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B. ACOUSTIC ANALYSIS OF THREE F W  VOICES OF DIFYERENT QUALITY 
T. Cleveland* and J. Sundberg 

Abstract 
We know that formants typically differ between voice categories. 

It is reasonable to assume that differences exist also regarding the 
glottal voice source. The purpose of the present investigation was to 
map such voice source differences in representatives of three different 
male voice categories. Data are presented on subglottic pressure (as 
estimated from oral pressure during /p/-ccclusion) on the overall SPL as 
well as on the SPL of the "singer's formant", on the amplitude of the 
fundamental, and on the duration of the closed phase of the glottal 
vibratory cycle as measured from acoustic glottograns derived by menas 
of i'nverse filtering. The results show intersubject differences, the 
possible relevance of which to voice classification is discussed. 

Introduction 
Voice classification in singers has been subject of two previous 

investigationsbythe present authors (Cleveland, 1977; #gren & Sund- 
berg, 1978). The results showed that in isolated, sustained vowels the 
pitch was the most important cue to perceptual voice classification. 
These results are similar to those obtained in a study on maleness or 
femaleness in voice timbre (Coleman, 1976). 

Vowel. formant frequencies have also been shown to be another cue to 
perceptual voice classificatio~l. Cleveland (1977) found that the higher 
the formant frequencies in a vowel frame, the more tenor-like the voice 
quality appeared to a group of trained listeners. From a study of two 
representatives of each of the alto and the tenor categol-ies, Agren and 
Sundberg (1978) inferred that the frequency of the fourth formant was 
probably typically higher in altos than in tenors. These findings are 
supported by data on the vocal tract length in singers (Jhnitriev & Kise- 
lev, 1979). These results sulprt the corlclusial that formant frequen- 
cies and vocal tract morphology are significant to voice classification. 

Foth the Cleveland and the ffgren and Sundberg artlcles also con- 
sidered the relevance of the voice source to perceptual voice classifi- 
cation. The results were limited to the finding that, within an indivi- 
dual singer, the source spectrum slope seemed to differ between low and 
high pitches. For example, it was observed that or1 pitch C3, which is a 
low pitch for a tenor and a high pitch for a bass, the tenor source 
spectrum slope was greater them tlle bass source spectrum. 

Since the aforementioned studies, a great deal of research relative 
to the voice source has been presented which has direct implications 
concerning our further understanding of the voice source cl~aracteristics 
also in professional sinqers (Rothenherg, 1981; Sundbery & Gauffin, 
1379; Stm-rg & Gauffin, 19P1). These studies have improved our under- 
standing of how characteristics in the voice source waveform are narli- 
fested in the radiated vowel spectrum; therefore, it now seems approp- 
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riate to complement previous studies of voice categories with voice 
source data. The present investigation is a pilot study of voice source 
characteristics versus pitch in three subjects with differing voice 
classifications. The study includes data on subglottic pressure, sound 
pressure level. (SPL), amplitudes of the fundamental at~d of the singer's 
formant, and glottogram characteristics. 

Method 

The singer subjects were a tenor, a baritone, and a bass (the two 
last mentioned being the authors). They all have a considerable back- 
ground in solo singing. They sang a chromatic scale on the vowel /o/ 
from the pitch E3 (fundamental frequency approximately 165 Hz) to the 
pitch E4 in the three different dynamic levels, forte, mezzoforte, and 
piano. The /o/-vowel was preceded by the consonant /p/ on each pitch in 
the chromatic scale. In this way, the singer's subglottic pressure 
could be estimated from the oral pressure during the p-occlusion (see, 
e.g., Rouhuys, 1968; Rothenberg, 1973; Ilijfqvist, & al., 1982). Hence- 
forth these oral pressure values will be referred to as the subglottic 
pressure. 

The oral pressure was'measured by means of a pressure transducer 
connected to a 50 cm long plastic tube of 1.5 mrn inner diameter. The 
subjects held this tube in the mouth corrler and the resulting signal was 
recorded on one track of the FM tape recarder. The oral acoustic output 
was picked up by means of a mask of the type described by Rothenberg 

(1973), which the subjects pressed against the face. This signal was 
recorded on a second track of the tape recorder. Finally, the signal 
from a B&K condensor microphone at 50 cm distance from the subject's 
mouth was recorded on a third track of the tape recorder. All record- 
ings were made in an anechoic chamber. 

Analysis 
The oral pressure during the p-cxclusion was analyzed by means of 

an oscillograph. The sound pressure level at 50 cm distance, henceforth 
the SPL, was recorded using a B&K level recorder. 1n addition to this, 
the vowel spectra were analyzed by means of a FFT computer program with 
a time window correspnding to at least one fundamental frequency per- 
iod. In selecting .the part of the vowel sounds to be analyzed, no 
attention was paid to the phase of the vibrato undulations. Given the 
spectra and the SPL of the individual notes, the absolute amplitudes of 
the fundamental and of the singer's formant could be determined. Addi- 
tionally, each note in each scale as recorded by the mask microphone was 
inverse filtered by means of a computer program, the output waveform of 
which represented an acoustic glottgran. 

Results 
Fig. 1 shows the subglottic pressure as a function of pitch. As 

expected, all three subjects use the pressure as a tool for regulating 
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Fig. 1. Subglottic pressure as function of pitch in the 
three singers. Filled circles, squares, and open 
circles refer to  high, medium, and law degree of 
effort. 



loudness; the piano scale gives the lowest pressure values and the forte 
scale the highest. Also, a l l  subjects increase pressure with r i s ing  
fundamental frequency. This increase i s  greatest in  the tenor and smal- 

les t  in the bass. The pressure values pertaining t o  the mezzoforte scale 
is situated approximately midway between the forte and piano curves. 

Subglottic pressure is  known as  the main agent in  the control of 
phonatory loudness; however, the particular p t t e r n  of spectrum partials 
and formants complicate the quantification of t h i s  relationship. For 

this reason, the influence of the frequencies of the formants and har- 
monic pa r t i a l s  on the SPL was estimated for  each note i n  each scale. 
Such estimates were obtained from measurements of the mean amplitude 
produced by a terminal analogue, which was adjusted t o  the formant 

frequencies and excited by a standard source having the average funda- 
mental frequency of each note. In these measurements the subjects' 
vibrato characteristics were taken into account. The SPL readings of iche 

sung scale tones were then corrected accordingly. The SPL values thus 
obtained are  d i rec t ly  related t o  the peak amplitude of the differen- 
t i a t ed  glottogram (see Fant, 1979; Sundberg & Gauffin, 1980), or, i n  
other words, they reflect a voice source characteristic. 

Fig. 2 shows such corrected SPL values as a function of subglottic 
pressure plotted on a logarithmic scale. For a given pressure the SPG 

values scatter about +4 dE within the subjects. Comparing the absolute 
SPL values of the different subjects, we observe that the bass tends t o  
produce the highest SPL while the tenor tends to  produce the lowest SPL. 
This difference is p r h h l y  due t o  the fact that the maximum SPL for a 
voice rises as function of the pitch position along a subject's indivi- 
dual range, which, of course, is  higher i n  tenors than in basses and 
baritones. Thus, we may assume that these SPL differences would disap- 
pear i f  we compred values pertaining t o  a comparable position along 
the singers' individual ranges rather than values pertaining t o  the sane 
absolute fundamental frequencies. Fig. 2 also indicates that the tenor 

used the highest subglottic pressure of the three subjects, and achieved 
the lowest SPL values while the bass used the lowest pressure and 
reached the highest SPL values. This relationship sl~ows that different 
subjects pay differ ing prices i n  terms of subglott ic pressure for  a 
given SPL. These intersubject differences may re f l ec t  differences i n  
vocal fold dimensions or in singincj technique. 

The level of the singer's formant is given as  a function of the 
(uncorrected) SPL values in  Fig. 3. The level of the singer's formant 
r i ses  with both pitch and vocal effor t .  The baritone shows the lowest 
singer's formant level, and the tenor shows the highest levels. The 
correlation between SPL and the amplitude of the singer's formant is  
quite high in  a l l  subjects. In fact ,  75% or more of the variation in  
the level of the singer's formant can 'be accounted for by the SPL 
variations. The slopes of the correlation l ines  a re  higher than 1.0 i n  
a l l  subjects indicating that the sinyer's formant amplitude increases 

more rapidly than the amplitudes of the lower overtones, which are  
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Fig. 3. The level of the singer's formant as  function of the uncorrected 
SPL values given in Fig. 3. Filled circles, squares, and open 
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responsible for the SPL readings. The slope i s  1.2 for  the tenor and 

the bass and 1.6 for the baritone implying that the intersubject differ- 
ences in  SPL are  boosted i n  the frequency region of the singer's for- 
mant. 

The amplitude of the source spectrum fundamental is closely related 
t o  the peak-to-peak amplitude of the glottogram, thereby revealing an 
aspect of the operation of the vocal folds (see Sundberg & Gauffin, 
1979). In the radiated spectrum, the amplitude of the fundamental is 
influenced also by the formants, although i n  a predictable way. Thus, 
given the formant frequencies and the fundamental frequency, the influ- 
ence on the amplitude of the fundamental of the radiated spectrum can be 

compensated. Using the terminal analogue mentioned above, such compen- 
sations were made for  each note i n  each scale a s  sung by each subject. 
The result ing estimated amplitudes of the voice source fundamental, 
shown in Fig. 4, demonstrates that the amplitude of the source smtrum 
fundamental remains essent ial ly  unaffected by pitch i n  these three 
subjects. In the case of the tenor and the bass, it tends to  grow more 
or  l e s s  systematically with r i s ing  vocal effor t .  In the case of the 

baritone, on the other hand, the amplitude i s  s imilar  for  a l l  three 
degrees of vocal effort. This means that the baritone varies the ampli- 
tudes of his source spectrum over tones only, when he changes his vocal 

effor t .  The tenor subject shows the weakest fundamental, and the bass 
shows the strongest. 

According t o  previous findings (Sundberg & Gauffin, 1979) the 
amplitude of the source spectrum fundamental i s  low in the lower part of 
a subject's fundamental frequency ran9e, which agrees w i t h  the finding 
tha t  the tenor shows the lowest values. In the same investigation, 
however, the amplitude was found t o  drop towards the upper end of a 
professional singer subject's range, which i s  contrary t o  the present 
data. Similar resul t s  have been reported for speech (Fant, 1982). This 
discrepance might be the result of differing singing techniques used. 

Apart from the corrected SPJ, and the corrected amplitude of the 
fundamental, there are other voice source characteristics that can be 

studied from acoustic glottograms. The glottograds were obtained by 
means of computerized inverse filtering of the voice signal picked up by 
the maslr; micro~~horie. The inverse filtering gave reasonably convincing 
waveforms i n  most cases. The top note of the tenor's scales showed a 
distorted waveform, and were, therefore, excluded from analysis. I n  most 
scales, a t  least a few notes gave a t i l ted  closed phase; however, rnost 
notes yielded normal looking g lo t tqrms.  The formant frequalcies were 
found t o  be essentially constant i n  a l l  three singers within one scale. 
I n  other words, the subjects did not adjust their articulation for each 
individual tone in the scale. 

A physiologically relevant parameter, t ha t  can be studied from 
acoustic glottograms, i s  the length of the closed phase in the glcttal  
vibration cycle. The closed phase i s  important t o  two acoustic voice 
parameters, namely the amplitude of the source spctrum fundamental, and 
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the overall SPL. The reason for this is that a lengthening of the closed 
phase shortens the glottal pulse time, and tends to shorten the closing 
time. The duration of the closed phase, normalized with respect to the 
period time, is shown in Fig. 5. Vocal effort does not appear to affect 
this parameter to any great extent. Pitch, on the other hand, seems to 
have a small effect; the closed phase is shorter for the lowest notes of 
the scales than for the higher notes and is, again, decreased towards 
the top notes of most of the scales. Thus, the curves are arch-shaped 
for all three subjects. The maximum seems to fall on lower pitches in 
the case of the bass than in the other two singers. 

Discussion and conclusions 
e In previous investigations, vocal loudness has been found to be 

closely correlated with s~lottic pressure (see, e.g., Proctor, 1968). 
The relationship is close to +9 dB loudness increase per doubling of 
subglottic pressure. Recently, Fant discussed systematic SPL effects 
that can be expected from a change of the subglottic pressure (Fant, 
1982). An SPL increase of 9 dB per doubling of subglottic pressure 
would result because of the concomitant increase of mean glottal parti- 
cle velocity, mean glottal area, and other glottal waveform consequences 
of an altered sukglottic pressure. In the present study, we found corre- 
lation coefficients of about .75 and slopes in the vicinity of 7 im- 
plying a 4 dB loudness increase per doubling of subglottic pressure, 
thus, only half of what has been reported before. There are probably 
several reasons for this discrepancy. One is that in the present study, 
we compensated for the influence of the frequencies of the formants and 
of the fundamental on SPL; this reduces the comparability between our 
results and previously published measurements. Another reason is cer- 
tainly that our measurements pertain to scale singing. Ilring conditions 
of changing pitch, a singer is likely to adjust his mode of phonation 
more or less. If the mode of phonation is changed, a perturbation of the 
correlation between sl~bglottic pressure and SPL can be expected. For 
this reason, the data published here on this correlation would be less 
typical for the sukqlottic- pressure/^^^ correlation than those collected 
under rnore constant phonatory conditions, e.g., constant fundamental 
frequency . 

The level of the singer's formant was found to increase 1.2 to 1.6 
times more rapidly than the overall SPL in our singer subjects. This 
means that the hiqher spectrum partials become increasingly dominant in 
the vowel spectrum as the phonatory loudness is increased. Similar 
values have heen observed for untrained voices under the same conditiorls 
(see, e.g., Fant, 1959). This confirms previous assumptions that vocal- 
ef fort-dependent level variations of the singer's formant do not depend 
on a supernormal functioning of the voice source, but is mainly a reso- 
natory phenomenon in t-he voca 1 tract.. 

One aitn of the present investigation was to explore the possible 
voice source differences that might exist between the male voice catgo- 





ries. As we have confined this study to only three subjects, our data 
reflect both interindividual differences and differences that are typi- 
cal for voice categories. We may assume that a differerlce typical for 
the voice categories changes gradually from tenor to baritone to bass. 
If we accept this criterion, we arrive at the following pssible voice 
source differences that might merit future study. 

All subjects increased subglottic pressure slightlywith rising 
fundamental frequency. The increase was found to be greatest in the 
tenor and smallest in the bass. Moreover, the tenor used the highest 
subglottic pressure of the three subjects, and arrived at the lowest SPL 
values while the bass used the lowest pressure and reached the highest 
SPL values. Thus, the three subjects pay different prices in terms of 
subglottic pressure for the same SPL values. Presumably, such differ- 
ences can be heard hoth in the voice timbre and in the onset and release 
of phonation, and it is possible that these differences in the subglot- 
tic pressure are typical for the voice categories studied. 

Another difference that might be typical concerns the amplitude of 
the voice source fundamental. We found that our tenor subject had the 
weakest fundamental, and the bass had the strongest fundarnentdl. Simi- 
lar findings were made previously in a study of the voice source spec- 
trum of male singers, where a voice with a "dark" timbre showed stronger 
low frequency component in the source spectrum than a voice with a 
"lighter" timbre (Sundberg, 1973). Our results from the present study 
lend further support to the assumption that tenor voices typically have 
weaker source spectrum fundamental than bass voices. 

Our study has shotm that some intersubject voice source differences 
can be observed if the phonatory behavior is studied as a function of 
pitch and loudness. Perhaps these acoustic parameters have perceptual 
correlates used by experts to classify voices into traditional catego- 
ries. Nevertheless, it seems important to take into consideration such 
dynamic as-pects of the voice source in future research. 
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