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player’s left-hand to modulate the length of the string that is 
able to vibrate. This technique changes the frequency of the 
vibration of the string, as the length of the vibrating string is 
inversely proportional to the frequency of sound produced by 
Mersenne’s First Law (Eqn 1):

where f0 is the natural/fundamental frequency of the sound 
produced, and L is the length of string which is vibrating (3, 
4). The frequency of the sound wave produced affects the 
pitch of the note with a base-2 logarithmic relationship — in 
general, the greater the frequency, the higher the pitch (3, 4).
	 An open string note refers to the note produced by a fixed 
string length, played without pressing the string against the 
fingerboard in any place to change its length (11). In this 
study, we used a violin. For the sake of clarity in the rest of 
the paper, on a violin, the open string notes are G3 (196 Hz), 
D4 (293.7 Hz), A4 (440 Hz), and E5 (659.3 Hz), played on the 
G, D, A, and E strings, respectively (11). For the rest of this 
paper, all frequency-pitch conversions use A4 at 440 Hz as a 
benchmark.
	 Normally, vibrato is performed by quickly rocking the 
finger on the string back and forth while maintaining pressure, 
rapidly and periodically lengthening, and shortening the 
vibrating part of the string, causing a regular oscillation in 
the frequency of the sound (12). However, such an effect is 
not possible on an open string, as the length of the vibrating 
string is fixed (11, 12). 
	 Here, the problem arises that a note played without vibrato, 
especially when contrasted against other notes played with 
vibrato, can be perceived unpleasantly. This is a problem for 
the lowest open string note, because, by definition, there are 
no lower strings to play on. Moreover, most often, performing 
normal vibrato in the way described in the example requires 
an inconvenient shift in finger position, which poses another 
problem, where musicians may not be able to use conventional 
vibrato.
	 To solve this problem, musicians commonly use open 
string vibrato. To perform this technique, when playing an 
open string note, the player places their finger on the position 
for pitch one octave above (the second harmonic overtone 
of the original open string note). The player then performs 
vibrato on this one-octave higher note. Consequently, the 
frequency of the sound heard from the open string seems to 
oscillate subtly, as if there is vibrato on that note. One of the 
most famous examples where this this technique is used is the 
opening of the first movement of Bruch’s 1st violin concerto in 
G minor (Op. 26). The piece begins with a long, sustained G3 
note, which is impossible to perform using traditional vibrato 
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SUMMARY
Vibrato, defined as a rapid and subtle oscillation 
in pitch, is a technique that is commonly used by 
musicians to add expression and colour to notes. 
However, on stringed instruments, there are certain 
notes (open string notes) on which it is impossible 
to perform the technique. Without vibrato, they can 
sound angular and unpleasant, especially when 
juxtaposed against other notes played with vibrato. 
String players therefore use an alternative to achieve 
the same vibrato effect on the open string — a 
technique referred to as “open string vibrato”. While 
the technique is widely used, it is unknown how 
much of a physical effect it has on the sound waves 
produced, if any at all. The purpose of this study is 
to analyse open string vibrato using a statistical 
approach to provide evidence to characterize the 
physical effect of the technique, and then compare it to 
normal vibrato. We hypothesised that it would have a 
noticeable and measurable effect on the sound waves 
produced because of the technique’s widespread 
usage. To test this, notes, with and without either 
open string vibrato or normal vibrato, were recorded 
on the violin. We analyzed the audio recordings using 
a computational and statistical approach. The results 
of the study partially agreed with our hypothesis: 
while the technique has an observable physical 
effect on the sound waves, the effect is weaker than 
expected. We concluded that open string vibrato does 
work, but has quite a subtle effect, and thus should 
only be used when there is no other option.

INTRODUCTION
	 For almost every piece of music there exists a myriad of 
unique interpretations. There are numerous ways in which 
musicians create expression within their performances. 
Vibrato is one such technique. It is widely used to add 
expression to vocal and instrumental music through 
continuous and periodic oscillation of a sound’s frequency 
to produce a pleasing mellowness and richness of tone (1, 
2). Without vibrato, a sound could be perceived as sharp, 
angular, or unpleasant, especially if it is juxtaposed by other 
notes that have vibrato. 
	 Open-string vibrato, a vibrato technique used on stringed 
instruments. In bowed stringed instruments (violin, viola, 
cello, double bass, etc.), sound is produced by pulling the 
bow across one (or sometimes more) of the strings, causing 
it to vibrate. The pitch is varied by pressing the string against 
the fingerboard in different positions with the fingers on the 
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(5). Therefore, most soloists performing this concerto will use 
the open string vibrato. They place a finger on the D-string, 
in the position that would produce a G4 (392 Hz) note when 
played. They then pull the bow across the G-string, playing 
the open G string while performing vibrato with their left hand 
on the D-string. An example of this can be found in the 2016 
recording of renowned violinist Hillary Hahn performing the 
concerto with the Frankfurt Radio Symphony Orchestra (6). 
For convenience, in this paper, this technique is referred to as 
“open string vibrato”. Although it is a widely known technique 
among musicians, there is little scientific research supporting 
its existence as a distinct physical phenomena or providing an 
explanation for the similar sound produced in comparison to 
traditional vibrato.
	 Using a mathematical and computational approach, we 
investigated a method of quantifying vibrato, the physical 
existence of the effect of open string vibrato and compared 
open string vibrato to normal vibrato. We first hypothesized 
that the method proposed for quantifying vibrato is effective, 
showing a strong positive correlation between presence of 
vibrato and the quantity. Then secondly, we hypothesized 
that the open string vibrato technique has a measurable 
effect on the sound waves produced, showing a correlation 
between presence of open string vibrato and the amount of 
vibrato measured in the sound quantified previously. Finally, 
we compared the characteristics of open string vibrato with its 
conventional counterpart.  Traditional vibrato is characterised 
by three factors: the amount of pitch variation (“vibrato 
extent”), the speed at which the pitch is varied (“vibrato rate/
vibrato period”), and the shape of its pitch-time curve (6). We 
compared the two forms of vibrato according to each of these 
factors. We hypothesized that the open string vibrato effect 
produces an effect similar in nature to conventional vibrato. 
This work could be useful to musicians as well, by not only 
scientifically showing whether or not the open string vibrato 
technique actually works, but also by comparing to traditional 
vibrato.

RESULTS
	 To quantitatively determine whether open string vibrato 
has an effect on the sound waves and then subsequently 
compare its effect to that of normal vibrato, we used a statistical 
measure of dispersion (standard deviation) to quantify by how 
much the pitch varied, and thus how much vibrato there was 
on a note. To ensure that this quantification of vibrato was 
valid, we tested normal vibrato against notes without vibrato. 
The results were positive: in every test, and around each 
harmonic frequency, the spread of pitch in notes played with 
vibrato was consistently much greater than the spread of 

pitch in notes played without any vibrato (Table 1A, Figure 
1A). On average, the spread of pitch in normal vibrato was 
405% more than the spread in notes without vibrato in the first 
harmonic, 199% more in the second harmonic, 273% more in 
the third harmonic, 233% more in the fourth harmonic, and 
97.5% more in the fifth harmonic. Taking no vibrato as 0 and 
normal vibrato as 1, we calculated the Pearson correlation 
coefficient (PCC). The linear relationship between vibrato and 
pitch spread had r = 0.789. Thus, there was strong positive 
correlation between the presence of normal vibrato and the 
spread of pitch in the note. Therefore, the devised method is 
an effective way of quantifying vibrato, and thus we used it for 
the rest of the research.
	 To determine whether open string vibrato had any impact 
on the pitch spread of a note, we tested open string vibrato 
against open string notes played without vibrato. The spread 
of pitch was greater in notes with open string vibrato than it 
was in notes without any vibrato: on average 25.8% greater 
in the first harmonic, 180% greater in the second harmonic, 
15.8% greater in the third harmonic, 24.3% greater in the 

Table 1: Spread of pitch in fingered notes played with and without normal vibrato, rounded to the nearest 0.01.

Figure 1: Comparison of the distribution of pitch in notes played 
with and without vibrato for different types of vibratos. A) Violin 
plot (left) and box and whisker plot (right) showing the distribution of 
pitch around the first five harmonic frequencies (n=5). Fingered notes 
were played with either no vibrato or normal vibrato. B) Violin plot 
(left) and box and whisker plot (right) showing the distribution of pitch 
around the first five harmonic frequencies (n=5). Open string notes 
were played with either no vibrato or open string vibrato.
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fourth harmonic, and 19.1% greater in the fifth harmonic 
(Figure 1B, Table 1B). The difference in spread was quite 
small, and while on average it is true that the spread of pitch 
was greater in notes with open string vibrato than it was in 
notes without any vibrato, there were several instances where 
the spread of pitch in the non-vibrato notes was greater (e.g., 
test 4, 1st harmonic, Table 1B). Taking open string vibrato 
as 1 and no vibrato as 0, the calculated Pearson correlation 
coefficient was r = 0.445. This shows that open string vibrato 
has a weaker, yet still positive, correlation with the spread of 
pitch in a note. The greatest spread of pitch in open string 
vibrato was around the second harmonic (Figure 1B). 
On average, it had 180% greater spread of pitch than its 
control group counterpart, which is in stark contrast to the 
other harmonics, which had lower increases in spread, on 
average 21.25%, an almost ninefold difference in percentage 
increase. This was in contrast to normal vibrato where the 
harmonic with greatest spread of pitch was the first harmonic 
(Figure 1A). The pitch-time curves of open string vibrato and 
non-vibrato notes provide a clear qualitative insight into the 
effect of open string vibrato. From there it is clear to see that, 
in open string vibrato notes, the distribution of pitch in the 
sound waves is more dispersed, showing that there is more 
of a vibrato effect (Figure 2A). 
	 To get a sense of how much difference open string vibrato 
made to a note, we compared the spread of pitch in fingered 
notes played without vibrato (a benchmark ‘standard’ tone 
produced by the violin) and open string notes played without 
any vibrato. The spread was consistently greater in fingered 
notes without vibrato, showing a 73% increase in the first 
harmonic, a 165% increase in the second harmonic, a 133% 
increase in the third harmonic, a 126% increase in the fourth 
harmonic, and a 75% increase in the fifth harmonic (Figure 
3B, Table 1A, Table 1A). Furthermore, the spread of pitch in 
open string vibrato was far lower than it was in real vibrato, 
being 595% higher in the first harmonic, 182% in the second 
harmonic, 652% in the third harmonic, 505% in the fourth 
harmonic, and 190% in the fifth harmonic (Figure 3A, Table 
1A, Table 1B). Comparing the spread of pitch in non-vibrato 

fingered notes and open string vibrato notes, we see that the 
spread of pitch in the non-vibrato fingered note was higher 
in the first, third, fourth and fifth harmonic overtones, but 
slightly lower in the second overtone, where the spread of 
pitch was higher in the open string vibrato note. The spread 
of pitch in the open string vibrato was, in the five harmonics, 
respectively: 27.3% less, 5.81% more, 50.4% less, 44.9% 
less, and 31.9% less (Figure 4, Table 1A, Table 1B). These 
percentage differences in spread are less than those between 

Figure 2: Pitch-time curves of notes played with and without different types of vibratos. A) Line graphs showing pitch-time curves 
of notes with open string vibrato (top) and without any vibrato (bottom) (n=5). Open string notes were recorded and analysed with either no 
vibrato or open string vibrato. B) Line graphs showing pitch-time curves of notes with open string vibrato (top) and with normal vibrato (bottom) 
(n=5). Open string notes were recorded and analysed with open string vibrato and fingered notes were recorded and analysed with normal 
vibrato.

Figure 3: Comparison of pitch distribution in open string notes 
and fingered notes, with and without open string vibrato and 
normal vibrato respectively. A) Violin plot (left) and box and 
whisker plot (right) showing the distribution of pitch around the first 
five harmonic frequencies (n=5). Notes were played with either 
normal vibrato or open string vibrato. B) Violin plot (left) and box 
and whisker plot (right) showing the distribution of pitch around the 
first five harmonic frequencies (n=5). Notes played were either open 
string notes with no vibrato or fingered notes with no vibrato.
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the previously compared classes (open string vibrato notes, 
open string notes, and non-vibrato fingered notes), suggesting 
that these two classes (non-vibrato fingered notes and open 
string vibrato notes) are the most similar to each other.
	 After we confirmed the existence of open string vibrato by 
testing its pitch spread, we characterised it by comparing it to 
normal vibrato, according to three factors: extent, rate, and 
shape. Average vibrato extent is a slightly different measure 
from pitch spread discussed previously. Pitch spread is a 
standard deviation calculation on all the frequency values in a 
sound wave, whereas average vibrato extent is more specific 
to the sinusoidal waveform of a vibrato pitch-time curve — 
it measures the time averaged amplitude of that sinusoidal 
curve. Comparing the average extent of real vibrato and open 
string vibrato, we see that normal vibrato had a wider average 
extent: normal vibrato had a 776%, a 468%, a 273%, a 724%, 
and a 286% wider extent in the respective five harmonics 
than open string vibrato did, respectively (Table 2A). Similar 
to the comparison of pitch spread between open string vibrato 
and normal vibrato, here, normal vibrato had, on average, a 
wider extent than open string vibrato. 

	 On the other hand, the rate and period of the vibrato in 
open string vibrato and real vibrato are very similar, showing 
little variation, suggesting that they are not affected by 
whether the vibrato played is open string vibrato or normal 
vibrato (Table 2B). 
	 Finally, in comparing the shapes of the pitch-time curves 
of both vibratos, we see that normal vibrato, on average, 
had a higher “similarity” (quantified by Pearson’s standard 
coefficient of correlation between the pitch values of the 
vibrato and the corresponding values of a fitted cosine curve) 
with the fitted sinusoidal curve than open string vibrato did, 
showing a 698% increase in the first harmonic, a 42.6% 
increase in the second harmonic, a 354% increase in the third 
harmonic, a 49.4% increase in the fourth harmonic, and a 
51.7% increase in the fifth harmonic (Table 3). These results 
as well as a qualitative interpretation of shape (Figure 2B) 
suggest that the shape of the pitch-time curve in real vibrato 
was more similar to a sine wave than the curve in open string 
vibrato.

DISCUSSION
	 Our study aimed to accomplish three things: validate 
our proposed method of quantifying vibrato; confirm or 
disprove the existence of the effects of open string vibrato; 
and characterise open string vibrato (if it does indeed exist) 
by comparing it to conventional vibrato. We compared open 
string vibrato to conventional vibrato according to the three 
defining characteristics of vibrato: extent, rate and shape (6). 
	 In our study, we first found a strong positive correlation 
between presence of normal vibrato and pitch spread thus 
supporting that this method of quantifying vibrato is effective.
We then further demonstrated a positive correlation between 
the presence of open string vibrato and spread of pitch in 
the sounded note, which supports that physical effect of 
open string vibrato on notes does exist. Open string vibrato, 
compared to open string notes played with no vibrato, had a 
greater spread of pitch and thus more detectable vibrato. This 
supports our second hypothesis. Furthermore, the greatest 
percentage increase in pitch spread between vibrato and no 
vibrato for open string notes was around the second harmonic. 
This is in stark contrast to conventional vibrato, where the 
greatest percentage increase in pitch spread was around the 
fundamental. This is a tell-tale symptom of the effect of the 
technique of open string vibrato, which involves vibrating the 
finger on the note one octave above (the second harmonic 
overtone). This further supports the claim of the existence 
of the physical effect of open string vibrato and confirms the 
second hypothesis.

Table 2: Average vibrato extent of notes played with different types of vibratos, rounded to the nearest 0.01. Open s. stands for open 
string (vibrato).

Figure 4: Comparison of the distribution of pitch in open string 
notes played with open string vibrato with the distribution 
of fingered notes with no vibrato. Violin plot (top) and box and 
whisker plot (bottom) showing the distribution of pitch around the first 
five harmonic frequencies (n=5). Notes were either fingered notes 
with no vibrato or open string notes played with open string vibrato.



01 MAY 2025  |  VOL 8  |  5Journal of Emerging Investigators  •  www.emerginginvestigators.org

https://doi.org/10.59720/24-001

	 Fingered notes played without vibrato had consistently 
greater spread of pitch than open string notes played without 
vibrato. This is explained by the fact that, since the fingered 
note was played without vibrato, the pitch was being altered 
ever so slightly by human inconsistency. On the other hand, 
when the open string is played without vibrato, no finger was 
placed on the fingerboard and thus there is no pitch change 
possible due to human error. However, this discrepancy 
does not invalidate the results as it still holds true that when 
open string vibrato is played, there is more oscillation in the 
frequency than when the same note is played without any 
vibrato. Furthermore, the pitch spread in fingered notes 
played with normal vibrato was, on average, higher than the 
pitch spread in open string notes played with open string 
vibrato. This reveals that open string vibrato, while it does 
exist, is weak and less prominent than normal vibrato. In 
fact, open string vibrato was so weak that it was far more 
comparable to fingered notes played with no vibrato. Open 
string vibrato had less pitch spread than fingered notes with 
no vibrato, all except for the second harmonic, where the 
spread was slightly higher. This phenomenon further provides 
evidence for the effect of the open string vibrato technique on 
the sound produced. Similarly, open string vibrato on average 
had a vibrato extent that was narrower than that of normal 
vibrato.
	 In all, what can be learned from the comparisons of spread 
involving open string vibrato is that, while it indeed makes a 
difference compared to the straight open string that would 
otherwise have to be played, it has comparable spread to a 
fingered note without any vibrato. This contradicts the third 
hypothesis. So, the effect exists, but it is not a strong effect: 
conventional vibrato and even a non-vibrato fingered note 
produces a more pronounced effect than open string vibrato 
and so where possible, conventional vibrato can be used for 
a greater effect. 
	 We analysed the shape of the open string vibrato pitch 
oscillations as shape is one of the key ways in which different 
vibratos differentiate themselves (6). The pitch-time curve 
of open string vibrato had, on average, a lower coefficient 
of correlation with the fitted sine wave than normal vibrato. 
This has two implications. Firstly, open string vibrato had 
a less sinusoidal shape, compared to normal vibrato. 
Secondly, normal vibrato maintained its sinusoidal shape 
more consistently than open string vibrato, whose shape 
was volatile and inconsistent. This, again, contradicts the 
third hypothesis. For musicians, this may mean that open 
string vibrato produces a less consistent sound than normal 

vibrato. However, since open string vibrato is relatively weak, 
the consistency of its pitch oscillation may not be noticeable 
without close analysis. 
	 In conclusion, open string vibrato does exist and adds the 
oscillation in pitch desired in vibrato. However, it is far weaker 
than normal vibrato. Furthermore, it has an inconsistent 
and uneven shape, unlike normal vibrato, and moreover, it 
is narrower with a comparable level of pitch oscillation as a 
fingered note with no vibrato. Therefore, it is advantageous to 
use it, but only when there is no option, or it is too inconvenient 
to play normal vibrato (i.e. on the G-string on the violin, and 
on the C-string on the viola and cello).
	 Despite the success of this experiment in supporting 
effect of open string vibrato and analysing its characteristics, 
there were limitations, and there are areas for improvement 
and future study. Firstly, only the violin was tested. Different 
string instruments have different sizes, different timbres, 
lower ranges, and notably much thicker strings with drastically 
different linear densities. Whether these factors have an effect 
on open string vibrato is unknown, and the existence of the 
physical effect of open string vibrato is yet to be verified on 
these other instruments. This is an area which can be further 
studied. Secondly, only the G-string was tested for open string 
vibrato on the violin. In the future, the effect of the natural pitch 
of the string (and thus its linear density) can be tested to see 
if it affects vibrato and open string vibrato. Thirdly, what could 
be tested is whether the prominence of open string vibrato 
is affected by volume. Finally, only one player performed the 
vibrato in these experiments. It is unknown to what extent 
different styles of playing vibrato affects open string vibrato 
and its prominence. Vibrato technique varies in two key ways: 
the width of the vibrato (how far back and forth the finger 
rocks) and the rate of the vibrato (how many often per unit 
time the finger rocks back and forth), and these aspects could 
be tested to see if they affect the intensity of vibrato and open 
string vibrato.
	 In summary, we validated the method for quantifying 
vibrato using the calculation proposed. We showed that that 
open string vibrato has a physical effect on the sound waves 
produced by the violin, and we have characterised the open 
string vibrato in comparison with conventional vibrato. While 
the open string vibrato is a well-known technique, the value 
of our work lies within confirming its existence in an empirical 
and a scientific manner. Furthermore, by comparing it to 
conventional vibrato, familiar to many musicians, we hope our 
characterisation of open string vibrato will be useful to them.

MATERIALS AND METHODS
Data Collection and Analysis
	 First, using a microphone, the sounds of the violin were 
recorded. Second, the audio files of these recordings were 
loaded into Sonic Visualiser (8). Using Sonic Visualiser, the 
audio files were converted to csv file format, which consisted 
of many triplet data points. Each sound file thus has its own 
dataset. Each data point, in the form (t, f, PSD), is defined 
by its time (s), its frequency (f) in Hz, and its power spectral 
density (PSD) in W/Hz. Finally, the data in the csv files were 
analysed using a Python script.
	 The Python script analysed the data in the following steps. 
First, the data were filtered around the loudest (most powerful) 
few peak frequencies using a band pass filter. The loudest 
frequencies in the spectrum of a bowed violin sound are the 

Table 3: Absolute coefficient of correlation to a fitted sinusoidal 
curve of the pitch-time curves of notes played with different 
types of vibratos, rounded to the nearest 0.01. Open s. stands for 
open string (vibrato).
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fundamental (f1), the second harmonic (f2), the third harmonic 
(f3), the fourth harmonic (f4) and the fifth harmonic (f5) (Figure 
5). For each sound wave, these five frequencies were used 
to filter and analyse the data. It is important to note that the 
relative prominence of harmonic overtones can vary a little, 
but it is generally true that the fundamental and the first few 
harmonic overtones are louder than the rest. Nevertheless, 
since the same overtones were used to analyse all of the 
datasets, there was no effect on the results of this research. 
The mean and standard deviation of the PSD values of the 
datapoints were calculated. Low-power noise, which would 
have been inaudible, was filtered away. Any data points with 
a PSD value lower than the cut-off value were deleted, with 
the cut-off PSD value being equal to the arithmetic mean 
minus the standard deviation of PSD values. After that, a 
smooth curve of best fit was added using the Savitzky-Golay 
smoothing filter to reduce the effect of random error and 
anomalies (9). Following that, the frequency was regulated 
so that it had a linear relationship with perceived pitch and 
could more accurately provide a numerical representation for 
pitch. Perceived pitch is proportional to the logarithm base 2 
of frequency. Therefore, if the perceived pitch is represented 
numerically by p and the measured frequency of that pitch 
is represented by fp, then p is directly proportional to the 
logarithm base 2 of fp. So, the regulated frequency, a, is 
defined as: 

in which k is a constant, taken as k = 100 for the purpose 
of visualisation. Since it is logarithmic, the value is unitless. 
Finally, the regulated frequency replaced the original 
frequency value in every data point.

Spread of Regulated Frequency
	 To quantify the amount of vibrato present in a sound, 
the spread of regulated frequencies in the sound can be 
measured. The wider the spread of regulated frequencies, 
the more it deviates from the mean (the original note) and 
thus the more it fluctuates. This means it has more vibrato. 
To measure spread, the standard deviation is taken, using the 

following equation:

where σ is the spread of regulated frequency (standard 
deviation of regulated frequency values in the dataset), αi is 
each regulated frequency value in the data, ᾱ is the mean of 
the regulated frequency in the data, and N is the number of 
data points.

Correlation Calculations
	 When comparing two different classes of notes, like non-
vibrato open string and open string vibrato, it was useful to 
calculate their correlation coefficients. For this, the Pearson 
product moment correlation coefficient was calculated on all 
the data found in the tables, taking the control group in that 
situation (for example, non-vibrato open string note) as 0 and 
the experimental group (open string vibrato) as 1.

Vibrato Extent
	 When dealing with periodic oscillations in pitch like that 
found in traditional vibrato, measuring extent and period of 
the vibrato is useful. The extent of vibrato is defined as the 
maximum displacement of regulated frequency from the 
original regulated frequency of the sound. Here, the average 
extent for each period is calculated, as it is highly unlikely 
that any sound will have a perfectly consistent curve of pitch 
against time. It is calculated thus: first, local maxima and 
minima data points of regulated frequency in each wave cycle 
are detected in the dataset, then their regulated frequency 
values are taken for calculation, and finally, the following 
equation is applied to find the extent in each wave cycle and 
average the results. The equation is as follows:

where α is average vibrato extent, Bi is the regulated 
frequency value of each local maxima data point, bi is the 
regulated frequency value of each local minima data point, 
and n is the number of wave cycles.
	
Vibrato Period and Rate
	 Similar to the previous calculation, the vibrato time period 
and its frequency of oscillation can be determined thusly: first, 
local maxima and minima data points of regulated frequency 
in each wave cycle are detected in the dataset, then their 
time values are taken for calculation, and finally, the following 
equation is applied to find the time period in each wave cycle 
and average the results:

where τ is the average vibrato time period, Ti is the time value 
of each local maxima data point, ti is the time value of each 
local minima data point, and n is the number of wave cycles. 
Once the period is known, the rate of vibrato, ᴪ , can be 
calculated using ᴪ = τ -1.

Sinusoid Similarity
	 First the curve of vibrato is centred around 0. Using τ and 
α, a sinusoidal wave s(t), can be constructed in the graph of 
the sound wave with the regulated frequency α on the y-axis 

Figure 5: Spectrum of a bowed violin sound. Line graph showing 
the spectrum of a bowed violin sound with pitch G3 (n=1). Harmonic 
frequencies labelled. Open G string was played on the violin, 
recorded, and analysed. 
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and time t on the x-axis using the equation:

The reason a sinusoidal wave is constructed is because 
vibrato waves are generally sinusoidal in shape, and so this 
allows open string vibrato’s shape to be compared to the 
typical shape of normal vibrato (6).
	 It is important to note that this equation applies only 
to time values greater than the time value of the first local 
extreme, so that the start of the cosine wave lines up with the 
original curve. Once the sinusoidal wave is constructed, the 
coefficient of correlation between it and the original vibrato 
wave is calculated. The absolute value of the coefficient of 
correlation was taken because the direction of correlation has 
no effect on its shape since sinusoidal curves are symmetric 
and periodic.

Testing Conventional Vibrato
	 The purpose of this investigation was to validate the devised 
measurement and data analysis methods, in particular, the 
proposed method of vibrato intensity quantification. In order 
to do so, regular vibrato was played on a B3 (246.9 Hz) note, 
recorded, and analysed. Next, the same note was played with 
no vibrato (as a control group), recorded, and analysed. After 
repeating this five times, the values of regulated frequency 
spread for each were compared. Since the purpose of 
calculating the spread of regulated frequency is to quantify 
the amount of vibrato there is on a note, the spread value 
calculated for all the notes played with normal vibrato was 
expected to be higher on average than those calculated for 
all the notes played without any vibrato. To conclude that the 
method of vibrato intensity quantification was valid, this would 
have to have been the case.
	 All other conditions remained constant: the string played 
(its thickness, length, linear density, and the frequency at 
which it vibrates), the instrument of which this string was a 
part, the environment in which the experiment was performed 
(temperature, humidity and air pressure, string, time, place) 
and the speed of the bow on the string. The experiment was 
repeated to increase the reliability of the results and minimise 
the effect of human error, as the playing of the notes was 
performed by a human.

Testing Open String Vibrato 
	 This study was conducted to confirm the physical 
existence of the effect of open string vibrato. First, the open 
G string (a G3 note, 196 Hz) was played without performing 
any vibrato, as a control group. Then, the open G string was 
played while performing open string vibrato. After repeating 
both recordings five times, values for vibrato intensity in each 
were calculated and compared. As before, all other conditions 
remained constant.
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