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Phonetogram measurements of singers. 
Before and after solo singer education 
Dirk ~ i i r b e * ,  J o h n  Sundberg, Jenny Iwarsson, and Friedemann Pabst' 

Abstract 
Phonetograms of 25 singer students were recorded at the beginning and 
termination of a full time solo singer education. Various aspects are analysed: the 
upper contour, the level in a high frequency band passfilter and the smoothness of 
these curves. Several differences are found, significantly in several respects. The 
overall SPL of the vowels [a],  [ i ]  and [u] as well as the level in a high frequency 
band pass filter centered at 3.16 kHz increased. The variation of overall SPL with 
pitch decreased. The results are discussed and compared with other investigations 
of phonetograms of singer voices. The results suggest that phonetogram analysis is 
useful as an objective assessment of singers' voice characteristics and should be a 
valuable supplement to the documentation of the subjective evaluation of the 
progress of the education of solo singers. 

Introduction 
Phonetograrns, or voice range profiles, are 
graphs containing two curves, henceforth the 
upper and lower contours, which show SPL for 
softest and loudest phonation of a vowel over 
the entire frequency range of a voice. 

The SPL of a vowel mainly depends on 
laryngeal function as reflected by the trans- 
glottal airflow. Two aspects are particularly 
influential. At medium to high degrees of vocal 
loudness the SPL is typically determined by the 
partials closest to the first formant. Under such 
conditions, the negative peak amplitude of the 
differentiated flow glottogram generally deter- 
mines the SPL (Fant, 1982; Titze, 1992). In soft 
phonation, on the other hand, the fundamental is 
generally the strongest partial and thus deter- 
mines the SPL. The amplitude of this partial 
depends mainly on the peak amplitude of the 
glottal flow pulse (Gauffin & Sundberg, 1980; 
Fant et al., 1985). 

The SPL of a vowel is also influenced by 
vocal tract properties. For purely acoustical 
reasons SPL increases as the strongest spectrum 
partial approaches a formant (Fant et al., 1963). 
Moreover, the amplitude of a formant peak 
increases if the frequency distance between this 
formant and another formant is reduced, other 
things being equal. 

Phonetograms have been found to be reason- 
ably informative and reproducible. Thus, 
standard deviations close to 3 dB are generally 
found for repeated recordings of the upper 

phonetogram contour (Grarnrning & al., 1991; 
Coleman. 1993). 

~hone tog rks  have been frequently used by 
clinicians as an aid for describing voice function 
(see e.g., Hacki, 1996). Singers' and nonsingers' 
phonetograms have been found to differ in 
various respects (e.g. Gramrning, 1988; 
Klingholz & Martin, 1983; hcerlund & al., 
1992), and some studies have examined the 
potential of phonetograms to assess and 
document various aspects of the singing voice. 
Thus, Coleman (1987) suggested the use of 
phonetograms to relate performance demands to 
the singer's vocal capabilities. Klingholz & al. 
(1985) identified register transitions in the 
phonetogram contours. Schutte & Seidner 
(1981) observed that the contours of singers' 
phonetograms tended to be smoother after than 
before education of the singing voice. Schutte 
(1980) observed increased dynamic ranges after 
training in singers' phonetograms. 

A good way of testing the generality of the 
findings is to use the singer as hisher own 
control. Thus, the aim of the present investi- 
gation was to analyse the changes of 
phonetogram characteristics which accompany a 
solo singer education. As a clear singer's 
formant seems to belong to the important 
requirements on bass, baritone, tenor and alto 
singers' voices, the classical phonetogram was 
complemented by an analysis of the amplitudes 
in the frequency range of the singer's formant 
(Sundberg, 1987). 
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Method 
At the Dresden music conservatory Hochschule 
fur Musik Carl Maria von Weber, phonetogram 
recordings are routinely made of each student at 
the beginning and at the termination of a full 
time, 4 to 5 year solo singer education. Such 
recordings have been made since 1983 and are 
intended as a complement to the teaching staffs 
subjective evaluations. From this considerable 
stock of phonetograms, those of 25 singers were 
randomly selected for analysis: 5 sopranos, 5 
altos, 5 tenors, 5 baritones, and 5 basses. 

All recordings were made by either of two 
experienced singing teachers who instructed the 
students orally. The phonetogram differences 
arising from the differences between these two 
singing teachers can be assumed to be negligible 
(Grarnming et al., 1991). 

The recording procedure mainly followed the 
recommendation of the Union of European 
Phoniatricians (Schutte & Seidner, 1983). The 
students sang all pitches of a C major scale from 
their lowest pitch to their highest pitch. The 
teacher presented each pitch to the student on a 
grand piano (Boston). Each tone was sustained 
for a minimum of two seconds. First, the SPL- 
values for softest phonation were registered and 
then those for loudest phonation. 

The measurements were camed out in a 
sound-treated booth room using a condenser 
microphone (MV 102, Messelektronik Dresden) 
with a microphone distance of 30 cm. SPL was 
measured with a sound level meter (SPM 00023, 
Messelektronik Dresden) using an A-weighted 
frequency curve because of insufficient 
attenuation of noise in the recording booth. For 
the series of loudest phonation, the sound level 
in the frequency region of the singer's formant 
was estimated from a 2.8-3.3 kHz band-pass 
filter, henceforth LBP (Echtzeitanalysator 01012, 
Messelektronik Dresden). The same procedure 
was used for both first recording at the 
beginning of the education and the second 
recording, 4-5 years later, at the end of the 
conservatory education. 

For the analysis only pitches belonging to the 
typical pitch range of the singer's classification 
were selected, thus concentrating the analysis to 
pitches which were likely to meet artistic 
requirements. Table 1 shows these pitch ranges. 
This selection yielded a total of 15 data points 
for each of the curves recorded for each singer. 

Table 1. Pitch and frequency range analysed for 
the dz8erent singer categorisations. 

Classification Range Frequency 
Pitch (Hz) 

Bass E2-E4 83-330 
Baritone (3244 98-392 
Tenor B2-B4 124-494 
Alto F3-F5 175-700 
Sovrano C4-C6 260- 1040 

- - 

Analysis 
As noise in the recording booth often prevented 
reliable SPL values for most subjects' softest 
phonation, the lower contour was disregarded in 
all phonetograms. Both for the SPL of loudest 
phonation and for the L,, the differences 
between before and after education were 
examined by means of an analysis of variance 
(Scheffe's test). The effects of case (before and 
after), voice category, and vowel were 
examined. 

Discontinuities of phonetograrn contours 
might reflect register shifts (Komiyarna, 1972; 
Klingholz et al., 1985) but also occur when a 
spectrum partial is close to a formant frequency 
(Fant et al., 1963). In any event, it seems 
possible that singers learn to avoid substantial 
SPL differences between adjacent pitch regions. 
Therefore, an attempt was made to estimate 
quantitatively the average smoothness of the 
curves of both loudest phonation and the level 
in the high frequency range. For each curve the 
data points were approximated by the best linear 
fit (least-square method) and the distance to the 
line was determined for each of the 15 pitches 
and averaged across pitches. Henceforth this 
mean will be referred to as the smoothness of 
the curves. An analysis of variance (Scheffe's 
test) was carried out for both loudest phonation 
and for the L,,. The differences between the 
first and second recordings were then averaged 
across pitches and compared between voice 
categories and vowels. 

Results 
Upper contour 
The upper contour was significantly higher 
(p<.0001) for the second recording, i.e., after 
the termination of the education, the mean 
difference being 2.4 dB. Figure 1 illustrates 
these changes. However, there were significant 
effects of voice category (p=.0002 for the 
interaction of voice category and case). All of 
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the baritones gained in loudness while a mean interaction of voice category and case). 
decrease of SPL was found only for the basses. 

The smoothness of the upper contour was Contour of the L,, -- 
significantly greater @=*OOO5) after than before After education a significant increase (p<.O()O1) 
the education. With respect to the mean across was found in LBP, the mean difference all singers the average distance from the best amounting to 4.4 dB. Figure 3 illustrates these 
linear fit from 2.73 dB to 2'33 changes for the individual subjects. However, 
Figure 2 shows the corresponding individual there were significant differences between the 
data, revealing that the tenors were the only different voice categories (p<.0001 for inter- subjects for whom a decreased smoothness was action factor of voice category and case). The 
observed after education (p=.028 for the 

Students 

Figure 3. Increase after a solo singer education of the L,, in dB, averaged for each of the 25 singer 
subjects across rhe vowels [a], [i], [u] and the pitches within a two octave range. 

I 
I etirst recording / 

second recording 1 

Students 

Figure 4. L,, in dB before (hatched) and after a solo singer education, averaged for each of the 25 
singer subjects across the vowels [a], [i], [ul and the pitches within a two octave range. 
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basses was the only group with a mean decrease 
of L,,. 

The smoothness of the corresponding curves 
increased significantly (p=.0049) after educa- 
tion, the distance from the trendline averaged 
across all singers decreasing from 3.07 dB to 
2.68 dB. Figure 4 demonstrates the smoothness 
for the individual subjects and reveals signi- 
ficant differences between the various voice 
categories (p=.0022 for the interaction of voice 
category and case). The tenors and baritones 
showed a decrease of the mean smoothness after 
the education. 

Vowel differences 
The overall SPL was averaged across all pitches 
for each vowel and the means before and after 
education were compared. Figure 5 demon- 
strates that the means differed between vowels 

Figure 6. LBP in dB for each of the vowels [a], 
[i], and [u] averaged across all 25 singer 
subjects and all pitches within a two octave 
range before (b) and after (a) a solo singer 
education. 

Figure 5. Overall SPL in dB for each of the 
vowels [a], [i], and [u] averaged across all 25 
singer subjects and all pitches within a two 
octave range before (b) and afer  (a) a solo 
singer education. 

(p<.0001) in a similar way in both cases. The 
mean SPL difference between [a]-[i], [a]-[u], 
and [i]-[u], averaged across cases, was 5.6 dB, 
7.3 dB, and 1.7 dB. After education the absolute 
SPL values increased for all vowels. 

The corresponding analysis of the LBP 
yielded significant differences. Mean differ- 
ences across singers were [a]-[i] 2.6 dB, [a]-[u] 
7.4 dB, [i]-[u] 4.8 dB. Figure 6 shows the means 
for the two cases. Also here, the differences 
between vowels were similar in both cases but 
the absolute values increased after education. 
This finding is in partial agreement with the 
observations of Seidner & al. (1981), although 
they found that the vowels [a] and [i] were 
similar in the high frequency band that they 
measured. 

Significant differences in the smoothness of 
the upper contour were found only between the 
vowels /a/ and /u/ (p=.001, mean difference -.48 

Figure 7. Variation of SPL, expressed as the 
deviations in dB from the linear trendline, for 
each of the vowels [a], [i], and [u] averaged 
across all 25 singer subjects and all pitches 
within a two octave range before (b) and afer 
(a) a solo singer education. 

dB) and the vowels /il and /u/ (p=.003, mean 
difference -.43 dB) thus suggesting a greater 
difficulty in singing the vowel /u/ with a similar 
sound level for adjacent tones throughout the 
range, see Figure 7. For the smoothness of the 
LBp curves no significant difference between the 
vowels was found. 

Discussion 
A major finding in the present investigation was 
that the upper phonetogram contour was higher 
after than before education for all voice 
classifications except the basses. These results 
can be compared to those of some previous 
investigations in which singers' and nonsingers' 
phonetogram characteristics were compared. In 
females, her lund et al. (1992) found a higher 
upper contour in singers than in nonsingers, but 
did not observe any significant difference for 
male subjects. Seidner & al. (1985) and Awan 



Miirbe et al.: Phonetogram measurements of singers . .. 

(1991) found a higher upper contour for singers 
or trained students than for nonsingers. In our 
study, the subjects were used as their own 
controls, but our comparison did not contrast 
singers and nonsingers, but rather professional 
singers and singers. It is possible that non- 
singers tend to phonate more loudly than most 
professional singers who are just about to begin 
a solo singer education and who are likely to be 
much more concerned about voice quality than 
untrained subjects. Probably singers tend to 
avoid their maximum vocal loudness simply 
because it does not sound musically acceptable. 
Indeed, Coleman & Mott (1978) found lower 
upper phonetogram contours when the same 
subjects were asked to produce musically 
acceptable tones rather than when they were 
asked to phonate at their physiological limit of 
loudness. 

What processes could underlie the increase 
of overall SPL in loudest phonation? As 
mentioned before one factor influencing SPL is 
the vocal tract characteristics, i.e., the formant 
frequencies. For singers singing in a pitch range 
where the fundamental is higher than the normal 
value of the first formant, it seems likely that 
part of the increase is due to an improved tuning 
of the lower formant frequencies; SPL increases 
substantially when one of the lower partials 
approaches a formant frequency (Sundberg, 
1975; BLkerlund & al., 1992; Sundberg & Skoog, 
1995). In the case of basses, on the other hand, 
tuning of the first or second formant frequency 
to a partial is unlikely (Berndtsson & Sundberg, 
1995). 

Thus, for most male singers the main origin 
of the increase in SPL after education probably 
reflects a change in phonatory habits. An 
increase of the SPL of a vowel implies an 
increased peak amplitude of the differentiated 
glottogram, provided constant formant frequen- 
cies. Indeed, Rothenberg (198 1) observed 
unusually high closing rates in glottograrns of 
some professional singers. The main physio- 
logical variable controlling this amplitude is 
subglottic pressure. Thus, our results seem to 
suggest that our singers were able to use higher 
subglottal pressures after education. 

However, an increased subglottal pressure 
results in an increased SPL only if the phona- 
tory characteristics remain unchanged. In 
untrained voices, an increased vocal loudness 
seems typically associated with a more pressed 
phonation resulting from an exaggerated glottal 
adduction which leads to a decrease of the peak- 
to-peak amplitude of the flow glottogram. 
Pressed phonation results in a reduced relative 
amplitude of the voice source fundamental and 

would be typically considered as unestetic in 
classical singing. Thus, by varying glottal 
adduction the amplitude of the fundamental can 
be decreased by 15 dB or more (Sundberg, 
1983; Gauffin & Sundberg, 1980). In untrained 
voices, the relative level of the voice source 
fundamental seems to typically increase much 
less than the overall SPL, when vocal loudness 
is increased (Sundberg, 1987; Fant, 1959). A 
plausible interpretation of our results therefore 
seems to be that the singers learnt how to 
increase vocal loudness without exaggerated 
increase of glottal adduction. 

After education 21 of the 25 reached higher 
values of the LBP. Similar differences between 
singers and nonsingers were reported by Seidner 
et al. (1981, 1985). This is in accordance with 
the general observation that in training singers 
an increase of the prominence of the singer's 
formant is an essential goal. However, part of 
this increase may depend on the increase in the 
overall SPL, since the amplitudes of higher 
overtones increase more with increasing SPL 
than the amplitudes of the lower overtones, 
which generally determine the overall SPL. 

The bass singers were found to decrease the 
mean level of their high frequency education. 
The center frequency of the singer's formant 
typically varies between voice classifications 
(Dmitriev & Kiselev, 1979; Seidner & al., 1985; 
Berndtsson & Sundberg, 1995). In the present 
investigation, a fixed center frequency was used 
for LBp (2.8-3.3 kHz). Seidner & al. (1985) 
found a singer's formant frequency in the range 
of 2.3-3 kHz in bass singers. It is possible that 
the center frequency of the basses' singer's 
formant matched our fixed band pass filter 
better before than after the education. This may 
be the reason why the LBp decreased after 
education in the case of the basses. In future 
investigations of the development of the 
singer's fonnant, a filter bandwidth of about 2- 
4 kHz would be preferable. 

The smoothness was found to be greater after 
education both for the overall SPL and for the 
L,,. This is in accordance with the observation 
of Schutte (1980) and Seidner & al. (1981) that 
dips in the phonetogram contours are more 
prominent and frequent in untrained than in 
trained voices. A plausible interpretation of this 
change would be that the singers attain more 
timbral continuity after a solo singer education. 
Along with the reduced differences between 
vowels it probably reflects an acoustical 
equivalent to what singing teachers call 
equalisation. 

It would have been advantageous to compare 
our acoustic data with subjective evaluations of 
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the teachers' assessment of the vocal progress of 
the students. An evaluation was done by the 
teachers before and after training. An exami- 
nation of the relation between the change in 
these evaluations and the change in acoustic 
data showed no significant correlations. There 
can be several reasons for this. The evaluation 
used a rather course assessment, using no more 
than three degrees and thus allowed a rather 
poor distinction between students. Also, it 
represented a global evaluation of each singer's 
skill, including also artistic and musical abili- 
ties. Still, the seven students which received the 
best evaluations showed the greatest increase of 
SPL and the highest LBp. It is also interesting 
that the singer who received the highest 
evaluation (Bass 2, now an internationally 
renowned soloist) showed the best absolute 
smoothness value for the upper contour and the 
second greatest increase of SPL of all subjects. 
These observations suggest that strong relations 
exist between our acoustic measurements and 
important voice characteristics of singers. A 
more detailed evaluation of the students' voice 
characteristics would be valuable in future 
attempts to evaluate the validity of phonetogram 
data of singers' voices. 

Some previous investigations have devel- 
oped phonetogram parameters which were not 
considered in our investigation. For example, 
Klingholz & Martin (1983) computed the area 
circumscribed by the two contours (voice area). 
As we refrained from analysing the lower 
contour, this measure could not be used. Other 
studies have examined the overall slope of the 
contours. 

Our results show that certain phonetogram 
characteristics change during a solo singer 
education, and these changes are likely to reflect 
improvements in vocal technique such as an 
expanded vocal dynamics, an increased 
evenness in loudness along the pitch range, and 
a more prominent singer's formant. Therefore, 
phonetograrns appear to be a valuable objective 
complement to the evaluation of voices made 
before and after a singer education. They offer a 
possibility to assess acoustically the progress of 
the individual student. 

Conclusions 
This study has shown that phonetograms of 
singer students at the beginning and at the 
termination of a full time, 4 to 5 year solo singer 
education differ significantly in several respects. 
The overall SPL of the vowels [a], [i] and [u] as 
well as the level in a high frequency band pass 
filter centered at 3.16 kHz increased. The 

variation of overall SPL with pitch decreased. 
Thus, our results suggest that phonetogram 
analysis is useful as an objective assessment of 
singers' voice characteristics and should be a 
valuable supplement to the documentation of 
the subjective evaluation of the progress of the 
education of solo singers. 
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