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Abstract. Different from instruments hold the same pitch over time,
singing an accurate pitch is a problem that all singers have to face. Pre-
vious studies have investigated singing performance which takes single
note as an element, such as intonation accuracy, pitch drift while the
note trajectory inside the notes hardly been investigated. The aim of
this project is to find the pattern internal the vocal notes and figure out
what factors may influence the pitch various. In particular, we recorded
data which including five SATB groups (four participants as a group)
sang two pieces of music in ten repetitions. After extracted fundamental
frequency and annotation, we obtained all the notes by unit duration
and real-time duration, then observed a regular pattern among all the
notes. To be specific: there is a transient part in both the note starting
and ending position which the beginning transient is about 15-20%, the
ending transient is about 10-20% at the end. The shape of transient parts
is significantly different while the amplitude of the transient is accord-
ing to adjacent pitch. The results may benefit vocal synthesis and guide
musical education.
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1 Introduction

Singing moves and excites people, which directly express our personalities and
emotions. Different from instruments which have hundreds of years of technical
development behind it, almost everyone can speak, everyone can sing, so we all
have our own idea of what singing actually is [15, p. 1]. Although singing is the
most common instrument to all human societies [3], the patterns and factors
that affect the vocal trajectories are hardly been explained. The motivation of
this paper is trying to explain whether a general pattern of vocal note exists,
and how factors of influence effect on the pitch various inside the notes.
Intonation is commonly regarded as an important aspect of music perfor-
mance [17], which describe how a pitch is played or sang in tune [8], and also
describe as the accuracy of pitch in playing or singing [18]. This accuracy could
be inside or an entirety of a note. For the entirety intonation accuracy, some
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of the previous studies calculated the mean or median of the fundamental fre-
quency (F0) inside the note (such as [7] and [12]). For the intonation inside a
note, some software such as Tony[10] could export the pitch information in time
series. We measure the intonation as the signed pitch difference compares with
the score pitch, labelled in semitones on an equal-tempered scale. The beginning
and ending parts of the note trajectories which have more pitch various are call
transient parts.

People hardly can produce the correct pitch directly without the use of an
external reference pitch [19]. Most singers adjust their intonation using auditory
feedback to reach the intended note [21]. Howard tried to prove that just into-
nation (the frequencies of notes are related by ratios of small whole numbers [9])
causes drift and found out that singers tend to non-equal-tempered tuning and
do shift their pitch with modulation [7]. Devaney et al. reported that singers
tended toward equal temperament and did not exhibit a large amount of drift.
These evidences show the insatiability of the human tuning.

Our voice organs which produce speech and singing are extremely complex,
which makes human are hard to tune. The voice production requires the coop-
eration of the lungs, vocal folds, larynx, pharynx and mouth [16]. To produce
a voice in a particular pitch also require muscle memory and tonal memory [1].
For most people without the perfect pitch (the ability to recognise the pitch of
a note or produce any given note), they tune their intonation rely on a recent
reference [19]. Therefore, the instrumental accompaniment or reference pitch is
very crucial for the tuning. For the circumstance that singers have to produce
the performance without instrumental accompaniment, to understand the mech-
anism and pattern of the note may benefit the society.

This paper is a exploratory research to To find which factor has a effect
on note trajectory. There are many influencing factors which effect on overall
intonation accuracy of a note. Such as score information, the individual difference
(gender, training background [4]), with or without a accompaniment (instrument
or singing ensembles). Some of the factors may have a variable effect, for example,
instrumental accompaniment has been shown to enhance the individual learning
of a piece [2], it can also reduce pitch accuracy during singing, even when the
accompaniment is another singer who sings the exactly the same piece with you
[14, 6].

Besides the overall intonation accuracy of an note, the intonation trajectory
inside a note is an area need further investment. Different from a fixed pitch
instrument, both of the singing and reference pitch can change over time. The
previous study has explored the note trajectory for singing voice synthesis, es-
pecially for the performance modelling [20]. Or modelling the observed pitch
with the stimulus pitch which given to the participants to imitate [5]. The paper
focuses on more factors which have an effect on note trajectory and pattern,
according to the real-time performance.
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2 Methodology

2.1 Research questions

The aim of this paper is to investigate the existence of a pattern for all the note
trajectories. If it exist, is there any regulation inside the note. Based on previous
research and musical experience, the duration and proportion of the transient
parts is important to this project. Whether sing after a high pitch or a low pitch
influence the note trajectories?” How does this over tune phenomenon happen?

2.2 Participants

20 adult amateur singers (10 male and 10 female) with choir experience vol-
unteered to take part in the study. The age range was from 20 to 55 years old
(mean: 27.95, median: 26.50, std.dev.: 7.84). Participants were compensated £10
for their participation. The participants were capable to sing their parts com-
fortably and they were given the score and sample audio files at least 2 weeks
before the experiment. They came from the music society and a capella society
of the university and a local choir. There was one group of the pilot experiment
which participants came from our research group while data did not use for the
analysis.

Since training is a crucial factor for intonation accuracy, all the participants
were given a questionnaire based on the Goldsmiths Musical Sophistication Index
[13] to testing the effect of training. The participants had an average of 3.3 years
of music lessons and 5.8 years of singing experience.

2.3 Materials

Two contrasting musical pieces were selected for this study: a Bach chorale, “Oh
Thou, of God the Father” and Leo Mathisen’s jazz song “To be or not to be”.

To control the duration of the experiment, we shortened the original score
by deleting the repeat melody. We also reduced the tempo from that specified
in the score, in order to make the pieces easier to sing and compensate for the
limited time that the singers had to learn the pieces. The resulting duration of
the first piece is 76 seconds and the second song is 100 seconds.

The equipment included an SSL. MADI-AX converter, five cardioid micro-
phones and four loudspeakers. All the tracks were controlled and recorded by
the software Logic Pro 10. The metronome and the four starting reference pitches
were also given by Logic Pro. The total latency of the system is 4.9 ms (3.3 ms
due to hardware and 1.6 ms from the software).

2.4 Procedure

A pilot experiment with singers not involved in the study was performed to test
the experimental setup and minimise potential problems such as bleed between
microphones. Then the participants in the study were distributed into 5 groups
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according to their voice type, time availability and collaborative experience (the
singers from the same music society were placed in the same group). Each group
contained two female singers (soprano and alto) and two male singers (tenor
and bass). Each participant had at least two hours practice before the recording,
sometimes on separate days. They were informed about the goal of the study, to
investigate interactive intonation in SATB singing, and they were asked to sing
their best in all circumstances.

For each trial, the singers were played their starting notes before commencing
the trial, and a metronome accompanied the singing to ensure that the same
tempo was used by all groups. Each piece was sung 10 repetitions by each group.
With the exception of warm-up and rehearsal, but including all the trials and
the questionnaire, the total duration of the experiment for each group was about
one hour and a half.

3 Data Analysis

This section describes the annotation procedure and the measurement of pitch
error, melodic interval error, harmonic interval error. These metrics of accu-
racy are applied to the Section 4 for generate and analyse the pattern of note
trajectories.

3.1 Annotation

The experimental data comprises 5 (groups) x 4 (singers) x 2 (pieces) x 10
(trials) = 400 audio files, each containing 65 to 116 notes. The software Tony [10]
was chosen as the annotation tool. Tony performs pitch detection using the PYIN
algorithm, which outperforms the YIN algorithm [11], and then automatically
segments pitch trajectories into note objects, and provides a convenient interface
for manual checking and correction of the resulting annotations. For the missing
notes and unrecognised note, we leave the note information blank and excluded
them in the analysis.

3.2 Conversion of FO

The Tony software segments the recording into notes and silences, and outputs
the median fundamental frequency fy for each note. The conversion of funda-
mental frequency to musical pitch p is calculated as follows:

To
= 121 —. 1
p =69 + 12log, 140 (1)

This scale is chosen such that its units are semitones, with integer values of p
coinciding with MIDI pitch numbers, and reference pitch A4 (p = 69) tuned to
440 Hz. After automatic annotation, every single note was checked manually to
make sure the tracking was consistent with the data and corrected if it was not.
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3.3 Intonation Metrics

To quantify the effects of interaction on intonation, we measure pitch accuracy
in terms of pitch error, melodic interval error, harmonic interval error and note
stability, defined below.

Pitch Error Assuming that a reference pitch has been given, pitch error can
be defined as the difference between observed pitch and score pitch [12]:

el = pi—p} @

where P; is the median of the observed pitch trajectory of note i (calculated over
the duration of an individual note), and p$ is the score pitch of note i.

To evaluate the pitch accuracy of a sung part, we use mean absolute pitch

error (MAPE) as the measurement. For a group of M notes with pitch errors
el,...,e},, the MAPE is defined as:

1 M
MAPE = = D el (3)
i=1

4 Results

After annotation and half-manually check the segmentation, there are 12300
single notes for each vocal part. Every single note has it own pitch trajectories
which is 174 sampling points per seconds (default value from the software Tony).
The score duration is from 0.25 to 5.50 seconds (mean 0.86, median 0.75) while
the observed note duration is from 0.01 seconds to 5.10 seconds (mean 0.69,
median 0.62), 89.5% of the score duration in the data is less than one seconds.
We excluded the notes which has note duration shorter than 0.15 seconds (4.1%)
and MAPE bigger than one semitone (12.0%) for all the results.

To observe the pattern of common note trajectories of all the observed data,
two measurements were used according to the note duration: 1) unit note 2)
real-time note duration. For the unit note duration, the duration was re-scaled
to unit one. For the real-time duration, only the first 0.4 and last 0.4 seconds real
time duration were extracted (77% notes have duration longer than 0.4 seconds).
All the data is available in .csv file, MATLAB 2015a was used for statistics and
modelling.

4.1 The pattern of note trajectories

Because all the collected single notes have different duration and pitch trajec-
tories, it is hard to unify them, the note trajectories were re-sampled to 100
sampling points for an equal size by MATLAB resample function. Then the
common shape of the vocal note can be generated as unit one. The unit of note
duration (x-axis) was replaced by a number between 0 and 1 note, while the
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pitch error was used to describe the trajectories (y-axis). After accumulating all
the available data, a plot of the trajectory of unit note (Figure 1) was generated
by calculate the mean of all the sampling points.

According to the Figure 1 there are two transient parts in the beginning and
at the end of the notes which are transient parts. By calculating the differential
coefficient, the beginning transient is about 15-20% in the beginning while the
ending transient is about 10-20% at the end. The length of two transient parts
is approximately the same. We take the 15% in the beginning and the end as the
transient parts in the following computing. From the Figure 1 we observe peaks
at both the beginning and ending transient parts. As for the middle note, the
mean pitch error is smaller than zero means more notes tend to sing flat than
the score pitch.
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Fig. 1. Plot of mean pitch error in unit duration

For a better understanding of the note trajectories, we extract the first 0.4
and last 0.4 seconds real-time duration (Figure 2 and Figure 3) which is similar
trajectories as the unit note. According to the approximate derivatives, the first
0.14 and last 0.14 seconds of note has more pitch variance. The mean note
duration is 0.69 seconds where 0.14 seconds duration is about 20% of the unit
duration. This result is similar to the proportion of the unit note trajectories.
The proportion and direction of beginning and ending are various depending on
the individual difference, score pitch, vocal parts. More factors and details will
be investigated in the following sections.

The appearance of note trajectories is significantly different between the
singers who have a fine music background and the singers who have a few music
training. For the good singers, the note trajectories are smooth, two transient
parts are quite obvious. For singers has relative less training, their note tra-
jectories tend to uneven and less obvious in the beginning and ending. Figure
4 shows two example of the two bass singers, which have the highest score in
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Fig. 3. Practical note duration (last 0.4 seconds)

Golden Smith questionnaire and the lowest one. The zigzag shape and relatively
smaller pitch difference inside the note of the less trained singer may due to the
unstable pitch and pitch inaccuracy.

In the Figure 2, there is a transient part before the first 0.02 seconds of
the real-time duration which may due to the overlap of all the notes, it seems
the overall trajectories is the overlap of different types of notes. There are few
assumptions of this situation, one is the beginning transient depends on the pitch
of the previous note, another is the beginning transient has different tendency
according to other factors.
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Fig. 4. Unit note duration

4.2 Adjacent pitch

From the previous results, we observed two fluctuations in the beginning and
end of the note duration. This fluctuation may because of the adjacent pitch in
the score. Then we separate two situations: the previous pitch is lower or higher
than current pitch, the next pitch is lower or higher than the current pitch.
The Analysis of variance (ANOVA) shows the unit note duration is significantly
different between singing before or after a higher or lower pitch (p < 0.001).
From the Figure 5 and Figure 6 we found that singers tend to overtone a pitch
after singing a low pitch while sing flat after a high pitch. They also prepare
the pitch of next note at the end of the previous note. The situation differs
according to the individual singers. Most of the singers perform significantly
different according to the adjacent notes.

Although the peak might be smaller if the note after a high pitch or has a
low pitch adjacent, the slope tendency is still obvious. Some participants have a
slope at the beginning while others have a convex in the beginning, there might
be more influencing factors rather than the adjacent pitch.

5 Discussion

All the note tends to have a negative transient part at the end, regardless the
next pitch is higher or lower. This may due to the human physiological structure.
It seems pretty hard to avoid the pitch drift down at end of the note in all the
listening conditions, training background and vocal parts. This may indicate that
the negative transient at the end does not due to the tone memory or muscle
memory of the singers. It is a common phenomenon that prevalent exists.
Besides the music training and adjacent pitches, there are more factors may
influence the note pattern. We find that vocal parts and gender also have sig-
nificant different in note trajectories in terms of transient shape. This may due
to the music training of male singers (we observed that bass vocal part has low-
est mean pitch error than other three vocal parts in this study). Sopranos have
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Fig. 5. Unit note duration singing after a lower or higher pitch

highest marks of musical training background in the Golden Smith question-
naire, while the lowest two singers are in the bass part. More investigation of
influencing factors will in future works.

Current segmentation is base on the default setting of the software Tony,
which separates the notes according to the volume and energy. Different setting
and segmentation may influence the results. By randomly selected few samples,
the segmentation was been checked. Most of the segmentation seems reasonable,
although few notes have a vibration at the end which is hard to tell its tendency,
the overlap of thousands of notes shows the negative transient at the end. Only
a few of the vague notes were manually segmented which is too small to change
the results.

6 Conclusions

In this paper, we represent a study of pitch trajectories inside the single notes.
According to the accumulation of over 40 thousands individual notes, we find a
general pattern of vocal notes which observes both transient parts in the begin-
ning and end of a note.

The analysis basis on both unit duration and practical duration. The begin-
ning transient is about 15-20%, while the ending transient is about 10-20%. The
shape of transient parts are various according to the the individual difference,
for example the music training background. The amplitude of the transient parts
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were influenced by the adjacent pitch.Participants tend to over tone after a low
pitch and arise current pitch at the end of the note if the next pitch is higher.

In conclusion, the main contribution of this paper is the observation, mea-
surement and analysis of the note transient parts by investigating the patterns
and influencing factors. Although many further works remain to investigate, we
hope that current observation provides a better understanding of singing educa-
tion and vocal synthesis.
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