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1. Introduction

When composing/producing music in a virtual 
environment the use of virtual instruments and 
programmed/sequenced patterns to emulate how a 
recorded instrument/musician would sound is quite 
common. Even if the reproduced sounds of the 
virtual instruments are very convincing, there would 
still be a difference in how sequenced patterns 
sound compared to a human performance. 

There are a number of digital audio workstations  
featuring algorithms that effect the timing and/or 
velocity of sequenced rhythmical patterns, such as 
for instance ”Logic Studio Pro 9”. (Nahmani, 2009). 
These deviations are introduced to give a more 
”human feel” to sequenced patterns. The algorithms 
that are available now however seem to usually apply 
random deviations in timing, ”crescendo” or other 
aspects of deviations in timing not specifically related 
to human performance.

In music production, the recording of an actual 
acoustic instrument played by a musician could be 
both time-consuming and expensive. To tackle this 
problem, sequenced audio-samples are often used. 
To more closely reproduce how a musician would 
play in terms of rhythm and timing, an algorithm 

based on actual human performance could be 
useful. Rhythmical grouping can be considered to be 
an important aspect of rhythmical performance.

Therefore a tapping-experiment with focus on 
rhythmical grouping was conducted in order to study 
if/how grouping has an influence on musicians 
produced inter-onset-intervals (IOI’s), and if there is a 
difference in produced inter-onset-intervals when 
tapping with as high rhythmic accuracy as possible 
or ”musically”.

1.1 Background 

Basic terms

For a better understanding of rhythm and timing the 
basic terms used when defining the rhythmical 
content of music is described in short.

Tempo

The concept of tempo is the pace or rate of events. 
A shorter amount of time between events equals a 
faster or higher tempo and vice versa. 
In music, tempo refers to the rate or pace of the 
music, how fast or slow it is. Typically this refers to 
the regular (equal intervals) rate of events or 
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perceived regular rate of events in music, the rate or 
pace of the beats in the music. (McAuley, 2010) 
There is no need for the intervals between events to 
be exactly equal in order to be perceived as being 
regular. In fact, music played by musicians (in 
contrast to programmed rhythms where the intervals 
can be nominal) is not equal in that sense and the 
intervals can differ quite a bit from equal intervals and 
still be perceived as being regular. (Dahl, 2005)

There are basically three types of tempo in music. 
The mean tempo is an averaged tempo across a 
whole piece.The main tempo is the prevailing tempo 
of a piece (not considering final ritards or similar 
events). The local tempo is a tempo differing from the 
main tempo but only for a short period of time. It 
could for instance be a short part of a piece. In some 
instances the tempo is regular enough for these 
three types of tempo to merge (Dahl, 2005).

Meter

Meter refers to a hierarchy of the beats in the music. 
The rhythmic content of music can be divided into 
different metric levels. These levels has to periodically 
coincide. Beats at a lower level have a faster tempo 
than beats at a higher level. (McAuley, 2010) 
For example, 4th notes would represent a higher 
level than 8th notes. Still the 4th notes and the 8th 
notes would periodically coincide since the duration 
of 4th notes would in scored music be exactly twice 
as long as the duration of 8th notes. This relationship 
could also be described as an occurrence of strong 
and weak beats, the strong beats would be were 
levels would coincide. Also, a beat at a higher level 
must always coincide with beats on all lower levels 
(Dahl, 2005).

Each measure of rhythmic music is subdivided into 
an equal amount of beats with different duration of 
the beats at different levels, for example there are 
four 4th notes for each whole note, eight 8th notes 
and so forth (McAuley, 2010). 

The metric level that most people perceive most 
clearly or usually tap along with is commonly called 
the tactus. This most common choice is influenced 
by the main tempo of the music. People usually 
choose an intermediate rate, commonly in the range 
of 100-133 beats per minute. This has lead to a 
conclusion that there could exist a characteristic rate 
that most people find most convenient. (Dahl, 2005)

Inter-onset-intervals

Inter-onset-intervals can be described in a wider 
sense as the duration of time between the onset of 
an event and the onset of a following one. In music 
perception this would relate to the onset of a beat or 
note. The duration of a beat or note will in relation to 
other durations of beats or notes in music define its 
metric level in the music, for example if it is a 4th 
note or an 8th note. The inter-onset-intervals does 
not however need to be exact in order to be 
perceived as for instance a 4th note. They also vary 
due to different reasons caused by performers which 
is discussed later (Penel & Drake, 2004).

Grouping

Grouping in this context is a perceptual subdivision 
of the rhythmic content of music. When perceiving 
rhythmic music we tend to subdivide the content into 
sequences where some notes belong together and 
some do not, some elements in a group are 
accentuated and some are not. We perceive a figural 
coding of rhythm that is distinct from metrical 
structure. This subdivision plays an important role in 
making it easier for listeners to remember rhythms. It 
also communicates an hierarchical structure of 
groups. Grouping is also applicable to other aspects 
of music than just rhythmic aspects, such as melody, 
form etc. (McAuley, 2010)

Rhythm

The concept of rhythm can refer to two different 
aspects. One of these aspects is the actual sounding 
pattern. In a wide sense this could be described as 
”the serial pattern of durations marked by a series of 
events” (McAuley, 2010), in other words a serial 
pattern of events with more or less specific 
durations. 

In music this would be a serial pattern of marked 
sounds (beats, notes) and silences (rests). In a score, 
the duration of each sound and each rest would 
have a specific duration if the tempo of the piece is 
specified (not in the case of terms as for instance 
”allegro” which is not a specific tempo but more a 
general description of a piece’s tempo). 

Otherwise the units of music are relative rather than 
absolute, a 4th note has a duration that is twice as 
long as the duration of an 8th note. The other aspect 
of rhythm is the perception of a sounding pattern. In 
other words ”the perceived temporal organization of 
the physical sound pattern (i.e., the series of notes 
and rests)” (McAuley, 2010). This perceived temporal 
organization is linked to the concepts of beat, meter 
and grouping. (McAuley, 2010)
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Timing

Timing refers to the lengthening and shortening of 
IOI’s. In other words the lengthening and shortening 
of the durations of the played notes in music. The 
duration of played notes is not consistent but vary 
due to reasons discussed later on. Timing could in 
other words be described as a rhythmic deviation 
from the scored music, on the other hand a non 
deviation from scored music could also be viewed as 
a form of timing, this could be referred to as exact or 
absolute timing. (Dahl, 2005) 

The deviations from exact timing could in some 
instances even be referred to as timing errors.
In some cases the musicians deliberately creates 
offsets in the timing, negative or positive to affect 
how the music is perceived (Hellmer, 2006).

1.1.2 Variations in rhythm and timing

Systematic variation IOI-length

It has been observed that some IOI’s are lengthened 
or shortened when music is played by a musician. 
There are a number of possible causes for these 
variations such as perceptual bias, musical 
expression and motor control. (Penel & Drake, 2004)
Listeners have been observed to subdivide 
rhythmical content into rhythmic groups when 
listening to music. This phenomena is usually referred 
to as grouping. This is also true for a musician 
playing music.

The last IOI of a rhythmic group is commonly 
lengthened. This is believed to be caused by a 
perceptual bias. In order for the last IOI of a group to 
be perceived as regular it has to be lengthened. 
(Penel & Drake, 2004)

It is also commonly reported that notes are most 
commonly not played with their nominal value in as 
the score. There is almost always a deviation of the 
IOI length, though a greater deviation when 
conveying the hierarchy of the music. In other words, 
musicians almost always deviate from the nominal 
values of IOI’s, but this deviation is greater at certain 
notes due to their importance in establishing 
rhythmical grouping and meter. (Dahl, 2005)

It has been observed that in order for soft notes 
preceding loud notes to be perceived as regular in 
timing, the IOI of the preceding soft note has to be 
shortened compared to its nominal value. Loud 
notes can be perceived as initiating a perceptual 
group and therefore may be perceived to be longer 
than they actually are. Therefore the preceding soft 
notes IOI might need to be shortened to be 
perceived as being regular.

A lengthening of the last IOI of a group of notes with 
notated short IOI’s preceding a group of notated long 
IOI’s (between for instance a group of 16th notes 
preceding a group of 8th notes) is commonly 
observed. (Penel & Drake, 2004) 

A long-short relation has been found between the 
first and the second half of bars, a lengthening of the 
last IOI preceding the second half of a bar. This has 
also been observed between quarters of a bar. When 
observing two notes with the same nominal duration 
(nominal IOI) it has also been found that the first note 
of the two could have a shortened IOI compared to 
the second. (Dahl, 2005) However, the time intervals 
between groups tend to be greater than the time 
intervals between elements within the group. 
(McAuley, 2010)

A drift in tempo can be described as a gradual 
increase or decrease in the length of IOI’s. Even 
when striving for a constant tempo a gradual drift in 
tempo over time is still present. A linear drift in tempo 
would mean that a fixed unit of time is added or 
subtracted to each interval. This is seldom the case 
though a drift could be viewed as being linear for 
shorter sequences. It has been estimated that tempo 
drift is responsible for about 7-20 percent of the total 
variation of IOI’s. (Dahl, 2005) When playing in 
relation to a static tempo such as a metronome the 
drift is constantly corrected since the performers 
internal tempo is constantly compared to the 
auditory feedback of the metronome. When there is 
no reference the drift is free and very hard to predict. 
Drift can be viewed as a drift in tempo over an entire 
piece but also as a local drift in tempo which occurs 
only at certain points when playing. (Hellmer 2006)

Non systematic variations in IOI-length

Not all variations in IOI-length can be viewed as 
systematic. Some variations can be viewed as having 
more of a random nature. These suggested random 
variations are not always easily distinguishable from 
systematic variations. The variations are generally 
distinguished from systematic variations as they vary 
long and short IOI’s (that deviate from their nominal 
value). The magnitude of the deviations are also not 
as great as the systematic variations (Dahl, 2005).
In expert performance these random variations of 
IOI’s are extremely small (Penel & Drake, 2004).

1.1.3 Possible causes for variations in 
timing and rhythm

The causes for the variations in rhythm and timing 
are closely related to how humans function, our 
limitations in motor skills, our way of subdividing and 
organizing stimuli and our way of interpreting and 
expressing music. These causes can be divided into 
three hypotheses. The perceptual compensation 
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hypothesis, the motor control hypothesis and the 
musical communication hypothesis. These 
hypotheses can be combined to create a possible 
cause for variation in rhythm and timing. 
(Penel & Drake, 2004)

Perceptual compensation

The hypothesis of a perceptual compensation is 
related to the concept of perceived regularity.
Some of the irregularities in IOI-length could be 
explained by a perceptual bias. Certain IOI’s would 
be perceived as being to short or to long when 
played with their nominal value of IOI-length. In order 
to restore regularity these IOI’s would need to be 
shortened or lengthened. The reasons for these 
perceptual biases could be due to either 
psychoacoustic effects or to the effects of perceptual 
organization.

In the case of psychoacoustic effects, the variations 
in IOI-length could be explained by a form of 
coupling of different elements of the music. For 
instance, a deviation in intensity could cause a 
perceived deviation in time. We could perceive a 
deviation in time that in reality does not exist, only a 
deviation in for instance intensity. In the case of an 
explanation involving the effects of perceptual 
organization, the biases in perceived IOI-length could 
be related to the effects of grouping.
(Penel & Drake, 2004)

As described earlier the last short IOI of a rhythmic 
group is commonly lengthened in order to be 
perceived as regular. This could relate to grouping as 
the lengthening communicates the hierarchical 
structure. The lengthening would communicate the 
end of a rhythmic group. 

This is also related to the concept of group-final-
lengthening, slowing down towards the end of a 
group to communicate the hierarchical structure of 
the music (this could involve more than one IOI).
(Penel & Drake, 2004) 

Musical expression

Another possible explanation for some of the 
variations in rhythm and timing is musical expression.
One of the aspects of musical expression in a 
rhythmical sense is the concept of group-final-
lengthening. As described earlier this is a slowing 
down in the end of a group to communicate the 
hierarchy of the music. Depending on its hierarchical 
value the slowing down in the end of the group the 
lengthening greater or less great. A higher level in the 
hierarchy would mean a greater lengthening. This 
would correspond to groups as phrases or sections, 
where a section would be at a higher level. 
(Penel & Drake, 2004)

Music expression could also inflict deviations in IOI-
length in order to communicate metric structure.
Events with a strong metric value can be emphasized  
by lengthening the IOI of beats at such positions.
(McAuley, 2010) There is also an aspect related to 
the communication of emotions in music. This type 
of communication could affect tempo and 
articulation. (Dahl, 2005)

Motor control

There are two fundamental concerning motor control 
in general, the closed-loop-system and the open-
loop-system. The closed loop model is based on the 
concept of sensory feedback. The feedback is sent 
to the central nervous and is then compared to an 
internal reference. If there is a difference between the 
anticipated feedback and the actual feedback a 
correction needs to be made. This model is sufficient 
to explain longer movements such as maintaining 
overall tempo in music. To explain faster movements 
the open loop model is more applicable. In this 
model feedback is only used when a full command 
already is carried out. When initiating a movement a 
specific motor-command is carried out without 
feedback, alteration or comparison. It is also possible 
that there is a system of generalized motor-patterns. 
This system proposes motor programs rather than 
individual motor commands when playing music. 
This means that in all of theses systems there would 
be a certain time between intended action and actual 
action, this would propose that preparation of 
coming events in music is needed to preserve an 
intended timing. This would also mean that motor 
control issues can affect timing. (Dahl, 2005)

Timing can also be affected by biomechanical and 
instrument-related issues. For instance, reaching 
between distant notes on a piano especially in a fast 
tempi could produce lengthening of corresponding 
IOI’s. 

Expert piano performers have less deviations i IOI-
length due to these kind of constraints, but at fast 
tempi these deviations have been found to be 
systematic and related to fingering patterns. 
(Penel & Drake, 2004)

1.2 Aim 

This research will focus on collecting data on 
deviation in IOI-length from the nominal values, 
in the transition between two rhythmic groups. 
There will also be a comparison between the 
deviations in IOI-length introduced when tapping with 
as high rhythmic accuracy as possible and when 
tapping ”musically”. Rhythmical grouping can be 
considered to be an important aspect of rhythmical 
performance. Therefore, this information could 
possibly contribute in developing algorithms that 
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introduces deviations in rhythm and timing, that are 
more like the deviations introduced by musicians.

2. Method

There has been research on how musicians perceive 
and perform rhythmically. These studies have been 
on ”mechanical” performance (Penel & Drake, 2004) 
or played as correct to the score as possible. 

Tapping experiments has also been conducted, 
where subjects are asked to tap along with a 
metronome or tap without a metronome, and then 
the IOI’s have been measured. 
(Penel & Drake, 2004) (Hellmer, 2006).

Therefore, a tapping-experiment with focus on 
collecting data on deviations in IOI-length related to 
the effects of rhythmical grouping, both when 
tapping with as high rhythmical accuracy as possible 
and ”musically” was conducted. The results of these 
two ways of tapping was compared.

2.1 Equipment

A computer with the DAW ”Pro Tools LE 8” installed.

A ”Digi 002” sound-interface. 

Sony VDR 300 Headphones for monitoring and for 
the subjects.

A ”Schoeps BLM 3” microphone.

A table with a designated ”tapping-area”.

The buffersize was set as low as possible (32 
samples) to reduce the latency. The resulting latency 
was approximately 0,7ms.

2.2 Subjects

Fifteen subjects participated in the experiment. 
All except one were studying either sound-
engineering or a musical instrument at 
”Musikhögskolan i Piteå” in Piteå, Sweden.

All except one stated that they were ”fairly good” at 
reading scored music. Nine out of fifteen stated that 
they were used to playing to a metronome. Fourteen 
out of fifteen were educated in playing a musical 
instrument. The length of their education varied from 
one year to sixteen years with a mean length of 
roughly eight years of schooling. The most common 
instruments played by the subjects was guitar, piano, 
bass and drums.

The subjects were also asked to state the music-
genres that they identified themselves most closely 

with. The most common genre was rock/pop 
followed by electronic music, classical music, jazz, 
metal etc.

2.3 Stimuli

Recorded metronomes in 110bpm and 80bpm in 4/4 
meter.

Three different examples featuring two rhythmical 
groups (phrases) each.

Two of the examples were recorded in 110bpm and 
one in 80bpm. All of the examples were in 4/4 meter. 

A two bar long count-in-metronome in 110bpm and 
80bpm both in 4/4 meter.

Each rhythmic group was two bars long, making 
each of the three examples four bars long. The first 
beat of each rhythmic group was accentuated to 
convey and separate the groups, the rest of the 
beats in each group had the same velocity. To further 
separate the rhythmic groups, the pitch of the two 
groups in each example was different. The pitch of 
the second group in each example was one 
semitone lower.

The rhythmical content of each group contained only 
straight quarter-notes, eight-notes and sixteenth-
notes. The examples was constructed so that the 
subjects would find them relatively easy to memorize.

The transition between rhythmic groups featured 
transitions from 8th’s to 4th’s and 16th’s to 8th’s, 
since earlier research suggests tendencies to 
lengthen the last IOI of a group of shorter notated 
IOI’s preceding a group of longer notated IOI’s.
In one of the examples the transition between the 
two rhythmic groups featured a transition between 
4th’s and 8th’s. This was to see if the tendency to 
lengthen the last IOI of the first rhythmic group was 
lesser when the transition between the groups 
featured a transition between longer notated IOI’s to 
shorter ones.

It is hard to know how the subjects interpreted the 
rhythmic groups. The experiment was conducted 
with this in mind. This is why the groups were 
separated in the music sheet for each example. 
This is also why the programmed examples that the 
subjects listened to had different pitch for the two 
rhythmic groups.

When playing or listening to music there is often 
harmonic content and melodic content in addition to 
rhythmic content. Harmonic and melodic content 
can influence the subject to divide the music into 
groups or phrases. (McAuley, 2010) 
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Since the examples did not include harmonic or 
melodic content, the separation in the music sheets 
and the change in pitch (which could be viewed as 
melodic content) was added to distinguish the 
groups form each other. This was found necessary 
since there was no rests between the rhythmic 
groups.

2.4 Experiment

The ”tapping-area” was roughly 4 square 
decimeters. The subjects were able to control the 
overall sound level. They could also request changes 
in sound level for the metronome or the played 
examples during the experiment. The microphone 
was placed on the table about 10cm from the 
”tapping-area”. 

The three different examples was played and tapped 
by the subjects in a randomized order.

Before starting the actual experiment the subjects 
were asked to read instructions containing 
information about tapping, the examples that they 
were about to tap in the experiment, what their task 
was in each part of the test etc.

They were also presented with the three examples in 
a notated form. In the actual experiment that 
followed they were given short recorded instructions 
before each task.

The test was divided into two parts.

The subjects were recorded with the BLM 3 
microphone during the entire test. All audio was 
recorded in 44,1kHz sample-rate.
Both the examples and the audio from the BLM 3 
was routed to the subjects headphones.

In the first part of the test the subjects were first 
played a four bar long recorded metronome in 
110bpm and instructed to listen to the recorded 
metronome.
After this they were instructed to practice tapping 
along with the metronome.
Finally they were instructed to tap along with the 
metronome. The recorded results of their deviations 
from the played metronome was used as data in the 
results.

A two bar long count-in-metronome was played 
each time preceding the recorded metronome.
This count-in-metronome was also played preceding 
each of the three examples. Each example was 
played two times after each instruction separated by 
the same count-in-metronome.

This was repeated for all three examples.

In the following part of the test, the subjects were 
instructed to listen to one of the three examples 
mixed together with a recorded metronome in the 
same tempo. 

The rhythmic groups were always played and tapped 
without a rest between them in all examples.

6
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After this they were instructed to practice tapping 
the example with as high rhythmical accuracy as 
possible while hearing the example mixed with a 
metronome.

The following instructions was to tap the example 
with as high rhythmical accuracy as possible while 
hearing just the recorded metronome. The recorded 
results of their deviations and the IOI-length of the 
last bar of the first rhythmic group, and the first two 
notes of the second group was used as data in the 
results. 

After this the subjects were instructed to practice 
tapping the example ”musically” with their own 
preferences. They had sixteen bars to practice.

The last instruction was to tap the example 
”musically” with their own preferences.

The recorded results of their deviations and the IOI-
length of the last bar of the first rhythmic group, and 
the first two notes of the second group was used as 
data in the results. Each example was tapped two 
times by the subjects, this was to give them a 
second chance in case that they performed 
”incorrectly” (for example playing the wrong 
example).

3. Results

3.1 Analysis of collected data

The collected data was analyzed using multiple one 
sample t-test to determine if there was a tendency 
amongst the participants to shorten/lengthen certain 
IOI’s important in conveying rhythmical groups. 
There were 14 degrees of freedom. The confidence 
level was set to 95%. The resulting critical t-value 
was 2,145. The IOI’s were measured from the onset 
of a note to the onset of the following note.

The notes that were analyzed were the notes of the 
last bar in the first rhythmical group and the first two 
notes in the second group. The nominal values of 
these IOI’s in respective tempo was used as 
references.

3.2 Metronome

When tapping along with the metronome the 
subjects were to tap with as high rhythmic accuracy 
as possible. The purpose of having the subjects tap 
the metronome was to get a general idea of each 
subjects ”tapping-profile”, to record how much they 
deviated from absolute sync. This was done to show 
”how well” in terms of rhythmical accuracy the 
subjects performed, and how great the dispersion in 
”how well” they performed was since this could 
potentially influence the results. The mean deviation 
in the last two bars out of four varied between 70 
and -43, the average mean deviation for all subjects 
was -25ms. The standard deviation varied between    
7 and 24.
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3.3 Examples 1-3

Figures 3-8 presents the number of subjects that 
lengthened/shortened an IOI in the last bar of the first 
rhythmical group and the first two notes of the 
second group. The figures also present the nominal 
values of each IOI in the corresponding tempo of 
each example in milliseconds. The nominal values for 
each IOI were used as reference-values in the 
following t-tests. The average produced IOI-lengths 
(by the 15 participants) for each note are also 
presented. The figure also presents the standard 
deviation for each IOI in relation to the reference-
value. A lengthening or shortening reaching a 
confidence level of at least 95% are marked with a 
”+” or ”-” and with ”p>0,05”.

In all examples except ”Example 1, tapped musically” 
the last note preceding the second rhythmical group 
is lengthened, with a significance of p<0,05.

When tapping with as high rhythmical accuracy as 
possible in Example 1 the first 8th is shortened with a  
significance of p<0,05. When tapping ”musically” the 
second 8th is shortened with a significance of 
p<0,05. 

The first IOI of the second rhythmical group in 
Example 2 is lengthened with a significance of 
p<0,05 when tapping ”musically”.
The second last IOI of the first group is shortened 
with a significance of p<0,05 when tapping 
”musically”.  

In Example 3 the first IOI of the group of four 8th’s in 
the first rhythmic group is shortened with a 
significance of p<0,05 when tapping musically. When 
tapping with as high rhythmic accuracy as possible 
the third IOI of the four 8th’s is shortened. 
In the group of four 16th’s in the first rhythmic group 
there is a tendency to shorten the first IOI with a 
significance of p<0,05 when tapping with as high 
rhythmic accuracy as possible.

When tapping ”musically” the standard deviation for 
each note is generally higher than when tapping with 
as high rhythmic accuracy as possible.  



(3) Example 1, tapped with as high rhythmic accuracy as possible.
A ”+” or ”-” indication refers to a lengthening or shortening of an IOI. The ”p<0,05” indicates a lengthening/shortening with a confidence level of at least 95%. 
The ”+/-”-square refers to the number of subjects lengthening or shortening the corresponding IOI. 
”REF” is the nominal value of the corresponding IOI in the examples tempo in milliseconds. ”IOI average” refers to the average produced IOI-length in milliseconds,  
”s” is the standard deviation.
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(4) Example 1, tapped ”musically”.
A ”+” or ”-” indication refers to a lengthening or shortening of an IOI. The ”p<0,05” indicates a lengthening/shortening with a confidence level of at least 95%. 
The ”+/-”-square refers to the number of subjects lengthening or shortening the corresponding IOI. 
”REF” is the nominal value of the corresponding IOI in the examples tempo in milliseconds. ”IOI average” refers to the average produced IOI-length in milliseconds,  
”s” is the standard deviation.
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(5) Example 2, tapped with as high rhythmic accuracy as possible.
A ”+” or ”-” indication refers to a lengthening or shortening of an IOI. The ”p<0,05” indicates a lengthening/shortening with a confidence level of at least 95%. 
The ”+/-”-square refers to the number of subjects lengthening or shortening the corresponding IOI. 
”REF” is the nominal value of the corresponding IOI in the examples tempo in milliseconds. ”IOI average” refers to the average produced IOI-length in milliseconds,  
”s” is the standard deviation.
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(6) Example 2, tapped ”musically”.
A ”+” or ”-” indication refers to a lengthening or shortening of an IOI. The ”p<0,05” indicates a lengthening/shortening with a confidence level of at least 95%. 
The ”+/-”-square refers to the number of subjects lengthening or shortening the corresponding IOI. 
”REF” is the nominal value of the corresponding IOI in the examples tempo in milliseconds. ”IOI average” refers to the average produced IOI-length in milliseconds,  
”s” is the standard deviation.
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(7) Example 3, tapped with as high rhythmic accuracy as possible.
A ”+” or ”-” indication refers to a lengthening or shortening of an IOI. The ”p<0,05” indicates a lengthening/shortening with a confidence level of at least 95%. 
The ”+/-”-square refers to the number of subjects lengthening or shortening the corresponding IOI. 
”REF” is the nominal value of the corresponding IOI in the examples tempo in milliseconds. ”IOI average” refers to the average produced IOI-length in milliseconds,  
”s” is the standard deviation.
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(8) Example 3, tapped ”musically”.
A ”+” or ”-” indication refers to a lengthening or shortening of an IOI. The ”p<0,05” indicates a lengthening/shortening with a confidence level of at least 95%. 
The ”+/-”-square refers to the number of subjects lengthening or shortening the corresponding IOI. 
”REF” is the nominal value of the corresponding IOI in the examples tempo in milliseconds. ”IOI average” refers to the average produced IOI-length in milliseconds,  
”s” is the standard deviation.
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4. Discussion/Analysis

4.1 The experiment

The separation of the rhythmic groups in the music 
sheet for each example could create a number of 
different interpretations by the subjects. It could for 
instance be interpreted as a pause or that only one 
of the groups should be tapped at a time.

However, since the subjects got to listen to the 
examples before tapping them, they got to hear how 
they were to be interpreted when tapping with as 
high rhythmical accuracy as possible.   

The separation could also create an additional 
perceptual bias leading the subjects to separate the 
rhythmic groups more than they would have if there 
was no separation of the groups in the music sheet 
for each example. Since music is not generally 
notated in this way it could confuse the subjects in 
general and influence the results of the experiment.

Since the subjects got to hear the examples in 
absolute sync they might have been influenced by 
this stimulus when tapping both with as high 
rhythmic accuracy as possible and ”musically”.

The subjects had a limited time to practice and come 
up with an idea for how they would tap when asked 
to tap ”musically”. This was to capture their initial 
ideas. It could however mean that some of the 
subjects just tapped in the same fashion as they did 
when tapping with as high rhythmic accuracy as 
possible. If they did this because it sounded good to 
them with their preferences, they still performed as 
intended. If they did this because they found it hard 
to come up with an idea for tapping ”musically”, they 
did not perform as intended. Therefore the limited 
amount of time for practicing could have influenced 
the results.

The results from tapping along with the metronome 
revealed that there was some dispersion in ”how 
well” (in terms of rhythmical accuracy) the subjects 
performed. The subject with no education in playing 
an instrument had the highest mean deviation, 
however one of the subjects with the most education 
had the highest standard deviation. Playing an 
instrument does not necessarily mean that one 
performs ”well” (in tapping with as high rhythmical 
accuracy as possible). The dispersion between the 
subjects and their ability to ”tap well” could thereby 
have influenced the results. A lengthening or 
shortening of an IOI could have been caused by an 
unintentional timing when tapping, thereby 
influencing the results in a way that was not 
intended.

When tapping ”musically” the subjects personal 
preferences is probably influenced by the style or 
genre of music they play/listen to. Many of the 
subjects stated the same genres as being genres 
that they identified closely with. All subjects except 
one were studying at the same university and some 
of them had probably played together and/or had 
similar education. This could mean that they could 
have similarities in what their preferences are, and 
possibly in how they tapped with as high rhythmic 
accuracy as possible. 

The results of the experiment confirmed some of the 
results of earlier research. This could indicate that the 
experiment was conducted in a suitable way. 

4.2 Variations in IOI-length

The results of the experiment revealed tendencies to 
lengthen/shorten IOI’s in the last bar of the first 
rhythmic group and the two first notes in the second 
group in each example.

As described by earlier research there were clear 
tendencies to lengthen the last IOI of the first 
rhythmical group in all examples except 
Example 1, tapped ”musically”.

The standard deviation was generally higher when 
the subjects were tapping ”musically”. This indicates 
more variation between the subjects when tapping 
”musically”. This was expected since tapping with as 
high rhythmical accuracy as possible leaves less 
room for individual preferences and interpretations. 

The tendencies in lengthening and shortening IOI’s 
when tapping with as high rhythmical accuracy as 
possible and ”musically” were generally quite similar.
This could indicate that other variations in IOI-length 
are more individual and/or that the subjects 
preferences for tapping ”musically” were similar to 
tapping with as high rhythmical accuracy as 
possible.

Earlier research has suggested a lengthening of the 
last IOI of a group of notes with short notated IOI’s 
preceding a group of longer IOI’s. 
(Penel & Drake, 2004)

Example 1 features a transition from 4th’s to 8th’s 
where the transition between the first and second 
rhythmical group is. This could indicate a lesser 
tendency to lengthen the last IOI of the first 
rhythmical group than Example 2 and 3, where the 
transition between the first and the second 
rhythmical groups features a transition from groups 
of shorter notated IOI’s to groups of longer notated 
IOI’s. This could be why there was no tendency to 
lengthen the last IOI of the first rhythmical group in 
Example 1 tapped ”musically”.
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There was a tendency to shorten the first note of the 
second rhythmic group in Example 1 when tapping 
with as high rhythmic accuracy as possible.
When tapping ”musically” there was a tendency to 
shorten the second note of the second rhythmic 
group. This could indicate an adjustment over time to 
get back in time with the metronome after 
lengthening the last IOI of the first rhythmic group at 
least when tapping with as high rhythmical accuracy 
as possible.

In Example 2 there was a tendency to shorten the 
first of the last four 8th’s of the first rhythmic group, 
when tapping with as high rhythmical accuracy as 
possible. There could also be a tendency to shorten 
the two following 8th’s of these last four 8th’s, 
however these tendencies only reached a 
significance of p<0,2, thereby well below the required 
confidence level of 95%. When tapping ”musically” 
there was a tendency to shorten the third of the four 
last 8th’s. There could also be a tendency to shorten 
the second of the four last 8th’s when tapping 
”musically”, however this tendency only reached a 
significance of p<0,1 which again is below the 
required confidence level. This could however be an 
example of a ”fill-in haste”, a haste relative to the 
metronome during a ”fill-in”. (Hellmer 2006) 
The subjects might have viewed the last four notes 
as a form of fill-in, and therefore shortened their IOI’s.

The first note of the second rhythmic group was 
lengthened with a significance of p<0,05 when 
tapping ”musically” but only with a significance of 
p<0,1 when tapping with as high rhythmical 
accuracy as possible, below the required confidence 
level. This could be related to grouping, at least when 
tapping ”musically”, a way of further separating the 
groups. It could also be an exaggeration of a 4th 
note relative to an 8th note, or a combination.

The second last IOI of the first rhythmic group in 
Example 2 when tapping ”musically” was shortened 
with a significance of p<0,05.
This in combination with a lengthened last IOI of the 
first rhythmic group creates a longer time-interval 
between the two rhythmic groups than when just 
lengthening the last IOI of the group.
This potential tendency only reached a significance 
of p<0,2 when tapping with as high rhythmic 
accuracy as possible, well below the required 
confidence level. The tendency to shorten this IOI 
was thereby much greater when tapping ”musically” 
and the standard deviation was also lower. This 
could mean that the subjects emphasized the 
separation of the rhythmic groups more when 
tapping ”musically” in Example 2. They could also be 
emphasizing the transition from a group of shorter 
notated IOI’s to a group of longer notated IOI’s. 

There could to be a tendency to shorten the first and 
the third IOI of groups of four 8th’s and 16th’s in 
Example 3. This tendency reached a significance of 
p<0,05 for the third note of the group of four 8th’s 
when tapping with as high rhythmical accuracy as 
possible, but only p<0,2 when tapping ”musically”, 
well below the required confidence level. A tendency 
to shorten the first note of the group of four 8th’s 
was found when tapping ”musically” with a 
significance of p<0,05. In the group of 16th’s the first 
of the four notes was shortened with a significance 
of p<0,05 when tapping with as high rhythmic 
accuracy as possible. The first note of the group of 
16th’s had a possible tendency to be shortened with 
a significance of p<0,1 when tapping ”musically”, 
below the required confidence level. The third note 
had an even lesser tendency to be shortened with a 
significance of only p<0,2, well below the required 
confidence level. 
This could be a way of emphasizing the metric 
structure. The shortening of the first and the third IOI 
could indicate that the subjects were pairing up the 
four notes into two pairs, thereby emphasizing the 
underlying 4th’s or 8th’s, higher in the metric 
hierarchy. 

Group-final-lengthening was not observed in either of 
the examples. The reason for this could be the length 
of the rhythmic groups. Group-final-lengthening is 
generally observed higher in the hierarchy of the 
music, to separate for instance a verse and a chorus 
of a song. 

It could also be related to the lack of melodic and 
harmonic content in the examples, since group-final-
lengthening is partly introduced to emphasize 
musical communication. (Penel & Drake, 2004)

5. Conclusion

As earlier research suggested there was a tendency 
to lengthen the last IOI of the first rhythmic group in 
each example except for Example 1 tapped 
”musically”. The reason for this could be that the 
transition between the two rhythmic groups featured 
a transition between 4th’s and 8th’s. 

The standard deviation was generally higher when 
the subjects were tapping ”musically”. This indicates 
more variation in the lengthening/shortening of IOI’s 
related to grouping when tapping ”musically”.
This could indicate that variations other than the 
variations introduced when tapping with as high 
rhythmic accuracy as possible are more individual.
It could also indicate that the subjects preferences 
for tapping ”musically” were similar to tapping with as  
high rhythmical accuracy as possible.
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A tendency to shorten the IOI’s preceding the last IOI 
of a rhythmic group was found in Example 2, this 
could indicate a so called ”fill-in-haste”.

A possible tendency to further emphasize the 
separation of the rhythmic groups, by introducing a 
longer time-interval between the groups when 
tapping ”musically” was seen in Example 2.

In Example 3 a possible tendency to emphasize the 
meter of the rhythmic groups, by paring groups of 
four 8th’s and 16th’s into two pairs was found.

Tendencies of group-final-lengthening was not 
observed in either of the examples. This could be 
related to how the featured examples were 
constructed. 

The results of the experiment could be useful in 
developing ”humanizing-algorithms” in terms of the 
aspects of rhythmic grouping. They could also be 
used when editing and/or playing music in terms of 
conveying groups.

6. Future research

There is more to research concerning rhythmic 
grouping and how grouping impacts the IOI’s in 
proximity of a transition between groups. The 
rhythmic groups in this experiment were quite short 
and contained only rhythmic information. To study 
longer groups and groups containing changes in 
velocity, tempo harmonic content, melodic content 
etc. could contribute in understanding grouping 
better. 

”Humanizing” sequenced patterns would also 
include changes in velocity and/or other aspects of 
human performance. This could also be studied 
more closely. 

Conducting research on playing ”musically” is also an 
area witch could be studied more closely. 
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8. Appendix

8.1 Observed IOI-values

The charts below displays the observed IOI-values for the last bar of the first rhythmic group and the first two notes of the second rhythmic 
group of each example for each of the fifteen subjects in milliseconds. 

G1 (1) 4th G1 (2) 4th G1 (3) 4th G1 (4) 4th G2 (1) 8th G2 (2) 8th

Subject 1 558 555 526 554 274 255

Subject 2 556 540 549 544 255 277

Subject 3 550 533 537 536 267 287

Subject 4 539 536 513 577 260 274

Subject 5 547 516 557 552 250 279

Subject 6 536 538 560 552 259 271

Subject 7 565 515 551 558 256 251

Subject 8 559 569 543 539 260 251

Subject 9 552 525 547 544 270 250

Subject 10 545 545 533 582 253 257

Subject 11 529 540 550 575 263 276

Subject 12 543 547 572 558 217 286

Subject 13 525 559 532 567 272 263

Subject 14 551 539 576 525 261 267

Subject 15 522 544 540 579 246 262

REF 545 545 545 545 273 273

(9) Example 1 tapped with as high rhythmic accuracy as possible, IOI-values in milliseconds.
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G1 (1) 4th G1 (2) 4th G1 (3) 4th G1 (4) 4th G2 (1) 8th G2 (2) 8th

Subject 1 494 543 566 538 285 266

Subject 2 557 534 547 557 276 267

Subject 3 538 557 536 556 255 261

Subject 4 512 547 533 583 251 292

Subject 5 514 556 520 543 250 285

Subject 6 530 534 572 583 240 253

Subject 7 537 538 547 531 275 265

Subject 8 540 577 522 558 285 233

Subject 9 547 526 553 513 283 263

Subject 10 550 557 559 534 268 262

Subject 11 515 537 547 564 269 263

Subject 12 563 549 566 524 269 243

Subject 13 525 535 567 543 273 275

Subject 14 564 554 539 563 264 250

Subject 15 533 538 542 536 289 260

REF 545 545 545 545 273 273

(10) Example 1 tapped  ”musically”, IOI-values in milliseconds.
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G1 (1) 4th G1 (2) 4th G1 (3) 8th G1 (4) 8th G1 (5) 8th G1 (6) 8th G2 (1) 4th G2 (1) 4th

Subject 1 522 564 240 284 254 310 548 557

Subject 2 522 541 269 267 264 294 545 525

Subject 3 532 522 268 273 268 293 543 531

Subject 4 532 527 274 280 272 289 537 556

Subject 5 535 524 273 291 245 271 562 559

Subject 6 566 553 264 264 267 272 572 504

Subject 7 564 529 270 241 300 274 555 532

Subject 8 542 579 274 254 273 271 581 533

Subject 9 550 540 273 252 261 302 559 552

Subject 10 536 521 266 261 269 283 554 538

Subject 11 520 544 282 267 267 292 525 554

Subject 12 556 547 245 281 243 289 550 512

Subject 13 536 542 275 266 276 277 543 541

Subject 14 551 570 257 280 256 293 538 553

Subject 15 537 551 260 256 288 274 571 549

REF 545 545 273 273 273 273 545 545

(11) Example 2 tapped with as high rhythmic accuracy as possible, IOI-values in milliseconds.
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G1 (1) 4th G1 (2) 4th G1 (3) 8th G1 (4) 8th G1 (5) 8th G1 (6) 8th G2 (1) 4th G2 (1) 4th

Subject 1 539 545 286 252 268 273 562 520

Subject 2 531 528 279 267 268 295 553 545

Subject 3 516 547 265 267 278 287 573 545

Subject 4 555 536 290 272 257 273 565 517

Subject 5 553 563 245 291 258 277 517 575

Subject 6 586 503 265 262 250 267 568 554

Subject 7 557 536 248 273 260 269 576 547

Subject 8 560 547 252 281 270 289 556 545

Subject 9 553 535 268 269 255 300 555 558

Subject 10 544 530 286 273 268 276 556 533

Subject 11 526 559 283 260 271 275 548 541

Subject 12 545 548 263 276 258 301 547 540

Subject 13 514 532 313 246 280 275 538 525

Subject 14 553 568 266 275 280 280 546 537

Subject 15 558 554 294 242 256 275 544 556

REF 545 545 273 273 273 273 545 545

(12) Example 2 tapped  ”musically”, IOI-value in milliseconds..
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G1 (1) 8th G1 (2) 8th G1 (3) 8th G1 (4) 8th G1 (5) 8th G1 (6) 8th G1 (7) 16th G1 (8) 16th G1 (9) 16th G1 (10) 16th G2 (1) 8th G2 (1) 8th

Subject 1 386 356 368 359 382 372 197 181 195 199 348 395

Subject 2 375 368 363 367 384 374 179 187 182 203 389 374

Subject 3 354 389 325 392 351 379 168 186 175 204 352 393

Subject 4 360 403 343 356 373 360 191 176 176 207 366 392

Subject 5 385 362 378 358 365 401 166 218 182 193 391 392

Subject 6 372 379 370 394 361 372 194 194 191 197 400 377

Subject 7 370 351 365 380 382 371 178 191 199 202 358 381

Subject 8 363 355 356 356 368 377 182 172 197 191 425 353

Subject 9 373 378 374 383 353 360 181 200 178 192 392 370

Subject 10 379 366 368 364 375 381 183 189 182 192 389 378

Subject 11 359 382 357 373 409 387 181 177 185 190 352 365

Subject 12 364 373 338 398 371 384 172 191 161 234 340 379

Subject 13 376 390 369 379 377 384 184 184 187 206 345 378

Subject 14 378 377 363 381 369 375 168 157 198 204 381 389

Subject 15 389 355 380 372 370 376 187 190 178 195 373 372

REF 375 375 375 375 375 375 188 188 188 188 375 375

(13) Example 3 tapped with as high rhythmic accuracy as possible, IOI-values in milliseconds.
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G1 (1) 8th G1 (2) 8th G1 (3) 8th G1 (4) 8th G1 (5) 8th G1 (6) 8th G1 (7) 16th G1 (8) 16th G1 (9) 16th G1 (10) 16th G2 (1) 8th G2 (1) 8th

Subject 1 388 386 351 412 333 372 191 180 168 195 428 316

Subject 2 364 382 356 372 372 356 190 189 173 201 356 367

Subject 3 374 359 384 372 381 374 201 189 168 205 354 403

Subject 4 377 368 374 382 377 356 197 183 190 203 365 380

Subject 5 366 391 369 347 369 377 152 222 180 198 381 350

Subject 6 379 372 360 389 386 368 187 205 173 186 386 377

Subject 7 345 378 362 380 391 385 168 201 213 189 425 322

Subject 8 370 379 394 385 383 359 185 190 193 190 413 355

Subject 9 374 379 371 364 391 367 183 183 197 210 378 385

Subject 10 367 384 383 346 357 388 175 173 195 182 391 374

Subject 11 371 376 380 356 377 393 186 167 191 207 348 391

Subject 12 367 374 359 398 367 371 175 178 171 201 375 377

Subject 13 366 377 372 356 394 365 191 182 165 213 369 369

Subject 14 353 384 373 390 360 354 185 191 148 248 349 385

Subject 15 360 393 372 384 339 397 162 198 197 165 419 351

REF 375 375 375 375 375 375 188 188 188 188 375 375

(14) Example 2 tapped  ”musically”, IOI-value in milliseconds..
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