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Acoustic and psychoacoustic aspects of vocal 
vibrato 
Johan sundberg 

Abstract 
This article reviews research on vocal vibrato and related phenomena. As the vibrato 
corresponds to a modulation of the fundamental frequency, the primary acoustic attributes 
are the@equency and amplitude of this modulation as well as its waveform. The range of 
variation of these parameters in classical operatic singing are discussed as well as the 
boundaries to similar phenomena such as tremolo and trill. Also considered are some 
perceptual attributes, such as the effect of the vibrato to glue spectrum partials together to 
timbrul gestalts, the efect on vowel intelligibility, and the relationship between the frequency 
modulation and the pitch perceived. 

Introduction 
Vibrato is not a well-defined phenomenon. In different music traditions and cultures 
different kinds of vibrato have developed, presumably with more or less differing 
acoustical and/or physiological characteristics. In Western operatic singing, a vibrato 
type is used which is characterised by an undulation of the fundamental frequency. A 
factor of great significane in the production of this type of vibrato seems to be 
pulsating contractions of the cricothyroid muscle. In popular singing and in singing in 
some non-Western cultures, another type of vibrato is frequently heard which seems 
driven by a pulsation of the subglottal pressure. In this paper I will summarise the state 
of knowledge regarding various acoustic and perceptual aspects of different types of 
vibrato. As the vibrato occurring in Western operatic singing has been much more 

i 
successful than other kinds of vibrato in attracting researchers' attention, I will focus 
on this type of vibrato mainly. It develops quasi automatically as voice training 
successfully proceeds and can thus be observed in almost all professional Western 

i opera singers (Bjorklund, 196 1). 

Acoustic attributes 

1. Theory 

Insufficient knowledge of the acoustic theory of voice production has caused much of 
the research in the realm of vocal vibrato. The vibrato phenomenon can be understood 
only in the light of this theory, which I will briefly review (for a more exhaustive 
description, see Sundberg, 1987). The acoustic theory of voice production was 
established by Gunnar Fant and others during the 1950:s (Fant, 1960). It is illustrated 
schematically in Figure 1. It assumes that the characteristics of the transglottal 
airpulses are determined entirely by subglottal pressure and vocal fold adjustments 



and, thus, independent of the resonances of the vocal tract; this description seems to be 
reasonably realistic. 

VOCAL T R A C T  SOUND 
T R A N S F E R  C U R V E  

Frequency 

G L O T T A L  S O U R C E  S P E C T R U M  

a 
J 

Frequency 

Voice sounds are produced by a regularly pulsating airtlow through the glottis. This 
train of airpulses is called the voice source. Its frequency corresponds to the vibration 
fi-equency of the vocal tblds and determines the pitch. 'The pulses correspond to a 
sound constiti~tcd by a number of harn~onic partials, the amplitudes of which decrease 
gradually with increasing frequency. 'The overall slope varies with vocal loudness and 
is about -6 dl3 of sound pressure per octave for intermediate loudnesses. 'I'he 
ti-equencies of the partials constitute a harmonic series, so that the frequency of partial 
number n equals n times the frequency of the fundamental. This means that the 
ti-equency of a n j  partial can be calculated given the fi-equency of the fundamental. 
I'his is of particular relevance to vibrato tones, since they vary regularly in frequency. 
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When travelling from the glottis to the lip opening the partials of the voice source 
spectrum are fed to a Jilter, the vocal tract. As the vocal tract is a resonator, its 
frequency curve is characterised by peaks at the resonance or formant frequencies, and 
valleys in-between. Thus, partials lying close to a formant frequency become stronger 
than other partials. This means that the amplitude of a spectrum partial depends on two 
circumstances: first, its amplitude in the source spectrum, i.e. the number of the partial 
and how loudly the tone was produced, and second, how far the partial is from a vocal 
tract resonance frequency. This, again is of particular relevance for vibrato tones, since 
all their spectrum partials vary in frequency and, thus, continuously vary their distance 
to the closest formant frequency. 

The frequency curve of the vocal tract, thus, depends on the formant frequencies. 
These frequencies are tuned by means of the vocal tract shape. For example, if the tract 
is narrow in the pharynx and wide in the mouth, the first formant appears at a 
frequency as high as, say, 900 Hz, and if the tube is wide in the pharynx and narrow in 
the mouth the second formant appears at a frequency as high as, say, 2500 Hz. This 
dependence of the formant frequencies on the vocal tract shape implies that the 
formant frequencies will be modulated if the vibrato involves also the vocal tract 
shape. 

The characteristics of the voice source is determined by two major factors, 
subglottal pressure and the muscular adjustment of the glottis. Subglottal pressure is 
the tool for varying vocal loudness; when we want to increase vocal loudness, we 
increase subglottal pressure. The acoustic result is that the amplitudes of the source 
spectrum partials increase, more so for the higher partials than for the lower partials. 
Thus, when the partials near 500 Hz increase by 10 dB those near 3 kHz may increase 
by something like 15 dB (Gauffin & Sundberg, 1989). 

The glottal adjustment is carried out by a set of intrinsic and extrinsic muscles. The 
cricothyroid muscle appears to play a simple and straight-forward role; it stretches the 
folds and so raises the frequency of phonation. The adductor muscles also play a very 
important role. When glottal adduction is changed, the mode of phonation changes 
along a phonatory dimension ranging from breathy in one extreme, over neutral, and to 
pressed phonation in the other extreme. Thus, breathy phonation is characterised by a 
low degree of adduction and pressed is produced with exaggerated adduction. 
Acoustically, a major correlate of these variations is the amplitude of the lowest 
spectrum component, the fundamental. In pressed phonation, the amplitude of the 
fundamental may be more than 10 dB weaker than in neutral phonation. To meet these 
different degrees of glottal adduction, subglottal pressure has to be accordingly tuned. 
When glottal adduction is exaggerated as in pressed phonation, the folds refuse to open 
the glottis and start vibrating unless subglottal pressure is high (Gauffin & Sundberg, 
1989). 

As mentioned, the vibrato physically corresponds to a periodic, rather sinusoidal, 
modulation of the phonation frequency (Schultz-Coulon & Battmer, 198 1). Therefore, 
it can be described in terms of four parameters, see Figure 2: 



I .  the rate 
2. the extent, 
3. the regular$, and 
4. the tvavefot-m of the undulations. 

PERIOD - . - - - - - - - - - - . - - . . - - . . . - - . - *  
HATE = 11PERIOD 

TIME [ms] 

t"igut'c 2 IJe/itii/iot~ of vihrcrto pcriotl, rwte, trnd extent. I 

'I'he vlbrato I-crte specifies the number of undulations per second while the exterzt 
describes how far phonation lkequency departs up and down from its average during a 
vibrato cycle. Ofien the extent is preceded by plus and minus signs so as to prevent 
confusion with an amplitude measure. The regularity shows how similar the frequency 
excursions are to one another. It is considered a sign of the singer's vocal skill: the 
niore shilled the singer, the lnore regular the undulations. Moreover, in well-trained 
singers the regularity is generally not influenced appreciably even if the singer's 
;ii~ditory fi'edbach is masked by noise (Schultz-Coulon, 1978). The waveform is 
generallj, more or less similar to a sine wave. 

'lhcre is nothing to suggest that regularity and waveforni are of lesser perceptual 
relevance than rate and extent. Still, only rate and extent have been alialysed 
extensively in the past. 'l'herel'ore, awaiting that regularity and waveform will be 
studied in future investigations, we will hencefi~rth focus on rate and extent. 

2. Definitions 

I'hc vibrato slio\vs similarities with some other types of niusical ornaments which 
occur in singing, namely, trill, trelnolo and trillo. Let 11s first ask what characterises 
these dil'li'rcnt orllanicnts. 

Ilsing a col~lputerised method of analyzing tundamental frequency, Schu1tr.-Coulon 
and 13attrner ( 1981 ) compared single examples of tremolo, trill and vibrato and 
observed certain dil'fkrences. Later, Hakes, Shipp & Iloherty (1987) compared niore 
systematically ti~ndamental frequency and amplitude characteristics of straight tones, 
vibrato tones. trills and trillos as performed by four internationally renowned solo 
singers. I.rom ~hcsc  ilivestigiitions the results shown in kigure 3 emerged. 



VIBRATO, TRILL AND TRILLO 

STRAIGHT TONE - VIBRATO TONE SEMITONE TRILLS 
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TRILLO 

;- 

J U U U U  ' 

TIME (Iddivision) 
I 

TIME (OJddivision) TIME (Iddivision) TIME (lsldivision) 

Figure 3. Examples of fundamental frequency (FO) and amplitude patterns during straight 
tone, vibrato, trill and trillo according to Hakes & al. (1990) as produced by professional 
singers. 

The vibrato tones were characterised by a fundamental frequency undulation at a 
rate of 5 to 7 undulations per second and an extent of about *1 semitone. The trill had 
a greater modulation width often amounting to several semitones. It consisted of a 
typical initiating pattern, where the singer presented the two target tones concerned, by 
extending their durations to about 0.5 s each, i.e. the alternation frequency was about 
2 Hz. Gradually, the alternation speed was then increased to about 7 Hz, and during the 
final part the trill was similar to a vibrato tone with an exaggerated extent. These 
observations were later corroborated by Castellengo & Colas (1991). The trillo is used 
especially in early music. It is an ornament, in which the same pitch is repeated, 
interleaved with silent intervals. The repetition frequency is low at the beginning and 
gradually increases. These repetitions are accompanied by clear amplitude variations in 

I the first part of the ornament. Likewise, fundamental frequency variations occur which 
are of wide extent in the first part and more vibrato-like toward the end. 

Vibrato has been compared also to vocal tremor (Ramig & Shipp, 1987). The 
vibrato characteristics of nine opera singers were compared with the tremor 
characteristics of 6 patients of different diagnoses suffering from vocal tremor. 
Surprisingly, the results revealed only minor physical differences. The rate was 5.5 Hz 
for the singers and 6.8 Hz for the vocal tremor patients, and the regularity of the 
fundamental frequency variations appeared to be greater in singing. However, none of 
these differences reached statistical significance in their investigation. In any event, it 
is fair to conclude that there are similarities between vocal tremor and vibrato. 
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3. Frequency variation 

a. Rate 
The rate of the frequency modulation is often considered to be constant within a singer. 
Thus, in an experiment which I did with Tom Shipp and Rolf Leanderson, we asked 
professional opera singers to change the rate of their vibrato, but none of them seemed 
able to do so (Shipp & al., 1980). However, singers do exist who are able to 
deliberately change their vibrato rate. Also, by means of special exercises singing 
teachers are mostly capable of correcting an inappropriate vibrato rate in a student. 

The personal vibrato rate seems to depend on a number of factors, such as sex and 
age as well as the emotional involvement of the singer (Shipp et al., 1980). Bennett 
(1981) found that also the pitch affected the vibrato rate in the singers he studied, but 
this observation has not been corroborated in other investigations. Furthermore, the 
vibrato rate is not as constant within a singer as is generally assumed. In this volume, 
Eric Prame presents new data from phonogram recordings which, contrary to present 
assumptions and expectations, show that the vibrato rate actually varies during the 
course of the individual tones in a song, such that it accelerates during the last five 
vibrato cycles, just before the pitch change. 

Disregarding such local variations of vibrato rate, female singers tend to have a 
slightly faster mean vibrato rate than male singers. Shipp & al. (1980) analysed the 
vibrato of ten professional opera singers, five males and five females. All subjects 
went through the same protocol singing sustained vowels in an anechoic chamber. The 
average vibrato rate found was 5.4 Hz for the male singers and 5.9 Hz for the female 
singers. No systematic dependence on pitch was observed. These values are similar to 
those reported in other laboratory investigations (Large & Iwata, 1971). On the other 
hand, they are clearly low as compared with results from investigations of sung 
performances. Analysing such phonogram recordings of seven famous singers, 
Winckel (1974) found vibrato rates ranging between 5.5 and 7.7 Hz, mean 6.9 Hz, and 
Seashore (1938), analysing recordings of 29 artists, arrived at an overall average of 
6.6 Hz. Shipp & al. (1980) speculated that the emotional involvement of the singer 
may increase the vibrato rate. 

I found some further support for this speculation by comparing two recordings of 
the same professional operatic baritone singer which I had stored in the lab archive. In 
one he sang sequences of sustained vowels and in the other he sang a song, a vocalise 
by Panofka. The mean vibrato rate for the sustained tones averaged to 5.4 Hz, SD 
0.2 Hz, while that from the real performance of a song averaged to 6.2 Hz or about 
15% higher, SD 0.2 Hz. However, the tones analysed from the sung performance were 
not long enough to avoid the just mentioned effect that the rate speeds up during the 
last five vibrato cycles. In any event, the hypothesis that emotional involvement 
influences vibrato rate seems worthwhile to analyse more thoroughly in the future. The 
results may shed some light on the physiological origin and the communicative 
function of the vibrato. 

Damste et al. (1982) studied the significance of age by comparing pairs of 
commercial recordings of the same seven singers. The first recording was made when 
the singers were in their third decade and the second in their sixth decade, toward the 
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end of their careers. As shown in the left graph of Figure 4, most of the singers showed 
a decrease of the vibrato rate. The values range from -30% to +5%, and the mean over 
subjects was -1 1%. Only one singer, Tauber, showed an increase and one, Flagstadt, 
showed no change. 

VIBRATO RATE AND AGE 

SUBJECT NG 

:: 7 l7 
AGE (decade) AGE (years) 

Figure 4. Changes of vibrato rate with the singer's age. The left graph shows data by Damstk 
& al. (1982). The right graph shows data fiom a professional tenor's recordings of the same 
song over a period of 35 years. 

The right graph in Figure 4 illustrates this slowing of the vibrato with increasing age 
in greater detail for a particular, world famous tenor. It shows his vibrato rates 
measured on the same tone in the same aria as performed on six occasions over a 
period of 35 years; the first recording was made when he was 29 years old and the 
latest when he was 64 years old. The result shows a marked decrease above the age of 
50. These data support the conclusion that vibrato rate tends to decrease with age. 
However, the effect may appear at different ages, most singers exhibiting the effect in 
their 60:s. Thus, as with most other signs of ageing, the period during which the 
slowing of vibrato rate appears, seems to vary greatly between individuals. 

6. Extent 
As mentioned, the extent is generally narrower than k1 semitones which corresponds 
to a frequency swing of *6%, approximately. Choir singers show rather irregular 
vibratos with very small extents averaging to no more than 0.1 semitone. Wind and 
bowed instruments generally exhibit much smaller vibrato extents, typically less than 
k0.5 semitones. 

According to Winckel (1 953) and others, the extent of the vibrato undulations varies 
with loudness of phonation. Schultz-Coulon & Battmer (1981) published data from a 
soprano who increased her vibrato extent from 1 to 1.5 semitones when she raised her 
vocal loudness by 15 dB, keeping the pitch constant, see Figure 5. Michel & Myers 
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(1991) tried to corroborate this dependence of extent on loudness by measurements on 
singing students who sang crescendos and decrescendos at low, medium and high 
pitches. They found a great intersubject variability and different effects at different 
pitches, but no quantitative data were reported on the sound level, the independent 
variable in their experiment. At high pitches, however, most subjects exhibited a 
similar effect; during a crescendo the vibrato extent increased slightly with vocal 
loudness, from 0.6 or 0.7 semitones in pianissimo to about 1.0 semitone in fortissimo, 
so the effect was quite small. However, the reverse effect was rarely observed in a 
decrescendo. Bennett (1981) studied the dependence of vibrato extent on pitch in four 
soprano singers; three of them remained at about 0.5 semitone throughout their ranges 
while one increased her vibrato extent dramatically with pitch up to *1.8 semitones at 
her top pitch. 

PITCH E5,O dB PITCH E5, +15 dB 
SOPRANO 

Fmod-4,9 Hz Fmod -5.3 Hz 

x =0,839 
TIME (ms) 

Figure 5. Vibrato waveforms observed in a soprano singing the same pitch at two different I 

degrees of vocal loudness. The middle curves represent the mean waveform, and the upper 
and lower curves show the standard deviation. The average rate and extent were 4.9 Hz and 
2.1 semitones, for the softer tone and 5.3 Hz and 3.9 semitones for the louder tone. Data @om 
Schultz-Coulon & Battmer (1981). The is a measure of the regularity of the vibrato. 

3. Waveform and regularity 

The waveform of the vibrato undulations is generally more or less similar to a sine 
wave, as mentioned. However, considerable deviations from this waveform occur, as 
demonstrated by Schultz-Coulon (1 976; 1978; Schultz-Coulon & Battmer, 198 1). 
Examples of vaweforms observed for some singers are shown in Figure 6. 

They also assessed the regularity of the vibrato of a few singers. This was realised 
by correlating each amplitude reading of a sampled waveform for a given vibrato 
period with those of the next vibrato period. The correlation coefficient was then used 
as a measure of the waveform regularity. For each portion of the vibrato waveform 
they obtained a mean and a standard deviation. Figure 6 also shows both this mean as 
the middle curve and the standard deviation as the adjacent upper and lower curves. It 
can be seen that the departures from the average waveform tend to vary with the phase 
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A third case may also occur: the frequency of the strongest partial may undulate 
symmetrically around the frequency of the first formant. Then the amplitude vibrato 
will actually be twice as fast as the frequency vibrato. In any case, the phase 
relationship between amplitude and frequency vibrato depends on the frequency 
relationship between the first formant and the strongest spectrum partial. The 
frequency variation of the vibrato is, thus, alone sufficient to induce variations of the 
overall amplitude. 

Up to now, we have assumed that the voice source and the formant frequencies were 
constant, independent of the vibrato. This is not always the case, though. In certain 
types of vibrato, the voice source varies in amplitude. Such undulations may result 
from an undulation of the subglottal pressure. Particularly in popular singing such 
variations often seem to be the main physiological correlate of the vibrato. Small 
subglottal pressure variations may accompany also the Western operatic vibrato 
(Rothenberg & al., 1988). A modulation of the voice source may result also from an 
undulation of the adductive force in the glottis. Figure 9 shows an example taken from 
a professional singer, a counter tenor who was singing the same pitch at intermediate 
loudness in modal and in falsetto register. The figure shows the amplitude of the voice 
source as obtained by inverse filtering of the flow signal. The amplitude varies because 
of a varying glottal leakage which occurred in synchrony with the vibrato. 

n o w  CLOTTOGRAMS 
OF COUNTER TENOR SINGER CH 

h I MODAL REGISTER 

W I .  I I I 0 0.5 1 1.5 

TIME (s) 

FALSETTO REGISTER 

4 I I I I 

0 0.2 0.4 0.6 0.8 

TIME (s) 

Figure 9. Example of vibrato combined with an adlabduction undulation in the glottis. The 
graphs show the amplitude of the transglottal airflow as revealed by inverseJiltering o f  tones 
sung by a professional counter tenor singer in the modal and jalsetto registers (upper and 
lower graphs). When glottal adduction is increased the glottal leakage decrease and vice 
versa. 
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The cause of this phenomenon can safely be postulated: a pulsation of the glottal 
adlabduction force. This case was also reported and documented by Rothenberg, Miller 
& Molitor (1988). The acoustic result of such an undulation of glottal adduction can be 
predicted. The glottal leakage consumes a good deal of the sound energy which travels 
along the vocal tract because it leaks down to the trachea which absorbs it. Therefore, 
the attenuation of the vocal tract resonances will increase when the glottal leakage is 
great, and decrease when it is reduced. In other words, the attenuation can be expected 
to vary with the vibrato. As the attenuation influences the amplitudes of the formant 
peaks in the vocal tract frequency curve, the amplitudes of the formant peaks will vary 
with the vibrato. 

If such an adduction-based vibrato is combined with a non-leaking phonation, the 
situation will be different. Then, the amplitudes of the transglottal flow pulses will 
vary. This will induce a variation of the amplitudes of the lower source spectrum 
partials. This may result in an increased, decreased, or cancelled variation of the 
overall amplitude of the tone depending on whether the strongest partial is slightly 
below or slightly above the first formant and on how strong the variation of the source 
is. 

In yet other types of vibrato, the formant frequencies vary in synchrony with the 
vibrato. The cause of this is that the vocal tract shape varies. For instance, the tongue 
shape or the sidewalls in the pharynx may move quite substantially, as has been shown 
in a fiberscope video film by Dr. Selkin, New York. In this film one of the singers 
sings with a slow and wide vibrato, which is associated with clear variations of the 
pharynx width. Such variations can be expected to cause particularly the first formant 
frequency to undulate. 

Summarising, the main acoustic characteristic of the vibrato is an undulation of the 
fundamental frequency ranging from 5 to 8 Hz in rate and less than +1 semitone in 
extent. These undulations cause the frequencies of the spectrum partials to vary in 
synchrony. As a result undulations occur in the overall amplitude of the tone. These 
undulations may be in phase or counterphase with the frequency modulation but seem 
to be of small perceptual relevance. 

Perceptual attributes 

1. Rate and Extent 
The vibrato adds a quite special quality to the tone. In the 30:s, Seashore found 
evidence for claiming that it adds "richness" to the timbre. On the other hand, it does 
not seem entirely clear what the quality of "richness" stands for. Perhaps it would be 
more appropriate to claim that the vibrato simply adds a "vibrato quality" to the tone. 

There are rather narrow limits for the rate and extent of an acceptable vibrato. A rate 
slower than 5 undulations per second tends to sound unacceptably slow, and vibrato 
rates exceeding 8 undulations per second tend to sound nervous. Similarly, vibrato 
rates exceeding *2 semitones tend to sound bad. Particularly when combined with a 
slow rate, such wide extents tend to remind of a singer who possessed a wonderful 
voice many years ago. 
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2. Pitch 
Normally, the fundamental frequency determines the pitch we perceive. In the case of 
vibrato tones this hndamental frequency is not steady but continuously moves up and 
down. What pitch do we hear in such cases? Another question raised by vibrato tones 
is whether the pitch we hear from a vibrato tone is as accurately and precisely 
perceived as the pitch perceived from vibrato-free tones. If this is the case, singers 
would have a good reason for using the vibrato: it would mean that the demands for 
accuracy with respect to phonation frequency would be reduced as soon as there is a 
vibrato. 

Both these questions were studied in an experiment where musically trained 
subjects adjusted the fundamental frequency of a vibrato-free tone so that its pitch 
agreed with the pitch of a preceding vibrato tone (Sundberg, 1977). In order to gain 
complete control over the stimuli, synthetic sung tones were used throughout. The 
results showed that the subjects tuned the frequency of the response tone so that it 
agreed, within a few cents, with the linear average of the vibrato tone's undulating 
fundamental frequency, as is illustrated in Figure 10. Essentially the same result was 
found by Shonle & Horan (1980) and Iwamiya et al. (1983). However, Shonle & 
Horan found that it is actually not the linear but the logarithmic average that 
corresponds to the pitch we hear. For typical vibrato extents the difference between 
these averages is small. 

PITCH PERCEIVED OF VIBRATO TONES 

Vibrato waveform 1 

70 100 150 200 300 

Phonation frequency (Hz) Time 

Figure 10. Fundamental frequency corresponding to the pitch perceivedpom a vibrato tone. 
From (Sundberg 19 77). 

In my investigation, the entire experiment was repeated twice; the subjects first I 
matched the pitch of vibrato tones, and then the same subjects matched the pitch of 
vibrato-free tones. In this way it was possible to find out to what extent the accuracy of 
the pitch perceived was affected by the vibrato. The subjects' matchings of the pitch of 
the same stimulus tones were almost entirely equally accurate, regardless of the 
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presence of the vibrato. Apparently, the vibrato did not reduce the certainty with which 
the subjects perceived the pitch. 

dfAlessandro & Castellengo (1 99 1) recently studied the relations between 
fundamental frequency gestures of very short durations corresponding to fractions of a 
vibrato period, i.e. tones of about 80 ms duration. Interestingly they found that the 
rising half of a vibrato cycle, when presented alone, was perceived as a higher pitch 
than the falling half, correspondingly presented. Thus, the pitch perceived of the rising 
curve was 15 cents higher than the mean, while the pitch of the falling was 11 cents 
below the mean, as illustrated in this Figure 11. The authors assume that this 
asymmetry results from the ears' paying more attention to the final portion of such 
short stimuli. In other words, their results can probably be accounted for in terms of a 
weighting function which pays more attention to recent than to less recent information. 

There are often good reasons for distinguishing between physical and perceptual 
measures. The pitch of vibrato tones offers a striking example. The pitch perceived of 
a vibrato tone is as well defined as that perceived from a vibrato-free tone. Thus, the 
pitch of a vibrato tone can be regarded as being constant. Yet, the associated 
fundamental frequency varies. Moreover, the pitch of a vibrato tone remains constant 
only if the vibrato rate is not too slow; for rates near 4 Hz and lower, the pitch is 
clearly undulating. Thus, while fundamental frequency varies, the pitch is either 
constant or varying, depending on the rate of variation. 

20 40 60 80 
W 
n TIME [ms] 

40 60 

TlME [ms] 

Figure I I .  Fundamentu1,frequencies corresponding to the pitches perceived from short tones 
with a .fundamental ,frequency changing according to a half a sine wave curve. The linear 
mean and the ,frequency corresponding to the perceived pitch are shown. Data jiom 
d'Alessandro & Castellengo (1991). 
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3. Amplitude variations 
The perceptual significance of the amplitude vibrato is often overestimated. On the 
other hand, no formal investigation seems to have been made of this issue. Therefore, I 
will here rely on my own experiences from synthesising singing. 

The main perceptual effect of the vibrato is dependent upon the frequency 
modulation and it is generally quite hard to focus one's attention on the amplitude 
fluctuations. For instance, the perceptual significance of different phase relations 
between frequency and amplitude modulation discussed above seems small; the 
auditory image of a perfectly normal vibrato tends to persist, even if the amplitude 
vibrato is twice as fast as the frequency vibrato, a case occurring when the frequency 
of the strongest spectrum partial agrees with the frequency of the first formant. Also, if 
the amplitude vibrato is very small - which happens when the strongest partial is far 
away from the first formant - the impression is almost the same as when the amplitude 
vibrato is great. i.e., when the strongest partial is close to the first formant. 

4. Vibrato phase and pitch change 

It has often been observed that pitch changes occur in accordance with the phase of the 
vibrato waveform. Thus, ascending intervals are initiated during the rising phase and 
descending intervals during the negative phase. Myers & Michel (1987) tested the 
validity of this observation in a formal experiment where singer subjects alternated 
between two given pitches at different tempos. A great number of cases were observed 
where there was no synchronisation between pitch change and vibrato phase; the 
vibrato period was often disrupted by the pitch change. 

This observation does not rule out the possibility that singers strive to synchronise 
pitch changes with the vibrato cycle, and manage to do so only after practising. In 
other words, it seems necessary to systematically study real performances from this 
point of view. 

5. Special perceptual effects of the vibrato 
a. Gluing partials together 
The sound of a voice fills the air with a number of partials, i.e. a chord of sine tones of 
different frequencies. Such sets of tones are generally lumped by our perceptual 
systems and heard as units called voiced sounds. It is in fact quite difficult for us to 
hear any of these partials as an autonomous tone, even in cases when a particular 
partial is much stronger than all other partials. Spectrum partials seem soaked with a 
glue that make them stick together. 

However, under special conditions this glue can be dissolved, so that a vowel 
spectrum is perceived as a collection of individual, autonomous partials. One way of 
dissolving the glue is to have them stay perfectly constant in frequency, i.e. a total 
absence of a vibrato. This is an interesting but yet poorly explored property of the 
perceptual system. In short, the ear tends to switch from a pasting, holistic listening 
mode to an analysing listening mode when the fbndamental frequency is constant. 

A sound example quoted from Chowning (1980) offers a striking example of the 
vibrato's ability of gluing partials together. It presents first a cluster of sine tones, 
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arriving independently of one another, all of constant frequencies. Then, after a little 
while, they split into three groups. Each group partials then starts to move all its 
partials in its own, private synchrony. All of a sudden the grey cluster of sine tones is 
transformed into three voices singing a chord. 

b. Increasing vo we1 intelligibility 
As mentioned before, the fundamental is not the only spectrum partial that undulates in 
frequency because of the vibrato. The voice source spectrum comprises a series of 
harmonic partials, so that partial number n always has the frequency of n times the 
fundamental frequency. In other words, the frequency of each partial changes in 
synchrony with the frequency of the fundamental. The amplitude of a spectrum partial 
is determined by two factors. One is its number: the higher the number of a partial, the 
weaker its amplitude in the voice source spectrum. The second factor is the frequency 
distance between the partial and the formants. When a partial approaches a nearby 
formant because of the vibrato, it gains in amplitude and vice versa, as was mentioned 
before. 

It seems reasonable to assume that this phenomenon is used by the auditory system 
to gain information as to the frequencies of the formants. If a loud partial increases its 
amplitude considerably, when the fundamental frequency is rising in the vibrato cycle, 
there must be a formant just above the frequency of that partial. In other words, if the 
frequency and amplitude fluctuations of a partial are in phase, the frequency of the 
nearest formant is higher than that of the undulating partial, as illustrated by partial 
number 1 in Figure 12. And, conversely, if a loud partial decreases in amplitude as the 
fundamental frequency is rising in the vibrato cycle - that is, if they vary in 
counterphase - there must be a formant just below the frequency of that partial, as in 
the case of partial number 2 in the figure. Theoretically, there must be more 
information on formant frequencies in a vibrato tone than in a nonvibrato tone. 

Figure 12. As the vibrato induces an undulation of 
the frequencies of the spectrum partials, their 
amplitudes vary according to their position relative 
to the .formants. In the case illustrated here the 
amplitude of the ,first partial varies in phase with 
the ,fundamental frequency, thus suggesting that the 
,first formant is slightly higher than this purtial. For 
the second formant counterphase conditions applies 
indicating that there is u,formunt slightly lower than 
the second partial. Thus, the amplitude variations of' 
the partials provide information on the frequency 
locations of the . formants and should therefore be 
expected to ,facilitate vowel intelligibility at high 
pitches. 

Frequency  
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Often it is rather easy to determine the formant frequencies by looking at the 
spectrum: they are represented by peaks in the spectrum envelope, as illustrated in the 
left part of Figure 13. But when phonation frequency is very high, difficulties occur. If 
there are four or five partials and about the same number of formants, then it is hardly 
possible to guess where the formant frequencies are. This situation is illustrated in the 
right part of the same figure. A reasonable hypothesis would be that the vibrato makes 
guessing easier in such cases. 

Figure 13. Formant appear as spectrum peaks which are easy to discern under conditions of 
low pitch, as the spectrum partials are then densely packed along the ji-equency axis (left 
graph). When pitch is high, the spectrum partials appear with large intervals along the 
ji-equency axis, and the possibilities to identfi the formant ji-equencies are small; in ,fact, the 
formant frequencies are the same in both graphs as indicated by the fact that the same 
spectrum enve1opeJit.s both spectra. 

I investigated this hypothesis by means of an experiment with synthetic vowels 
(Sundberg, 1977). Phonation frequency was varied between 260 and 1040 Hz. The I 

I 
formant frequencies were those used by a female professional soprano when she sang 
the vowels at the pitch of C4, approximately 260 Hz. The vowels were presented with , 1 

and without vibrato to a group of phonetically trained listeners. Their task was to I I 
identify the vowel they heard. The results revealed that the agreement in the listeners' 
interpretations was not clearly affected by the presence of the vibrato. The conclusion 
must be that the vibrato does not help the listener to identify the vowel sung. 1 

As this conclusion is clearly counterintuitive, McAdams & Rodet (1988) made a ~ 
different experiment to test it. To four subjects they presented tones that were equal 
when there was no vibrato and different when presented with a vibrato. Figure 14 
shows the formant patterns they used for obtaining this effect. A perceptible effect was 
revealed. However, the task of the subjects was difficult. Some needed no less than 35 
training sessions to note the difference. On the other hand, once they had learnt it, the 
subjects could readily distinguish and also learn to identify the two different stimuli. 
This experiment shows that it is possible to recognise the effect but also that it does not 
play an important role in vowel identification. I 
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Figure 13. Synthesised jundamental frequency pattern producing performance o f  a sung 
arpeggio. First the frequency changes by a glissando between the two target pitches, one 
octave ripart. When a vibrato is added, the frequencyfall and rise are interrupted by a little 
wiggle which causes the perception of an arpeggio. 

First, the experiment showing that the vibrato did not reduce accuracy of the pitch 
I 

perceived, concerned successive tones; first the subjects heard the stimulus tone, and 
thereafter (not simultaneously) they heard the vibrato-free response tone. In our 
Western music culture, this is a rare case. Mostly we hear several tones at the same 

~ 
time which form consonant intervals such as thirds, fifths, and octaves. In such cases a 
failing accuracy in tuning is revealed to us not only in terms of the pitch perceived but 

i 
:,lso in terms of beats. If such intervals are sung slightly out of pitch, beats occur. The I 

greater the pitch error, the quicker the beats, and eventually they give rise to 
roughness. i 

I lowever. if the notes producing the consonant interval are sung with vibrato, no I 

beats will occur. This means that the vibrato eliminates those beats which reveal that I 

thc consonant interval was not in accordance with the pure tuning. It should be noted, 
that pure tuning is not generally used in music practise, because it tends to sound queer 
in many contexts (Sundberg, 1991). Certainly this is a very good acoustical argument 
!i)r using vibrato in singing as well as in other types of music. The singer's freedom is 
increased regarding the choice of fundamental frequency so that it can be used 
artistically. for expressive purposes. In other words, the vibrato gives the singer access 
to tino tuning as a means of musical expression. 

It is also possible that the vibrato makes the singer's voice easier to discern against i 
i 

the background of a loud orchestral accompaniment. The vibrato causes the partial to 
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vary in amplitude, and it seems quite likely that a signal with strong high partials 
which vary in amplitude is more readily detected than a signal with a constant 
spectrum. The same may also apply to the frequency undulations. These hypotheses, 
sometimes heard in discussions at voice conferences, would be possible to test by 
formal experiments with synthesised stimuli. 

A third possible raison d'gtre for the vibrato is the following. Findings by Sundberg 
& Askenfelt (1983) suggest that the vibrato is often missing when the singer runs into 
phonatory problems, although, of course, the vibrato may be absent for artistic reasons 
as well. Large & Iwata (1971) showed that vibrato-free tones consumed less air flow 
than vibrato tones. This suggests that vibrato tones are produced with lesser degree of 
glottal adduction than nonvibrato tones (Gauffin & Sundberg, 1989). We may then 
speculate that in a vibrato singing, phonation is somewhat hrther away from 
overadducted, or pressed phonation than in nonvibrato singing. Perhaps the singer uses 
the vibrato to signal to the audience that phonation is far from pressed. In other words, 
the vibrato might be used in order to inform the listeners that the singer is solving a 
difficult vocal task without a struggle. It is certainly a basic condition for creating an 
aesthetically and artistically satisfactory result that difficult tasks are solved without 
apparent difficulty. 
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