ISI, participants showed reactive tapping 

behavior. Reactive response is a reflexive response which is not based 

on anticipation. It is because of memory traces decline (i.e., decaying) 

over a short span of time until a certain limit is reached, and that 

memory becomes unreliable. Under such circumstances, it becomes 

difficult for an individual to retain representation of auditory 

information for a longer duration because memory decays very 

quickly, in the region between 200-500 milliseconds (less than a 

second). Moreover, in the absence of anticipation mechanism, top-

down attention plays a critical role which switches an individual’s 

motor action to feedback mode (in contrast feed-forward mode) for 

error compensation. In other words, feedback motor control relies on 

sensory feedback for coordinating movements. Reactive tapping is a 

reflex activity which occurs in reaction to a stimulus due to feedback 

motor control. As reactive tapping in long ISI (2000 ms) occurs under 

supra-second range and anticipatory tapping in short ISI (1000 ms) 

occurs in 1-second range, it indicates that as the ISI increases from 1-

second to supra-second range, there is a transition in tapping from 

anticipatory to reactive. 



 

99 
 

In future studies, it will be important to examine issues 

concerning sensory-automatic processing in 1-second range which is a 

transit zone between sub-second range and the supra-second range. 

  

8.2. Tapping Performance 

During the experiment, it was observed that participants were 

unable to catch the first beat but they were able to anticipate the next 

beat under both conditions of ISI. While debriefing, no variation in 

tapping was observed because of the fixed ISI in the isochronous 

sound sequence. Investigators did not observe a significant difference 

between the synchronization error means under two different ISI.  This 

implies that 1-second range is also influenced by attention which 

corroborates with Rammsayer & Troche (2014). 

The investigators observed two different types of tapping under 

two different ISIs. In short ISI=1000 ms, anticipatory tapping is more 

prevalent. Under long ISI, there were more number of cases for 

reactive tapping in long ISI as compared to short ISI. The investigators 

observed a significant effect of frequency on synchronization error and 

found that it was significantly higher in the sound frequency of 1000 

Hz than the low sound frequency of 100 Hz which comes under bass 

range. It implies that subjects’ tapping were comparably more aligned 

with the low-frequency sound than with the high-frequency tone. This 

finding corroborates with the previous research which asserts that 

when people  are presented with music,  they have a strong tendency to 

align their body movement with  the low-frequency sounds (Burger et 

al., 2013) and increased body movements are associated with an 

increase in loudness of low-frequency sounds (Dyck et al., 2013), and 

there is one transcranial magnetic stimulation (TMS) study also 

substantiates the findings which show that songs which have a more 

spectral flux in the low-frequency region activate the motor system in 

higher magnitude (Stupacher et al., 2013). 

Following frequency rules, frequency of the auditory nerve’s 

impulses corresponds to the tone frequency, which allows us to detect its 

pitch. The point is that these low-frequency sounds in the range of 20 to 
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1500 to cycles for each sound can cause volleys (group of auditory 

neurons) of impulses resonating at same frequencies, and the cochlear 

nerve transmits these volleys into the brain’s cochlear nuclei. It is 

assumed that the brain’s cochlear nuclei can recognize the different 

frequencies of the volleys (Bamne et al., 2015). 

Such findings expand previous ones in relation to the 

synchronization activity relationship between low-frequency spectral 

flux and general music-induced movement (Burger et al., 2013). In the 

debriefing session, the investigators observed that majority of the 

participants showed significant discomfort in listening to the high-

frequency tones than to the low-frequency tones, This implies that the 

listening task was more demanding with the high-frequency tones than 

the low-frequency tones.  

The finding of the listening effort concluded that there was a 

significant effect of frequency on the participant’s listening effort. 

Listening effort was significantly higher in the case of HF as compared 

to LF which indicates that participants felt less listening discomfort 

with the low-frequency tones than with high-frequency tones which 

showed an agreement with participant’s subjective ratings of listening 

effort. This is because low-frequency tones are perceived to be less 

loud than high-frequency tones at the same intensity and it requires 

less attentional demand for efficient temporal information processing 

leaving more attentional resources for tapping task as compared to 

high-frequency tones.  

With low-frequency tones, higher performance can be achieved 

with the minimum mental effort required for listening. In other words, 

higher movement efficiency can be achieved with low-frequency 

tones. Movement efficiency has been defined as the ratio of 

mechanical work to the metabolic energy expended (Cavanagh & 

Kram, 1985). 

  

8.3. Motor Timing 

This study unravels the perception-cognition-action link in 

context of AMS via synchronized tapping paradigm. It examines how 
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the subject subjectively perceive and translate the ISI into action 

reflected by inter-tap interval (ITI) and what is the role of auditory 

information such tone frequency   in affecting this perception-action 

process under peri-second and supra-second interval timing which 

recruits different number of cognitive resources. This study reports the 

mean inter-tap interval (representing motor timing) and subjective 

translation index (STI) indicating whether subject has over and under 

translated the ISI.   

The results revealed that tone frequency had shown a 

significant effect on STI and cross-over interaction was found between 

tone frequency and interval timing. Participants showed higher STI 

(>1) with LF tone than HF tone (<1) indicating that participants over-

translated ISI with LF tone and under-translated with HF tone. The 

cross over interaction between tone frequency and ISI signifies that 

tone frequency had shown a significant effect on ITI (represents motor 

timing) under the short ISI which comes under peri-second range. But 

no such effect was found in the long ISI that comes within supra-

second range. ISI has no significant impact on motor timing (i.e., ITI). 

This implies that participants showed similar motor timing in both 

short ISI and long ISI. Furthermore, this indicates that the peri-second 

range also involves cognitive control. As frequency affects the motor 

timing in peri-second range (unlike supra-second range), so it is clear 

that this range is sensory-automatic (Rammasyer, 2014). 

This implies that motor production is perceptually sensitive in 

the peri-second range. The peri-second range is susceptible to 

frequency influences and automatic as it does not involve much top-

down attention unlike supra second range which is slow (because of 

higher ISI) and driven by top-down attention (which involves central 

planning).There are two possible reasons: one is subjective 

rhythmization (SR), it is the phenomenon in which subject perceive the 

sounds in an isochronous sound sequence subjectively different despite 

their objectively equal amplitude and it is found that SR experience 

ceases when the inter-stimulus interval (ISI) between consecutive 

sound onsets increases beyond 1600 ms (Bolton,1894; Fraisse, 1982), 
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which is reflected in our findings as there is no significant effect shown 

by frequency on motor timing in long ISI (2000 ms). 

The findings support the theoretical framework laid by Daniel 

Kahneman (Arvai, 2013) which states that there are two different 

systems for information processing: One is System 1 which is 

automatic, and influenced by external factors; another one is System 2  

which is slow in processing, reflexive, and driven by top-down 

attention and intentions. It means that system 1 is largely associated 

with sub-second and peri-second ranges, and system-2 is associated 

with supra second-time system. 

If we talk about neural correlates about sub-second and supra 

second-time system, there are two different neural networks for these 

time system (Lewis & Miall, 2003b; Pouthas et al., 2005; Jahanshahi et 

al., 2006; Wiener et al., 2010).  One of the regions triggered in supra-

second timing is frontal and posterior parietal areas of the cortex, 

which are connected to working memory or attention.  The other 

region activated in the sub-second and peri-second timing range is the 

motor and somatosensory systems, including the pre-central and post-

central regions, and supplementary motor area (SMA). The peri-second 

range is a transit zone that comes in between the sub-second and supra-

second range. These findings are in corroboration with Michon (1985) 

that processing of temporal information in short intervals is sensory-

automatic and beyond the top-down control and regulated by reticular 

activation system whereas, in longer intervals, temporal information 

processing requires cognitive control. The analysis revealed that tone 

frequency played the main role in influencing the motor timing in the 

peri-second range. As the tone frequency is a perceptual property of 

sound, and it is effective in influencing motor timing in peri-second 

range unlike supra-second range, so it implies that in peri-second 

range, motor timing is influenced by perceptual timing.  

In the peri-second range, there is less involvement of the 

central nervous system so signal does not reach to the finger muscles 

from a centralized brain directly like a feedforward motor control 

(Seidler, 2004). In this range, participants over-translated the objective 

https://en.m.wikipedia.org/wiki/Daniel_Kahneman
https://en.m.wikipedia.org/wiki/Daniel_Kahneman
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time of 1000 ms to 1000.642 ms with low-frequency tone and under-

translated to 998.83 ms with a high-frequency tone. This finding 

supports the ideomotor principle, which states that perception will 

modulate action where overlap exists between perceptual and motor 

representations of action (Ammirante et al., 2011). The reason behind 

the occurring of this phenomenon might be lies with the movement 

execution process in synchronized tapping task. In a synchronized 

tapping task, movement execution completes in three steps of a single 

cycle of finger tapping: in the first step, the subject will move down 

his/her finger and tap on the surface and then hold his/her finger for 

some time called as dwell timet1 and then he/she will release and 

extend the finger by recruiting of extensor muscle then again will 

down his finger and tap on surface. This includes the first cycle of 

continuous tapping, and the whole interval will be count as the inter-

tap interval. This includes the time when the finger stays in contact 

with the surface after the first tap and then is released, and it moves 

vertically up, and again moves down for the next tap (excluding the 

time of next successive tap). It implies that subject has kept his finger 

on the surface for some time to estimate the duration of tone denoted 

as 𝑡1, and then he/she has taken time 𝑡2 in moving finger vertically up 

and down. 

Accuracy in motor timing is necessary for a better SMS 

performance and can only be accomplished at an optimum level of 

arousal, but it does not happen because of the shift in arousal. It is 

because performance increases with physiological or mental arousal, 

but only up to a point. When levels of arousal become too high, 

performance decreases (Cohen, 2018). Physiological arousal alters the 

time perception, and this leads to change in motor timing as both are 

intertwined with each other (O’Regan et al., 2017).It is seen that 

tension arousal increases by high pitch level tones (Ilie & Thompson, 

2006). High-pitched music has been correlated with high-arousal 

words such as excitation, exhilaration, animation, elation, movement, 

strength, alertness, and higher excitation emotions such as high spirits, 

or rage, anger and fear (Coutinho & Cangelosi, 2009; Eitan & 
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Timmers, 2010). Perceived duration lengthens with an increase in 

physiological arousal and shortens with a decrease in physiological 

arousal (Droit, 2007; lake, 2016). There is hypothetical pacemaker 

which has a natural rate which increases or decreases by the change in 

arousal level which leads to a longer and shorter perception of the 

duration (Schwarz, et al.,2013) and this physiological arousal which 

alter the time perception and this leads to change in motor timing as 

both are intertwined to each other (O’Regan et al.,2017). It is assumed 

that at optimal arousal level, individual mean inter tap interval will be 

close to ISI, but when arousal level shifts towards either direction from 

optimum arousal, then  𝑡1 and 𝑡2 are likely to increase or decrease.  

Here t1  refers to dwell time is the perceptual time judgment of the tone, 

and t2 is the movement time taken for going up and down. As the tap 

velocity is constant because of the fixed period.  

𝑡1 + 𝑡2= ISI=ITI (at optimal arousal) 

𝑡1
′  + 𝑡2

′ =ITI (when arousal shift from optimal arousal) 

(𝑡1
′ -𝑡1) + (𝑡2

′ − 𝑡2)= ITI-ISI=C 

If 𝑡1
′ >𝑡1 and 𝑡2

′ >𝑡2 then C>0 

ITI-ISI=C 

ITI=ISI+C 

If 𝑡1
′ < 𝑡1 and 𝑡2

′ <𝑡2 then C<0 

ITI=ISI-C 

As participants showed ITI greater than ISI with LF tone and 

less than ISI with HF tone.  So with LF tone, C will be positive; it will 

happen only in the case when dwell time for LF tone is higher than HF 

tone.  

Here, dwelling time is influenced by sensory and cognitive 

processing and also relates to the level of motivation and engagement 

and movement time that comes under the transition phase (which is 

purely motor function) unaffected by attention (Austin, 2013) so it 

would be the same regardless of the level of frequency of auditory 

stimuli. Thus adjustment in the pacing of the taps would only be due to 

dwelling time, not due to movement time. Due to the fact that dwell 

time is comparatively more with LF tone than HF tone, participants felt 
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more engagement in tapping activity with LF tone compared to HF 

tone with short ISI. This means that the participant enjoyed more with 

the LF tone. This perception and action link, which leads to this 

motion, is largely unconscious and normally largely suppressed in the 

listener, “its only outward manifestation [being] subtle tensions of the 

muscles” (Truslit, 1938; Repp, 1993). Further study is needed to 

investigate the effect of tone frequency on dwell time under sub-

second and peri-second range. 

 

8.4. Motor Variability 

In this study, investigator examines the role of tone frequency 

and ISI on motor variability under two different time scale (1 -second 

vs supra-second range). Investigators have taken variability of inter-tap 

interval as an index of variability. The results revealed that tone 

frequency has shown significant effect on motor variability under 

supra-second range. But no such effect was found in peri-second range. 

In supra-second range, participants showed more motor variability 

with low-frequency tones as compared to high-frequency tones. While 

ISI has no significant impact on motor variability which rejects our 

hypothesis that was based on the fact that short ISI (which comes 

under 1-second range) and long ISI (which comes under supra-second 

range) has different involvement of attention. This implies that a 1-

second range which is a transit zone between sub-second and supra 

second range also involves cognitive processes like the supra-second 

range and this corroborates with Rammasyer & Troche (2014) which 

states that 1-second range involves both cognitive and perceptual 

process. 

The results revealed that tone frequency has shown significant 

effect on motor variability under supra-second range. But no such 

effect was found in peri-second range. It is because supra-second range 

involves more top-down attention and central planning circuits.    

Variability in central planning circuits may be better suited for 

learning-related motor exploration. These circuits have more ready 

access to reinforcement signals (Björklund & Dunnett, 2007; Schultz, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6091866/#R113
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1998), and show more experience-dependent plasticity (Doyon & 

Benali, 2005; Nudo et al., 1996; Sanes & Donoghue, 2000).  

In supra-second range, participants showed more motor 

variability with low-frequency tones as compared to high-frequency 

tones because MV is context sensitive across basal ganglia network 

and basal ganglia plays an important role in supra-second timing unlike 

sub-second and 1-second range (peri second range that’s why 

frequency of tone (which is perceptual property of the sound) 

influenced MV in supra-second range unlike Sub-Second and 1-second 

range. Because in sub and 1-second range only cerebellum is involved. 

MV facilitates learning in supra second  range where subjects’ 

attention is more involved .Due to this, motor control is regulated by 

feedback mechanism which is a closed loop system. In the feedback 

system, error gets fed back to the input to reduce the error between 

target and input and causes the motor variability. In the transient phase, 

motor variability is needed to facilitate learning. 

Variability in central planning circuits may be more suited for 

learning-related motor exploration since supra-second range 

incorporates central planning circuits. More reinforcement signals are 

available to these circuits. We found that variability with LF tone is 

comparatively more than that of HF tone. This implies that LF tone 

captures the individual’s selective attention because of its pleasant 

effect. MV is goal oriented (to minimize the synchronization error) 

under both LF and HF cases so variability will be there. But since LF 

one has a pleasing effect so individual’s attention will orient to it 

selectively so variability with LF will be comparatively more the HF 

tone. This implies that LF tones are best suited for motor learning 

under supra-second range. 

 

 

  

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6091866/#R113
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Chapter 9 

 

Summary and Conclusions 

 

This chapter summarizes the major findings of the current research. It 

also discusses the implications of the findings, limitations of the 

present research, and provides insights for future research.  

  

9.1. An overview of the findings 

This dissertation provides an understanding of the role of 

frequency of tone in affecting various parameters of AMS such as 

tapping behavior, motor timing, motor variability (MV), listening 

effort, and tapping performance in response to isochronous sound 

sequence. For scientifically investigating the role of frequency of tone 

under peri and supra-second range involving different level of 

cognitive resources, this study employs synchronized tapping 

paradigm.  

 

• The results of the present study demonstrates significant 

occurrence of anticipatory tapping and reactive tapping 

under short ISI (1000 ms) and long ISI (2000 ms) 

respectively. In anticipatory tapping, the feed-forward 

motor control mechanism plays a critical role (unlike the 

case of reactive tapping in which the motor control is 

dependent on the feed-back motor control mechanism). In 

terms of implications, the findings of this study indicate 

that ISI in isochronous sound sequence should be given 

due consideration in designing movement studies and 

incorporate use of the same for therapeutic purposes such 

as rhythmic auditory stimulation (RAS).  

• It is observed that motor response is more easily 

synchronized with low-frequency (LF) tones as compared 
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to high-frequency (HF) tones without expending much 

listening effort while responding to isochronous sound 

sequence. In terms of implications, this study suggest that 

tone frequency in isochronous sound sequence should be 

given due consideration in designing movement therapies 

such as RAS.  

• Investigator found the strong perception-action coupling 

in the peri-second range unlike supra-second range. 

Participants over translated the  ISI  with LF tone and 

under translated ISI  with HF tone in the peri-second 

range while this trend is absent in supra-second range.  

• Further understanding with respect to motor timing is that 

individual’s shows higher dwell time for LF tone as 

compared to HF tone. This implies that individuals show 

more engagement with low-frequency tone. 

• The results suggest that pitch has a greater influence on 

motor timing within the peri-second range as compared to 

the supra-second range.  In terms of implications, this 

study's findings indicate that ISI should, therefore, be a 

significant factor in the design of sound sequence to be 

used for RAS. 

• The results revealed that tone frequency has shown 

significant effect on MV under supra-second range. But 

no such effect was found in peri-second range. In supra-

second range, participants showed more MV with LF 

tones as compared to high-frequency tones.  

• Further understanding with respect to MV is that MV is 

error driven not stimulus driven under peri-second range 

whereas MV is both error and stimulus driven under 

supra-second range. 

• While ISI has no significant impact on MV which implies 

that participants showed similar motor timing in both 

short ISI and long ISI.  It implies that 1-s range also 

involves cognitive control. 
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• In terms of the synchronization error and listening effort, 

no significant effect of ISI was found, which rejects our 

hypothesis that was based on the fact that  Short ISI 

(which comes under 1-second range) and long ISI (which 

comes under supra-second range) has different 

involvement of attention. This implies that a 1-second 

range which is a transit zone between sub-second and 

supra second range also involves cognitive processes like 

the supra-second range and this corroborates with 

Rammasyer’s finding which states that 1-second range 

involves both cognitive and perceptual process 

(Rammasyer & Troche, 2014). 

  

9.2. Limitations and implications of the Study 

  

The thesis besides being an addition to the existing literature on the 

phenomenon of auditory-motor-synchronization, however, has some 

limitations that could be overcome in future research. 

The participants who voluntarily took part in this research were 

healthy individuals belonging to the investigator’s educational 

institute. Further investigation involving PD patients would have 

provided better insights in understanding AMS. This would have led to 

the possibility of comparing healthy individuals vs. PD patients. In 

terms of collecting pupillary dilation data, the instrument used in this 

research collected data at the rate of 30 samples per second, which is 

considered a poor sampling rate. There are high chances that some 

significant amount of crucial pupil data might not have been captured 

by the eye tracking instrument. Eye tracking system with higher 

sampling rate will benefit future studies. 

With respect to the implication of this research, synchronized 

tapping paradigm could be used by researchers for investigating issues 

related to AMS. Furthermore, the results of this research signify the 

importance of LF tones related to AMS under peri-second and supra-

second range. In addition to this, the findings of the current research 
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provide further behavioral evidence in support of the dissociation 

between peri-second and supra-second range 

The framework reported in this study could be useful for 

researchers who are interested in investigating issues related to AMS. 

Furthermore, the results of this research signify the importance of LF 

tones in regulation of motor control and MV under supra-second range. 

Since, supra-second range is suitable for motor learning it will be 

interesting to investigate how participants' tapping ability is altered 

under short ISI after receiving motor training in the long ISI. This 

study was mainly confined to movement timing and its relation to tone 

frequency and ISI in isochronous sound sequence. 

Future study needs to explore non-isochronous sound sequence. 

It is easy to synchronize with the isochronous sound sequence because 

of its fixed ISI. But it becomes comparatively difficult to synchronize 

and adapt with the non-isochronous sound sequence because of its 

varied tempo. While synchronizing with isochronous sound sequence, 

phase correction response is required unlike non-isochronous sound 

sequence. Another aspect of future investigation is movement 

kinematics i.e., emphasizing on the geometric and time-dependent 

aspects of motion which will throw more light on the relationship 

between the pitch contour and the kinematics of movement. 

9.3. Scope for Future Research 

In future studies, it will be important to examine issues 

concerning sensory-automatic processing in peri-second range which is 

a transit zone between sub-second range and the supra-second 

range. In this current study, participants were given auditory feedback 

but what will happen when they will be given auditory and tactile 

feedback simultaneously. Since low-frequency tones has vibrational 

properties as compared to HF tones so it is most likely that LF tones 

will be suitable for auditory-tactile feedback but investigation is 

needed in further studies. Also, it is widely known that during grip 

strength training that individuals feels mental and physical fatigue 

which can be reduce via low-frequency driven auditory -tactile 
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feedback because individuals shows less listening effort with low-

frequency tones.  

 

• This study has some limitations, such as the inability to access 

the neural correlates behind this phenomenon due to limited 

resources. Second, it was being done with a monotone 

sequence, not with an isochronous series of tones having 

different pitches. Another is the sample size, as only 15 

participants have gone through a single ISI. So this finding 

cannot generalize as the sample size is not large enough. As 

only a single level of frequency had been taken in both LF and 

HF range, so it will be interesting to see that, up to what range 

of tone frequency, this behavior is shown needs to be 

investigated in the future. Another research question that came 

out from our study is that what will happen to motor timing 

when two successive tones are given in the same metronome in 

an alternative manner? 

• This study was mainly confined to movement timing and its 

relation to tone frequency and ISI in isochronous sound 

sequence. But how these parameters affects the movement 

timing in non-isochronous sound sequence is yet to be 

explored. It is easy to synchronize with the isochronous sound 

sequence because of its fixed ISI. But it becomes comparatively 

difficult to synchronize and adapt with the non-isochronous 

sound sequence because of its varied tempo. While 

synchronizing with isochronous sound sequence, only phase 

correction response is required unlike non-isochronous sound 

sequence. Because it requires additional error correction which 

is called as period correction response this requires conscious 

control. Some studies has been done on AMS parameter like 

period correction and phase correction response and its relation 

to the tempo changes in auditory sequence. 

• Another area of future investigation is movement kinematics 

which is not been addressed in this study. Movement 
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Kinematics is the study of the geometric and time-dependent 

aspects of motion without analyzing the forces causing the 

motion. There have been many studies that suggest a 

relationship between the pitch contour and the kinematics of 

the movement.  

• Results suggests that supra second range is the best temporal 

window for auditory driven motor learning via low-frequency 

tones but it require further studies for reaching to an an 

appropriate conclusion. 

• Since our study involves only peri-second and supra second 

temporal window not sub second window so future studies 

should take all the possible temporal window to analyses the 

motor variability (an indicator of learning). This study suggests 

that supra -second and peri-second window is appropriate 

window for cognitive and associative phases whereas sub-

second temporal window is needed for autonomous phase for 

motor learning. 

• Further study is needed to examine the effect of low-frequency 

tone on dwell and movement time. 

 

 

  

 

 

 

 

 

 

 

 

 

 



 

113 
 

Chapter 10 

 

Appendices 

Informed consent form 

 

You are being invited to participate in a research study, which 

the Institutional Human Ethics Committee (IHEC), Indian Institute of 

Technology Indore has reviewed and approved for conduct by the 

investigators named here. The Investigator will describe this study to 

you and answer any of your questions. If you have any questions or 

complaints about the informed consent process of this research study 

or your rights as a subject, please contact the IHEC at the Indian 

Institute of Technology, Indore 

 

Thank you for agreeing to participate in this research project. 

This study involves scientific enquiry concerning effect of tone 

frequency and inter-stimulus interval on AMS. There will be no risks 

with participation in this research study.  Your details will not be 

revealed when the data is presented or reported. All data will be the 

property of Human Factors & Applied Cognition Lab IIT Indore so 

you cannot claim any share or right in terms of acknowledgment or 

authorship of the research paper(s) published on the basis of the data 

collected in this study. 

 

Your participation in this study is completely voluntary. Should 

you decide to discontinue participation or decline to answer any 

specific part of the study. You will still receive a T-Shirt as 

compensation that in exchange for your participation. You will also 

receive a thank you card with experimenter’s contact details. Should 

you have any further questions, please feel free to contact the 

experimenter.  
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Consent statement 

 

I, __________________________________, hereby give my consent 

to participate in the   research study entitled “effect of tone frequency 

present in isochronous sound sequences and Inter-stimulus interval on 

synchronization error”.  I have read the above information provided by 

the experimenter for the participation in their study and I agree to 

participate.  

 

Participant’s signature                                                  Date 

 

I hereby certify that I have given an explanation to the 

above individual of the contemplated study and its risks and 

potential. 

 

 

 

Experimenter’s signature                                              Date 
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Instructions 

 
 

You are most welcome to our HFAC Lab for Auditory 

cognition study. The Isochronous sound sequence is designed in 

HFAC lab and you are not supposed to disclose the details of the 

isochronous sound sequence to other participants to avoid the 

presumption. For this study, you are required to listen to the 

isochronous sound sequences and tap the tapping board by your 

dominant index finger in response to tone onset present in rhythm 

track in a comfortable manner. During the listening, we will also 

record your pupil diameter from Tobii TX30 eye tracker in the 

continuous manner which needs calibration which may take 2-5 

minutes.  

There will be a rhythm track consisting of isochronous 

sound sequences of different ISI. You have to listen to the rhythm 

track and follow the instructions which are mentioned below. 

 

• Sit on the chair comfortably. Keep your spine in a vertical 

position. 

• Look into the center point of the screen. 

• Wear the headset. 

• While calibration, you need to gaze your eyes to the red 

point which will move towards all corners of the screen. 

• Keep your finger on the piezoelectric sensor. Tap your 

finger on the middle white circular part of the piezoelectric 

sensor. 

• A video with black screen augmented with an auditory 

metronome will be presented in the form of visual stimuli 

in front of you on the Tobii screen. First, 33 seconds of 
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video will contain no auditory information and visual 

information. This offset time will be allotted for dark 

adaptation of the pupil. 

• You will be listening sound sequence after 33 seconds and 

you will have to respond to the sound by tapping your 

finger on the piezoelectric sensor. 

• In between the recording, don't shake your head and fix 

your chin with the support of your hand. 

• You have to place your cell phone, other 

magnetic/electronic devices; metallic objects out of the 

recording room, in a locker and you have the key with 

yourself. 

• Don't do eye makeup like mascara etc. 

• If you need help or feel discomfort at any point in between 

the experiment, you can raise your hand. 

• If you want to escape from the experiment because of any 

discomfort with listening, you can withdraw from the study 

at any time. 

 

Thank you for your acceptance to participate in our 

experiment 
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