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PART I

SPECTRAL ANALYSIS OF SUNG
VOWELS

INTRODUCTION

At present there is a growing scientific interest in the singing
voice, exemplified by the annual symposia *Care of the professional voice’
held at The Juilliard School in New York and the conferences organized and
planned within the framework of the International Decade of Research in
Singing between 1981 and 1990. Another milestone is the start of the Jour-
nal of Research in Singing by the International Association for Experimen-
tal Research in Singing in 1978. Contributions are made from a variety of
disciplines: voice teaching, laryngology, speech and voice pathology, and
voice science, showing the multi-faceted character of the study of the
singing voice. A basic thought in this development is that the gap between
the different disciplines, speaking different scientific languages, has to
be bridged, which may lead to fruitful discussions and new insights. The
position of the present study reflects this interaction of disciplines: al-
though it is basically an acoustical study on vowel specirz sung by profes-
sional singers (Part 1), the perception of the timbre of sung vowels (by
singing teachers, singers. and non-musicians) is investigated too, in order
to present the practical relevance of the acoustical factors measured
(Part 1I).

In the questions and problems singers and vocal pedagogues encounter
we may distinguish thres components. These are the probTem of how to
achieve a good voice quality (the esthetical component), the problem of how
to find adequate verbal expressions for the teaching and discussion of its
realization (the verbal component), and the problem of how to keep the
vocal apparatus healthy and to avoid disastrous damage to the vocal folds
due to a faulty singing technigue (the medical component]. Finding an ade-
quate description and explanation of acoustic and physiological charac-
teristics of voice production is a prerequisite for solving these problems,
at least partly. They will never be solved completely because of. for in-
stance, psychological, subjective, and culturally determined factors.



A better understanding of the production mechanisms underlying good
voice quality was aimed at in the pioneering work of, among athers, Bartho-
Temew, van den Berg, Hirano, Large, and Sundberg. 0One fundamental vresult
was that singing can be considered within the general framework of voice
production: the acoustical theory of voice production (Fant, 1960} also
holds for the singing voice (Sundberg, 1975). Nevertheless, singing differs
from speaking in a number of ways because of the better physiological con-
trol and the optimal use of acoustical possibilities offered by the com-
ponents of the vocal apparatus: the subhglottal system (respiratory organs),
the glottal sound source (vocal folds), and the articulatory system (vocal
tract and nasal tract). These enable a singer to realize a voice quality
which {s quite incomparable with speech. Although the scientific study of
speech, voice, and singing have up to now resulted in fundamental know!ledge
of the separate parts of the vocal argan, many details, espacially of the
acoustic interactions between these companents, are still unknown. It has
been suggested by Rothenberg (1982) that effects of acoustical interaction
may contribute to a great extent to the concept of voice quality. They may
be therefore fundamentzl to singing.

Whereas a great deal of emphasis has been given to research on human
sound production, up to now relatively little attention has been paid to
the role of human sound perception in relation to singing. An excellent re-
view of present knowledge on perception of singing has heen given by Sund-
berg (1982). Experimentally verified results in this field mainly focus on
vowel intelligibility as a function of fundamental frequency, recognition
of vocal registers, perceptual determinants of voice <classification, and
the effect of vibrato on perceived pitch. In many of these perceptual stu-
dies Tistener subjects turn out to use timbre, a fundamental property of
sounds, to distinguish between vowels, registers, or singer voice types.
Timbre is used, for instance, as the perceptual quality which allows one to
Judge whether a phonation has been sung in the falsetto register or not.
However, characteristics of the perception of timbre itself have hardly
been investigated 1in singing. VYet the Jfmportance of timbre cannot be
overestimated: most of the vocabulary in vocal pedagogy for the description
of voice quality is related to timbre. Timbre is involved when a voice is
called light, dark, pressed, warm, mellow, open, covered, and so on; the
list of terms seems unlimited. When we ask, however, for an explicit, ob-
jective acoustical definition of these terms only fragmentary data are
available. This implies that in discussions on the singing voice in which
8

these terms are employed, a common opinion about their dinterpretation 1s
assumed. Dften this may be a questionable premise, considering the existing
confusion and the opposing points of view in voice pedagogy. Therefeore, if
we endeavour to obtain a better understanding of each ather, a study of the
acoustic correlates of the many verbal terms in vocal pedagogy seems very
desirable. For each term we may then look for (1) to what extent a comman
opinifon really exists among listeners, (2) whether the Lerm describes a
unique phenomenon or whether the term is synonymous with others, and (3)
what acoustic aspect of singing the term describes.

Timbre, tone-colour, or "Klangfarbe", has been defined by ASA (1960)
as that attribute of auditory sensation in terms of which Tisteners can
judge that sounds having the same pitch and loudness are dissimilar. In
this definition timbre discriminates between phonations of any two vowels,
any two singers, or any two modes of singing, provided that the phonations
are realized with the same pitch and loudness. These differences include a
large part of the relevant sound variation in singing. In an effort to
present acoustic variables underlying timbre, Schouten (1968) mentioned
five factors: (1) tonal or noise-like character, (2) the envelope of the
frequency spectrum, (3} the temporal envelope, (4) change in spectral or
temporal envelope, and (5) the prefix. Plomp (1970), presenting a review on
timbre, left dynamic aspects out of consideraticn and investigated the tim-
bre of steady-state sounds. For these sounds timbre is determined by the
frequency spectrum only, because temporal variables are excluded. Plomp de-
monstrated the multidimensional character of timbre: more than one percep-
tual dimension was needed to describe timbre differences between sounds.

Part 11 of this book is devoted to the study of the perception of the
timbre of steady-state sung vowels, its verbal description and its acoustic
correlates. The Timitation to an investigation of steady-state vowels made
it possible to conduct well-defined perceptual experiments, but this exper-
imental paradigm may be rather far-off from perception in real singing per-
formance. [t was stressed in a review article by Risset and Wessel (1982)
that dynamic factors in timbre contribute to the identification and natur-
alness of musical instruments. We may assume that this will also be the
case for the singing voice. Nevertheless, it was our informal observation
that many typical characteristics of sung vowels are also present in their
steady-state versions, irvespective of their scmewhat unnatural charecter.
Of course, this does not obviate the necessity of an investigation into the
dynamic aspects of timbre, but considering the lack of perceptual studies
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on  the timbre of steady-state sung vowels, a limitatien to these sounds in
the present study seemed justified. In addition, however, one perceptual
experiment in which song phrases were used will be reported as an indica-
tion of the extent to which results for steady-state vowels have a more
general validity.

Experiments by Plomp, Pols, and co-warkers have shown that the per-
ceptual dissimilarity in the timbre of steady-state sounds can be physical-
ly predicted on the basis of the frequency spectra of the sounds. These
spectra are measured with 1/3-octave bandpass filters which bear a rela-
tionship to the critical bandwidth in human hearing. This method has been
succesfully applied to spoken vowels (Pols et al., 1969) and musical sounds
(Plomp, 1970). Although more complex models of the peripheral auditory pro-
cessing of vowel sounds have been proposed (Karnickaja et al., 1975; Bladon
and Lindblom, 1981) the subjective dissimilarity in timbre predicted by
these models does not deviate much from results of the 1/3-oct spectrum an-
alysis. In this study we verified the prediction, based on differences in
1/3-oct spectra, for the small timbre differences in one and the same vowel
sung by different singers up to a fundamental frequency of 392 Hz
(Chapter 11). The success of this verification implies that the timbre of
sung vowels may be studied on the basis of their 1/3-oct spectra, so
without actually performing  perceptual  experiments. With  this
perception-oriented interpretation of 1/3-oct spectra in mind, we investi-
gated in Part I spectral variation which we supposed to be representative
of all possible kinds of variation, both in spectrum and in timbre, occur-
ring in professional singing.

[t would probably have been logical to begin this book with the
results of the perceptual experiments in order to validate a perceptual in-
terpretation of the spectral study to be presented afterwards. The experi-
ments, indeed, were performed in this order. However., the two studies were
based on different singing materials; the perception study included only
Timited spectral variation., whereas the spectral study aimed at presenting
an overview of all possible kinds of spectral variation. Because we felt
that such an overview would facilitate the interpretation of the results of
the perceptual experiments we present the spectral study first.

The investigations of vowel spectra were based on 1/3-oct spectra of
3888 vowel sounds, sung by seven professional male and seven professional
female singers. The vowel spectra varied systematically as a consequence of
the differences between (1) _nine phonemes, (2) typical characteristics of

10

14 male and female singers with voice classifications from bass to soprano,
(3) nine modes of singing, for example a "light," "dark," or "pressed" pha-
ration, or a specific register, and (4) six fundamental frequencies ranging
from 98 up to 880 Hz. Chapter 3 deals with the extent to which spectra de-
pend on these four factors. More specifically, the differences between
spectra associated with the factors "vowels," "singers," and "modes of
singing" are described in detail in Chapters 4, 5, and 6, respectively. Two
specific sound levels have been investigated in some more detail: the over-
all sound-pressure Tevel (Chapter 7) and the sound level of the frequency
band of the singer’s formant (Chapter 8). The variation in these sound Tev-
els due to the factors "vowels," "singers." and "modes of singing" will be
given as a function of fundamental freguency.

In contrast to this perception-oriented description of spectra there
is the traditicnal production-oriented approach in which spectra are des-
cribed in terms of formant frequencies, formant bandwidths, and formant
levels. These terms stem from the source-filter model of speech production
and are attractive because they help us to understand how vawel sounds are
generated. Although the source-filter model also applies to sung vowels
(Sundberg, 1975), accurate computation of all variables is difficult for
the intermediate and high fundamental frequencies in singing. Pols et al.
(1972) showed a close correspondence between a description of spectra of
spoken vowels 1in terms of formant frequencies and on the basis of 1/3-oct
spectra. This correspondence is elaborated for sung vowels in Chapter 4.
Moreover, 1/3-oct spectra also include spectral variation other than that
related to formant frequency; all spectral effects related to voice produc-
tion, whether these are generated in the glottal sound source, in the vocal
tract, or are due to their acoustic interaction, are present in 1/3-oct
spectra. In our investigations of 1/3-oct spectra in singing we have not
Timited ourselves to merely a description and a perceptual interpretation,
but we have also tried to interpret the origins of the variation. Balancing
between the difficulty of ambigucusly interpretable 1/3-oct spectra in
terms of voice production and the advantage that spectral variation of all
possible origins is available in 1/3-oct spectra., we discuss and outline
the most likely interpretation of our results in terms of voice production.

11



2 }MATERIAL AND MEASUREMENTS

& total of 3888 vowels, sung by seven professional male singers (six
native speakers of Dutch and one English counter-tengr) and seven profes-
sional Dutch female singers were vecorded in an anechoic room (microphone
distance 0.3 m). Although it took some minutes to familiarize the singers
with the acoustics of the room, all singers agreed that the unusual acous-
tic feedback did not disturb their performance. The classificatians of the
singers ranged from bass to soprano (Table 2.1). The vowels were sung at
nominal fundamental freguencies {FO) of 98 (G2), 131 (C3), 220 (A3),
392 (84), 659 (E5), and 880 Hz(A5). A tone at these F_ values was repeat-
edly presented during the recording sessions to cue the singer. Depending
on the singer’s classification , the vowels were sung for a particular sub-
set of these fundamental frequencies. For each fundamental frequency nine
Dutch vowels /a/, Jaf. /i/s Jul. [ofs f=fs [y/. [e/ and je/ were sung in
the context /n-vowel-t/ with a duration of 1-2 s (see Table 2.2). The sub-
jects were requested to sing these vowels cnce in each of nine different
modes : neutral, Tlight, dark, free, pressed, soft (pianissimo),
Toud (fortissimo), straight (without vibrato), and extra vibrato. These
terms were adopted from singing pedagogy and were known to all singers.
The singers were free in their interpretation of these terms, but subse-
quent spectral studies did not reveal great differences in interpretation
among singers, with, in some cases, the exception of the pressed mode of
singing (see Section 6.3.2). The singers confirmed that the nine terms are
highly representative of all possible variations in singing vowels.  For
FrJ = 392 Hz the male singers were also asked to sing in a falsetto voice,
if possible.

Table 2.1. Classification of the singers.

male singers female singers

1 bass 8 alto

Z bass 9 alto

3 baritone 10 alto

4 baritone 11 mezzo-s50prano
5 tenor 12 mezzo-soprano
6 tenor 13 soprano

7 counter-tenor 14 soprano

12

Table 2.2. List of Dutch words, and approximate English
equivalents, wused for the recordings of the nine different
vowels.

IPA symbol Dutch word English word
3 haat fast
a hat father
i hiet heat
u hoet boot
=3 hot short
® hut the
y huut minute (French)
£ het let
e heet face

The counter-tenor could alse sing at Fo = 659 Hz, but these phonaticns will
be Teft out of consideration in order to avoid mixing up male and female
data at that FD value. Table 2.3 summarizes the conditions measured.

A computer-controlled analog 1/3-0ct filter bank was used for the
measurement of the spectra (Pols, 1977). The 1/3-occt filters below 400 Hz
were replaced by three 90-Hz wide filters centered at 122, 215, and 307 Hz,
in order to adapt the band-pass filters to the critical bandwidths of the
human ear (in the present experiment, with fixed fundamental frequencies,

this modification was, however, not essential). Since vowels produced by

Table 2.3. Participation of the singers and the number of vowel
spectra obtained for each fundamental freguency.

fundamental participating number of
freguency singers vowel spectra
(Hz)

male singers

a8 12034 324
131 12 3:4550.8 A86
220 1,2:3,4.5.6,7 567
392 modal 1,2,4,5.6 405
392 falsetto 1,2,7 243

female singers
220 8,9,10,11,12,13,14 567
392 8,9,10,11,12,13,14 56/
659 8.9,10,11,12,13,14 567
880 12,14

total 3888

13



professional singers usually do not contatn much energy beyond 4000 Kz, no
band-pass filters with center frequencies higher than 4000 Hz were used.
In this way we also avoided problems in the analysis of spectra of which
the sound level in the frequency band with a center frequency of 5 khz
droppad below the noise level of the measurement system. For each vowel
the 1/3-oct spectrum was measured, in dB, every 10 ms, and normalized for
overall sound-pressure level (SPL) to eliminate spectral variaticn due to
overall level differences between spectra. From the perception point of
view, this normalization approaches an equalization of the loudness of the
vowels., The level-normalized spesctra were averaged over a period of 300 ms
from the stationary part of the vowel which included at least one vibrato
period. MNo essential information was lost in this averaging procedure (the
spectral variance of these 30 10-ms samples was for 2all fundamental fre-
quencies only 20 dBZ on the average, which is very small compared with most
values in Table 3.1). When the fundamental frequency rises, an increasing
number of filter bands do not contain partials; these empty filters were
excluded from computztion. In this way the total number of frequency dands
of interest was 14, 14, 11, 8, 6, and 5 Tor FG = 98, 131, 220, 392, 659,
and 880 Hz, respectively.

For the measurement of formant frequencies the power spectrum was
used, derived by Fourier analysis from the stationavy part of the vowel
(FFT, 12 kHz sampling frequency, 256 points, Hamming window). The frequen-
cy of a formant was determined from the frequencies and sound levels of the
constituting harmonics, using simple location rules and a prior knowledge
of the intended vowel ({van Nierop et al., 1973).

14

SPECTRAL VARIATION DUE TO
DIFFERENCES BETWEEN VOWELS,
SINGERS, AND MODES OF SINGING

hverage 1/3-oct filter spectra of wowels, sung by seven professional male
and seven professicnal female singers, were measured. The material consist—
ed of nine different wowels, sung at six fundamental freguencies IFO, rang-
ing from 98 Hz up to 880 Hz). For each vowel the singers were requested to
sing in the follewing nine modes : neutral, light, dark, pressed, free,
loud, soft, straight, and extra vibrato. To study the origins of spectral
variation, the quantity of spectral variance, based on bkand filter sound
levels, was used. For each fundamental frequency and separately for males
and females, portions of the total spectral variance associated with the

main effects and the interacticns of the factors "vowels," "singers," an

al}

"modes of singing," were computed. A considerable decrease in Lotal spec-
tral wvariance was found when Fc rose from 98 Hz to 880 Hz, due mostly to
the reduced spectral variance between vowels. Above about FG = 660 Hz spec-
tral variatien was dominated by differences related to singers and modes of
singing. Additional analyses revealed that for all Fo values (1) -wvowel
spectra of the tenor and the soprano singers varied more than those of the
bass and the alto singers, (2) there was only a slight dependence of spec-
tral differences between vowsls on the mode of singing, and (3} the amount
of spectral variation in a vowel, sung by different singers with different

modes of singing, was vowel dependent.

Paper with R.Plomp, published in J.Acoust.Soc.Am (1384), 75, 1259-1264.



3.1 Introduction

In the investigations reported in this chapter we were interested in
the extent to which vowel spectra depend on the factors ‘"vowels,"
"singers," "modes of singing," and fundamental freguency. Therefore, we
will restrict ourselves to a single overall measure of spectral differ-
ences. Differences between 1/3-oct spectra are given by differences in the
sound level dn each frequency band. The variation of the sound level in a
frequency band can be described by its variance. (The variance nof n values
is defined as the squared differences of these values from their mean
value, divided by n.) In analegy to human sound perception, the sound level
within each frequency band is supposed to be processed independently from
that of other bands. Therefore, as a measure of spectral differences
betwesn vowels we sum the variances derived for the different frequency
bands and will call this quantity the spectral variance. The magnitude of
contributions to spectral variance due te the main effects and the interac-
tions of the factors “"vowels" (V), "singers" (S), and '"modes of singing"
(M) will be reported as a function of fundamental frequency, and separately
for male and female singers.

3.2 Composition of spectral variance

The spactral variances associated with the main effects and interac-
tions of all factors are presented in Table 3.1. This table will be ex-
plained by discussing, as an example, the results for the male singers at
F0 = 98 Hz. At this fundamental frequency, 4 singers sang 9 different
vowels, each in 9 different modes of singing. The sound level 1in 14 fre-
quency bands determined each 1/3-oct spectrum. The First row of Table 3.1
represents the mein effect due to the factor ¥V (vowels). For Fo = 98 Hz,
the number, 622 dBE, is the spectiral variance (variances added aver 14 fre-
quency bands) derived freom 9 vowel spectra, which were each the average of
36 spectra (4 singers, 9 modes of singing each). This spectral variance is
more than half of the total spectral variance, 1172 dBZ, which shows that
spectral differences between vowels are by far the most important single
source of variance for this FD. The second row represents the main e;fect
associated with the factor M (modes). In this case the number, 211 dB™, is
the spectral variance derived from 9 spectra for the modes of singing, each
being the average of 36 spectra (4 singers, 9 vowels each).

16

Table 3.1. Spectral variance {del due to main effects and in-
teractions of the factors vowels (V), modes of singing (), and
singers (5) as a function of Fundamental fregquency. Degrees of
freedom (df) are presented as a function of the number of
singers (s}, see alsoc Table 2.2. All main effects and interac-
tions were significant beyond the 0.01 level, except those
marked with an asterisk. The variance eguals the sum of sgvares
divided by the total number of vawels (see Table 2.2). Signifi-
cance was determined from the F values, derived from appropri-
ate mean sguares (sum of sguares divided by the degrees of
freedom) , The factor S was a random variable, the factors vV and
M were fixed varisbles. Because ng replications of the vowels
were available the highest order interaction was ugsed as an
error estimate. &As a consegqguence the significance of the in-
teraction SxMxV could not be tested.

MALES FEMALES
Fu (Hz) 98 131 220 392 392 220 392 653 880
mod fals
df
¥ 8§ 022 668 545 187 318 594 398 128 29*
M 8 211 184 186 106 99 115 118 51 79
S s-1 89 103 103 96 69 122 126 118 52
Sxl (s-1)x8 29 59 68 41 34 82 77 27 28
SxM (s-1)x8 /1 76 68 40 44 bl 83 R4 18y
M\ 64 /2 39 39 30 B0 30 20 9 20
SxMx¥  (s5-1)x64 78 89 77 52 B2 790 58 37 20
Tatal 1172 1218 1086 602 666 1064 850 405 280

In the same way the spectral variance from 4 average spectra for the
singers (each based on 81 vowel-mode combinations), 89 de, was obtained
and represented in the third row as the main effect associated with the
factor singers (S). Rows 4 ta 8 represent the spectral variance due to in-
teractions of factors. The interaction SxV, for example, tells us to what
extent the singers realized the vowels in an individual way. The spectral
variance due to this interaction, 29 dB% for F, = 98 Hz, is the difference
between the spectral variance in 36 spectra (4 singers, 9 vowels each; each
averaged over 9 modes of singing) and the sum of the spectral variance of
the main effects due to the factors 5 and V. The interactions SxM = 71 d?
and MxV = 72 de are explained similarly, The three-way interaction SxMxV
represents the extent to which the singers realized the mode of singing of
the individual vowels in an individual way. The corresponding spectral
variance, 78 de, is the difference between the total spectral variance and
the sum of the spectral variances due to the main effects and two-way in-
teractions of all factors.
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Fig. 3.1. Compusition of the spectral variance for the male and
female singers as a function of fundamental frequency. Portions
of spectral variance are accumulated per F in the indicated
order, while the same stages of accumulation for adjacent FQ

values are connected.

A comparison of the components of spectral variance as a function of
FO is graphically presented in Fig. 3.1. For each F0 the accumulation af
components of spectral variance is given in the following order from below
upwards: SxMxV, MxV, SxM, SxV, §, M, and V, where the contribution of a
component s added to the preceding sum of contributiens. The toep value s
the total spectral variance. For the sake of clarity, data for male vowels
sung in the falsetto register have been shifted a Tittle to the right.

General characteristics of the composition of spectral variance as a
function of F0 are: (1) a considerable decrease of total spectral variance
with rising Fo’ which is mainly due to the main effect V, and (2) almost
all other main effects and interactions are approximately constant up to
F0 = 392 Hz and decrease for higher FG. This led us to divide components of
spectral variance into two categories: the spectral variance between vowels
(the main effect V), and the spectral variance within vowels (the sum of
the main effects S and M and the interactions SxV, SxM, MxV, and SxMxV).
For both categories the variance per frequency band is shown graphically in
Fig. 3.2 for all fundamental freguencies. From the production point of view
the spectral differences between vowels are of an articulatory nature and
are associated with the first two formants. This is reflected in Fig. 3.2
by the dominating contributions of the frequency bands between 500 Hz and
2000 Hz to the s<spectral variance between vowels. The spectral variance
within vowels may have various origins such as the effect of the third and
higher formants, the gqlottal sound source, and the acoustic coupling
between glottis and vocal tract. These effects particularly influence the
relative amplitudes of the higher harmonics. In agreement with this,
Fig. 3.2 shows that the contribution of individual frequency bands to spec-
tral variance within vowels gradually increases with frequency.

For the greater part the reduction of the spectral variance with ris-
ing Fo between vowels in male singing can be explained for F0 = 98, 131,
220, and 392 Hz (falsetto register) as the effect of the reduction of the
number of frequancy bands involved. From Fig. 3.2 it can be seen that for
these F0 values the variance in the same frequency band does not vary sub-
stantially over Fo' The vreduction of spectral variance between vowels
therefore merely depends on the loss of variance in the skipped freguency
bands. Especially from F =220 to B ™ 392 Hz (falsetto register) the
reduction is considerable because of the loss of the variance in the impor-
tant frequency bands with center freguencies of 630 and 1000 Hz. For female
singing the same explanaticn holds for F0 = 220 and 392 Hz.
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Fig. 3.2. Contribution of frequency bands to the spectral vari-
ance between vowels and the spectral variance within vowels as
a functicn of fundamental frequency for males and females. Data

for non-adjacent

line.

frequency bands are connected by a dashed

For both male high-pitched sung vowels (modal register} and female

high-pitched vowels, however, an additional decrease of the spectral

variance between vowels takes place because the variance in

sung
the remaining
frequency bands is also reduced. For female singers an explanation may be
found in a specific way of articulation in which the first formant frequen-
cy of high-pitched vowels is tuned to the fundamental frequency to keep a
reasonable vocal intensity (Sundberg, 1975). This special articulation will
reduce the spectral differences between vawels. For male high-pitched sung
vowels it should be noted that the singers experienced many more difficul-
ties in singing vowels in modal register than in singing vowels in falsetto

register. Their greater efforts in modal register were probably at the cost

of a somewhat reduced articulation, resulting in reduced spectral differ-
ences between vowels, while they could maintain a normal articulation in
the falsetto register.

The spectral variance within vowels 1is rather constant up to

F0 = 302 Hz because this variance is not greatly affected by the reduction
of the number of frequency bands. This reduction takes place fur frequency
bands with lower center frequencies which do not contribute substantially

to the spectral variance within vowels (see Fig. 3.2). For higher F values
the reduction of this variance is in proportion with the number of frequen-
cy bands minus one. This propartion results from the property that for
these F0 the

spectra for SPL, the frequency band which contains the fundamental does not

fundamental largely determines SPL. Since we normalized the

contribute to spectral variance.

We may conclude that the dependence of spectral variance on fundamen-
tal frequency is highly determined by the number of frequency bands in-
volved. Additionally. it is probable that & reduced or adapted articulation
sung vowels resulted for both male and female singers in
rela-

for high-pitched
an extra reduction of the spectral variance between vowels.
tively Tlittle of the spectral variance within vowels was present in fre-

Because

quency bands with lower center frequencies, this variance was not very de-
pendent on the number of frequency bands up to F0 = 392 Hz. As a conse-
quence, spectral differences between vowels preponderated for Fo values
less than 332 Hz, while for FD values larger than 559 Hz most spectral
variation was due to differences between singers, modes of singing, and in-

teractions.
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3.3 Spectral variance of subsets of the date

We can show some more general characteristics of the effects by an-
alyzing subsets of the spectra for each fundamental frequency. First we
separately considered the spectra for each fundamental frequency for each
singer. and computed the spectral variance between vowels. Fig. 3.3 shows
Fow this variance decreases as a function of FU for each singer. The
numbering of the singers follows Table 2.1. A systematic relation was found
with the classification of the singers: the spectral differences between
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Fig. 3.4. Spectral variance due to differencas between vewels,
given geparately for nine modes of singing: W=neutral, L=light,
p=dark, P=pressed, F=free, Lo=loud, so=soft, S=straight,
V=extra vibrato,
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vowels are larger for the tenor singers than for the bass and baritone
singers, and larger for the sopranc and mezzo-soprano singers than for the
alto singers. This observation holds for most FO values except for FO = §59
and F0 = 880 Hz, where the spectral differences between vowels are very
small. No relation was found between voice classification and spectral
variance due to different modes of singing (not shown).

In the second subset we split up the total number of spectra for each
fundamental frequency according to the mode of singing. Fig. 3.4 presents
the spectral variance between vowels as a function of F0 for the nine
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Fig. 3.5. Total spectral variance within a vowel for nine dif-
ferent vowels.
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modes of singing. The diagram shows that, especially for the male singers,
there is a tendency for the greatest spectral vowel differences to be found
for light and soft medes, and the smallest for dark and loud modes. The ef-
fect is, however, rather small.

The third subset is the result of separate analyses for each vowel
per fundamental frequency. [n Fig. 3.5 we give the total spectral variance
per vowel as a function of FG, which includes spectral variation in a vowel
due to differences between singers, modes of singing, and their interac-
tion. It is seen that especially for male singers the vowels can be ordered
with respect to growing total variance. For Fu = 131 and 220 Hz we find,
ordered from relatively small to large spectral variance: /&/. /fa/, [e/,
fafs lels Jils fefs [y/s Ju/. For female singers a less systematic result
was found, probably due to the diminishing ditferences between vowels with
increasing Fo'

3.4 Discussion

Differences in 1/3-oct spectra of stationary vowels are related to
subjective dissimilarities in the timbre of the vowels, at least for spoken
vowels (Pols et al., 1969; Klein et al., 19705 Plomp, 1970). In Chapter 10
it will be shown that this relation also holds for sung vowels with funda-
mental frequencies of up to 392 Hz. In this respect the introduction of
variance as a measure of spectral variation is important because it is also
representative of the spread in subjective dissimilarities. If the mean
subjective dissimilarity between vowels decreases, as indicated by a de-
creasing spectral variance in their 1/3-oct spectra, this will have conse-
quences for the intelligibility of and the confusions between the vowels.
The observed F0 dependence of spectral variance, due to differences between
vowels, can therefore explain the well-known decrease in the intelligibili-
ty of isolated sung wvowels with increasing fundamental freguency
(Gottfried, 19803 Chew and Gottfried, 1981; Smith and Scott, 1979,1980).
Smith and Scott (1980), however. reported that the intelligibility of diso-
lated high-pitched sung vowels /i/, f1/, /e/ and [fa/ is dependent on the
way the vowels have been produced. Vowels sung by a soprano with a raised
larynx, which are probably comparable to our description of Tight or
pressed phonatien, did not show the drop in intelligibility which was found
for operatic sung vowels when FD was increased to above 534 Hz. Although we
found a s1ight dependence of vowel-related spectral variance on the mode of
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singing in faver of light and soft sung vowels, there were ng clear indica-
tions from a purely spectral point of view supporting the findings of Smith
and Scott. Explanations of this discrepancy may be found in (1) & differ-
ence between the phonemic distance of vowels and their subjective dissimi-
larity (Klatt, 1979; Carlson and Granstrim, 1979); (2) the limited choice
among front vowels, (/i/. /1/, /e/, /ao/) of Smith and Scott, which may
have favored the rajsed-larynx sung vowels.

Additionally it should be remarked that the above-mentioned relation
between 1/3-nct spectra and subjective dissimilarity has been derived from
averaged vowel spectra, comparable with synthetic stationary vowels. Al-
though the effect of temporal variation within our original vowels was
shown to be small in terms of spectral variance, the extent of its effect
on timbre perception is not precisely known. This Timitation should be con-
sidered in the interpretation of cur spectral data in terms of wvowel per-
ception. In relation toc the data of Smith and Scott it may be expected that
the presence of natural vibrato in their stimuli probably did not play an
important role, because Sundberg (1977) did not find an improvement in the
intelligibility of synthesized vowels when vibrato was added.

Although there are several studies on the intelligibility of sung
vowels, no data seem to be available about the identifiability of singers
or speakers as a function of fundamental frequency. Can we distinguish
coprano  voices mare easily than bass voices? General spectral differences
between singers are expressed in Table 3.1 by the main effect S; specific
realizations of vowels or modes of singing by a singer, which may also con-
tribute to identity, are expressed by the interactions 5xV, 5xM, and SxMxV.
[t can be seen in Table 3.1 and Fig. 3.1 that the sum of the spectral vari-
ances associated with S, SxV, SxM , and SxMxV is rather constant for Fg
lower than 392 Hz, but decreases in accordance with the decreasing number
of frequency bands for higher l-'[J values. If we can relate this spectral
variance to the identifiability of singers in the same way as we have re-
lated spectral variance resulting from the main effect of the factor

vowels to the intelligibility of sung vowels, we may conclude that the
possibility of identifying a singer’s voice from a number of wvoices would
only decrease for high FO values. For the same FD value, there is np indi-
cation that the identifiability of male singers differs from the identifia-
bility of female singers.

We have found a relation between the classitfication of the singers
and spectral variance due to vowel differences (Fig. 3.3). For various F(J
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values some tenor and soprano singers showed twice the variance of bass and
alto singers, respectively. From the perceptual point of view, this result
suggests better intelligibility of vowels sung by the tenor and soprano
singers (the higher wvoice classification) relative to those sung by the
bass and the alte singers (the lower voice classification). Because of the
small  number of singers per voice type, more data will be needed to verify
this result.

There was substantial variation among vowels with respect to the
total spectral variance per vowel (Fig. 3.5). For males the vowel Ju/ al-
ways showed the largest variance, for females this was frequently the case,
while the vowels /fa/, fa/ and /e/ were generally found to have the smallest
variance: in some cases about half of that found for /u/. Even with in-
creasing fundamental freguency, and the accompanying decrease in differ-
ences between average vowel spectra, this vrelation was more or Jless
preserved. This result suggests that the tolerance in preduction as well as
the acceptability in perception for the vowel /u/ is prcbably, over a large
frequency range, greater than, that for instance, for the vowel /a/. A more
detailed spectral explanation of this result can be found in Chapters & and
i

Our decision to measure and analyze 1/3-oc¢t spectra of sung vowels
means that the results were not quantifiable in terms of the parameters of
speech production. In spite of this restriction the advantages are: (1)
there were no Timitations with respect to high fundamental frequencies, (2)
both the spectral effects of articulation and glottal wvariation were in-
cluded, although not separable, and (3) under the assumption of a relation-
ship between spectral difference and subjective dissimilarity, a perceptual
interpretation of the results was possible. In this chapter we restricted
ourselves to the investigation of spectral variance. Although this general
approach has already allowed us +to draw several conclusions, both with
respect to the perception and production of sung vowels, a detailed des-
cription of the vowel spectra, to be given in the following chapters, will
extend the interpretation of the data presented.
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THE EFFECT OF
FUNDAMENTAL FREQUENCY
ON VOWEL SPECTRA

For FO = 98 Hz both an empirical and a theoretical comparison between the
representations of wvowels in the formant space and the representations in
the spectrum space are given. A first-order correspondence betwsen both ap-
proaches is demonstrated. A subsequent analysis of the vowel configurations
in the spectrum space showed that, apart from differences in the
grand-average spectrum, (1) for FD < 220 Hz, vowel configurations were sim-
ilar for males and females, (2) for FG = 392 Hz, the variability in dimen-
sions related to Pl and F_. was smaller than for lower FO values, and varia-

2

bility related to F. in male falsetto register was greater than in modal

register (vowel s;ectra were similar in male falsetto register and female
singing); (3) for Eo = £59 Hz, the vowel configuration had shrunk to clus-
ters of front and back wvowels, and (4) for Po = 880 Hz, vowel differences
were only marginal. The relation between the average sound level of the
so-called singer’'s formant and F0 appeared to be vowsl dependent. Up to
PD = 192 Hz, the singer’'s formant was on the average egually prominent for
male and female singers, but for higher EO values its level, relative to

overall sound-pressure level, dropped for females. Differences between

average spectra of sung arnd spoken vowels are discussed.

Paper with R.Plomp, accepted for publication in J.Acoust.Soc.Am.
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4.1 Introduction

Th the previous chapter the spectral variance of vowels sung by seven
professional male and seven professional female singers was analyzed. The
contributions of the factors "vowels," "singers," "modes of singing", and
their dinteractions were determined as a function of fundamental frequency
{Foj‘ Whereas in that approach differences between vowel spectra were re-
duced to a single value (spectral variance), in the present chapter we will
discuss spectral differences in greater detail by taking the shape of the
entire vowel spectrum into account. We will confine ourselves to spectral
differences related to the main effect of the factor “vowels", which has
been shown to be the most important single source of spectral variance for
1w F0 values. In Chapters 5 and 6 spectral characteristics of the factors
"singers" and "modes of singing" will be presented. We followed two ap-
proaches  for the representation of spectral differences: the
production-oriented approach in terms of formant frequencies, and the per-
ception-oriented approach in terms of 1/3-oct spectra.

The first approach has the advantage that tne formant frequencies are
associated with a lgng tradition in speech analysis, while their articula-
tory interpretation is well established (e.g. Lindblom and Sundberg, 1971).
There are, however. also disadvantages: Spectral effects of the glottal
sound source need a separate description which is difficult Lo obtain, and
this approach cannot be applied satisfactorily at high F0 values, such as
may occur in singing, because the wide spacing of the harmonics makes for-
mant freguencies hard to determine.

With the perception-oriented approach, just the reverse is the case.
The advantages are that the measurement of 1/3-o0ct spectra is easy and
fast, that source spectrum characteristics are included, and that for the
analysis of 1/3-oct spectra narrow spacing of the harmonics is not needed:
this approach is applicable to all Fo' One disadvantage is that no thegret-
ical framework exists for the dnterpretation of the multidimensional
representation of 1/3-oct spectra; methods to express spectral differences
in a few dimensions are either of a purely statistical nature ar based on a
carrespandence with another representation of the vowels, for instance, one
using farmant frequencies or perceptual dissimilarities. A second disadvan-
tage is that the varying distribution of harmonics over 1/3-octave band-
filters for varying FD necessitates a separate presentation of results for
each FO.
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The relevance of this approach for the perception of timbre differ-
ences between vowels has been demonstrated for spoken vowels (Pols et al.,
1969): The multidimensional vowel configuration based on 1/3-pct spectra
matches very well the vowel configuration derived from perceptual dissimi-
larity Jjudgments. In Chapters 11 and 12 we will show that this close cor-
respondence also holds for sung vowels. Comparable results were reported by
Nord and Sventelijus (1979). who showed that just-noticeable differences of
formant frequencies can be estimated accurately from distance measures
based on l/3-octave spectra. As can be concluded from experiments by Bladon
and Lindblom (1981), the advantages of a model still better fitted to the
ear’s freguency-resolving power ave small. They found & correlation coeffi-
cient of 0.B9 between calculated and judged auditory distances, whereas
Plomp (1975), using a prediction based o¢n 1/3-oct spectra, found a value of
0.84, Therefore, the application of & set of 1/3-oct filters is attractive
because of its simplicity. Since many readers may not be familiar with the
representaticn of vaowel differences by means of 1/3-oct bandfilter an-
alysis, this technique will be explained in Section 4.2.

[t has been demonstrated by Pols et al. (1973) and van Nierop et al.
(1973) that vowel configurations derived from an analysis of 1/3-oct spec-
tra compare well with formant frequency data for spoken vowels, for both
males and females. In Section 4.3 it will be demonstrated for a low value
of FQ that for sung vowels, too, the resulis of both approaches are very
similar. This comparability will be clarified further from a thecretical
point of view. On this basis the effect of FO on 1/3-oct spectra of vowels
will be investigated, and it will be possible to interpret the results in
terms of formant freguencies too (Section 4.4). The: grand-average vowel
spectrum will be investigated for all FD values with respect to the level
of the so-called singer’s formant, the most prominent spectral peak in the
range of 2-4 kHz.

4.2 Representation of 1/3-oct spectra

Each vowel spectrum consisted of the sound levels, relative to over-
all SPL, in 14 frequency bands. The description of these spectra in terms
of a "spectrum space” can be illustrated by means of a geometrical model
(Plomp et al., 1867). This model consists of a multidimensional Euclidean
space in which each dimension corresponds to @ freguency band. Each spec-
trum is represented in this space by a point of which the coordinate values
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are the sound levels, relative to overall SPL, for the different frequency
bands. Thus, a set of spectra is represented by a cloud of points in the
multidimensional space. The center of gravity of the points is associated
with the average spectrum. Due to the limited variability of vowel spectra,
we may expect the spectra to need far fewer than 14 dimensions for an ade-
quate description. Therefore, we may look for a subspace of the original
spectrum space which properly describes the relevant variation between the
spectra. Each dimension of such a subspace is a linear combination of all
griginal dimensions. lts direction is given by a basis vector which con-
sists of the direction cosines of the angles between the subspace dimension
and all original dimensions. We will call the curve representing the direc-
tion cosines as a function of frequency the profile of the basis vector.
The coordinate value of a level-normalized 14-dimensional spectrum 1in a
subspace dimension is computed as the inner-product of that spectrum and
the basis vector of that dimension.

In terms of this approach, the original spectra can also be inter-
preted in the following way. Each spectrum consists of the average of all
spectra plus a spectral contribution from subspace dimension I, plus a
spectral contribution from subspace dimension 11, etc. The average spectrum
is represented as the arigin of the subspace. The spectral contribution of
& subspace dimension is equal in shape to the profile of the basis vector
for that dimension, while its magnitude is determined by the coordinate
value of the spectrum on that dimension.

As was said, we nhave to look for & subspace which properly describes
relevant spectral differences. When another spatial description of the same
vowels s available, for instance on the basis of formant frequencies, a
subspace can be determined on the basis of the best match between the vowel
configurations in both spaces. In that case subspace dimensions approxi-
mately describe the spectral effect of formant frequency variation. Without
additional data on vowel spectra, subspace dimensions may be determined
using statistical properties of the spectra: We may lock for a subspace
which presents a maximal amount of spectral variation in vowels in a min-
imum number of dimensions. As a quantifative criterion for this, we can use
the percentage of total variance (= sum of sguared distances of all points
from their center of gravity, divided by the number of points) accounted
for, or "explained by", this subspace. For the first subspace dimension
thet direction 1is taken that explains as much as possible of the total
variance. Subsequently, the second subspace dimension is that direction,

31



o
I =c0dB
e " ,{
— - £,
—_— /’
average
I -2cdB spectrum I 20dB
0 of
o) o R
J
W -0
- |
W I -20dB
= oo R A A S N T O I
2 5B 9 2 a

FREQUENCY (kHz)

32

Z

Ow a1 I

(4 s | | e N

gl A N

HECJ ~al’”

EU e D N [ Y Y (0 W e I (| Y I [ G ) [ N [ O O |
2 5 1 2 a4a=2 s 1 g a

FREQUENCY (kHz)

Fig. 4.1. Example of the representation of /Ja/-like 1/3-oct
spectra in two dimensions. The lower panels show the profiles
of two basis wectors which determine the spectral wvariation
along dimensions 1 and 11, for whirh representative spectra are
given in the upper panel,

perpendicular to the first one., explaining as much as possible of the re-
maining variance, etc. Such a subspace can be computed by
principal-components analysis (Harman, 1967); the basis vectors of the sub-
space are the eigenvectors of the variance-covariance matrix, derived from
the Tevel-normalized sound levels in all frequency bands of the spectra in-
volved.

An example of how spectral variation can be represented in a spectrum
subspace of only two dimensions is given in Fig. 4.1. Five /fa/-1ike spectra
are shown: the spectrum in the center is the average /a/ spectrum, in the
other four spectra contributions of +20 dB and -20 dB of dimensions 1 and
II are added according to the profiles of the corresponding basis vectors
(Tower panels). It can be seen that two basis vectars can describe a great
variety of spectral variation.

4.3 Formant space and spectrum space
4.3.1 Matching of vowel configurations

As was mentioned above (Section 4.1), sung vawels can be described
physically in the production-oriented formant space as well as in the per-
ception-oriented spectrum space. In order to get a better insight into the
relation between these approaches, it is of interest to compare for a sub-
set of vowels the configurations in both the formant space and the spectrum
space. We used a set of nine vowels, each sung in nine modes of singing by
a bass singer at Fu = 98 Hz. Formant frequencies (Fl, FZ’ F3} were deter-
mined for each of these 81 vowel sounds. Since in the present chapter we
1imited ourselves to spectral differences due to different vowels, data
were averaged over the modes of singing. Faor each vowel the average formant
frequencies are plotted in Fig. 4.2 in logarithmic F1~F2 and F]-F3 planes
(filled circles). The axes were chosen lagarithmically as a step towards a
perception-oriented representation. The configuration of the same nine
average vowels in a three-dimensional subspace of the spectrum space is
also presented in Fig.4.?2 (open circles). This subspace is the ane which
provides the best match (Schdnemann and Carrall, 1970) with the vowel con-
figuration in the logarithmic formant space. The correlation coefficients
for the first three dimensions are 0.98, 0.98 and 0.90, respectively. These
values are comparable with those obtained by Pols et al. (1973) and van
Nierop et al. (1973) for spoken vowels, The percentage of the total spec-
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tral variance explained by each subsequent  subspace  dimension is
47.7 %(Fl—re1ated}, 39.9 %[Fz-related), and 8.7 %(F3-Pe|atedj, respective-
1y, which shows the importance of the I-I1 plane. Because of the high per-
centage of spectral variance included in the three-dimensional subspace,
96.3%, and the high correlations between the first three formant-space and
the first <three spectrum subspace dimensions, we may conclude that most
spectral variation between the average sung vowels is of an articulatory
nature, whereas source-spectrum variation, if any, does not play a part.

For the spectrum subspace presented in Fig. 4.2, the grand-average
spectrum and the three basis vectors are shown as solid 1ines in Figs. 4.3a
and 4.3b, respectively. Most characteristic of the grand-average spectrum
is the high sound Tlevel in frequency bands with center frequencies of
2.0 kHz, and 2.5 kHz, showing the average presence of the singer’s formant.
In the profiles of the basis vectors we find an illustration of the effect
of formant frequency variation in terms of 1/3-octave spectra. For example,
a positive value along the first spectral dimension implies relatively low
Tevels in freguency bands below 500 Hz and relatively high Tevels in the
0.5-1.2 kHz region, as can be expected for a high Fl' A negative value
along the first spectral dimension implies the cpposite: relatively high
values 1in frequency bands below 500 Hz and relatively Tow values in the
0.5-1.2 kHz region, which is typical of a low Fl‘ Corvespanding relations
hold for the second and third dimensions since it can be seen that, apart
fram & shift in frequency, the three basis vectors have comparable pro-
files.

4.3.2 A theoretical comparison

Besides the empirical match between formant space and spectrum space
énd @ qualitative interpretation of the meaning of the profiles of the
basis vectors of the spectrum space, we can further clarify the relations
between both spaces by means of the following theoretical comparison. A
number of spectra were computed according to the acoustical theory of
speech production (Fant, 1960, p.48). The spectra were computed as transfer
functions and were independent of Fc' Ta investigate how the effect of fre-
quency variation of a single formant is reprecented in the spectrum space,
the first series of spectra had constant values for F2, F31 Fd, and F5
(1300, 2200, 2600, 3000 Hz), but varied in F.. Typical average values for

1
bass singers were chosen as formant freguencies (see Fig. 4.2; alsa, Sund-
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berg, 1975). We used logarithmic axes both for spectrum level and frequen-
cy, and varied Fl in 10 egual logarithmic frequency steps between 250 and
900 Hz. The frequency axis was divided into 50 egqual logarithmic intervals
from 100 Hz to 4 kHz, and for each value along the frequency axis the rela-
tive sound Tlevel was computed. The overall SPL of the spectra was equal-
ized, and the resulting spectra are shown in Fig. 4.4a. They can be des-
cribed, in the same way as 1/3-oct spectra, in a 50-dimensional space ac-
cording to  the subdivision of the frequency axis. Using
principal-components analysis, this large number of dimensions could be
strongly reduced, while most information was preserved. Fig. 4.4b shows the
profiles of the first five basis vectors of the subspace obtained. Percen-
tages of explained variance are 77.5%, 17.5%, 3.0%, 1.3%, and 0.4%, respec-
tively. The Jlarge variance in the first dimension shows that, as a
first-order approximation, the spectral effect of F1 variation can be des-

cribed as a one-dimensional variation in the spectrum space. The variation
in FI in the spectrum planes I-II and I-IT1 is given in Fig. 4.4c as a
curved track. Although the first spectrum dimension gives a goond
first-order approximation of Fl variation, mare spectral’ dimensions are
needed for a complete description. Notice that the basis vectors 1 up to V
demonstrate a Fourier-like decomposition of the spectral variation, as has
also been theoretically proposed by Yilmaz (1967) for speech sounds in gen-
eral.

It can be inferred from the spectra in Fig. 4.4a that the normaliza-
tion of overall SPL has @ specific influence on the profile of the first
basis vector. Overall SPL is determined to & great extent by the first For-
mant. Because of the level-normalization the sound level of Fl is kept con-
stant, while the low-frequency levels decrease, and high-frequency Tlevels
increase, with increasing F}. This results in a negative weighting of fre-
quency bands with low center frequencies, and a positive weighting of fre-
guency bands with high center frequency, in the basis vector. Furthermore,
in so far as higher formants contribute to overall SPL, the choice of their
frequency values influences to some extent the profile of the basis vector
related to Fl'

What has just been described for the first formant was performed in
the same way for two series of vowel spectra, varying in F2 and F3. respec-
tively. The average value for F1 was chosen as 450 Hz and F2 varied in the
second series between BO0 and 1800 Hz, while F; varied in the third series
between 1700 and 2400 Hz. Results were comparable with those obtained for
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Fl and showed a highly one-dimensional representation of variation in F2

and F
3 » " .
pirical data, the profiles of the first basis vectars which were theoreti-

in the spectrum space. To compare the theoretical results with em-

cally derived for Fl’ F2, and F3, are presented as dotted Tlines in
Fig. 4.3b. For optimal camparability the theoretical vectors were scaled to
avoid différences due to the different subdivisions of the frequency axis.
Although no optimization was aimed at, the correspondence between the
theoretical and empirical profiles is remarkably good. Therefore, we may
conclude that, to a first-order approximation, sung vowels are presented
similarly in the formant space and in the spectrum space. It should be men-
tioned that the theoretical vectors related to F}, F?’ and F3 are not ex-
actly orthogonal, whereas this was necessarily the case for the empirical
basis vectors. This may have introduced some additional differences between
both sets of vectors, especially in the third dimension, in which the smal-
lest amount of the spectral variance is explained. Furthermore, it is of
interest that the theoretical approach did not depend on Fo' This implies
that similar shapes of formant-related basis vectors should be expected for
all FD values, other things being kept constant.

4.4 Spectrum space and fundamental frequency
4.4.1 Yowel configurations

For fundamental frequencies cf 98, 131, 220, 392, 659, and 880 Hz, we com-
puted, separately for male and female singers, nine vowel spectra, each of
which was the average of spectra over a1l singers and modes of singing.
Frequency bands which did not contain any harmonics were not taken into ac-
count; as a result the number of dimensions of the spectrum space decreased
from 14 for‘FO = 98 Hz to 5 for F0 = 880 Hz. To represent the vowel confi-
guration for each F0 in a spectrum subspace which, firstly, shows optimal
spectral differences, and secondly, allows a comparison of vowel configura-
tions over variations in F ., we applied the following procedure. As a first
step we reduced, for each FO value, the vowel configuration to five dimen-
<jons, using principal-components analysis. These five-dimensional configu-
rations dincluded nearly all the total spectral variance. Then the matching
algorithm of Sch8nemann and Carroll (1970) was applied in an iterative way
to rotate these five-dimensional vowel configurations towards maximum
congruence. Subsequently, we applied principal-components analysis to all
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(r——'"f————r_ : : . v T T | combined vowel points of the matched configurations, and the resulting 1-11
I ] 1 plane was finally rotated by eye for the best agreement with F, and Fo
axes. For each FG value, the result of these successive operations cumulat-
ed in a set of basis vectors for the transformation of the original spec-
trum space dimensions. which were related to frequency bands, to dimensions
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related to variation in F1 and F2. The resulting vowel configurations are

shown in Fig. 4.5. The spectral variance explained in the 1-I1 plane varied
between 89.7 % and 98.7 %, indicating that in this plane most of the spec-
tral difference between the vowels was represented. An exception was the
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vowels. Averege spectra of the same Dutch vowels, spoken in the context
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by van Nierop et al. (1973) for 25 femzles. The measurement procedure was,

apart from minor differences, identical to the present one. For these spo-
P —— ken vowels formant frequencies had also been determined, and the vowels
could be represented in the spectrum subspace which allowed the best match
" with the vowel configuration in the formant space. Correlation coefficients
- By 4 ®4 la for the first two dimensions were 0.989 and 0.993 for males and 0.973 and
0.991 for females. Results are included in Fig. 4.5 in a separate panel.
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A first observation is that, for low FO, the wvowel configurations

very much resemble classical configurations in the formant space. For
F0 = 08, 131, and 220 Hz, the configurations of sung vowels are almost
identical for males and for females (220 Hz only), but there are some dis-
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. With a further increase of F we see that the distances between the
Fig. 4.5. Vowel configurations in the spectrum space for nine

vowels, averaged over singers and modes of singing, as a funce vowel positions become smaller, in conformity with our findings on the com-

:lon of F_. The extra pan=l represents spoken vowels, adapted position of spectral variance (Chapter 3). For the female singers the
rom Pols et al. (1973) fo al : i : : . . . -
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first and second dimensions for the vowels fu/ and /2/. For F0 = 659 Hz,
this results in iwo clusters: front vowels /i/, /fe/, /y/, /w/, and /e[,
and back vowels Ju/, [a/, /a/, and /a/. At FU = 880 Hz even this difference
has almost disappeared, due to a reduction of spectral variation in the di-
mension related to FZ'

4.4.2 Basis vectors

The profiles of the basis vectors of the spectrum spaces of Fig. 4.5
are shown in Fig. 4.6. As was expected on the basis of the theory, the pro-
files for values of FD up to 392 Hz are almost identical and confirm the
profiles of formant-related basis vectors shown in Fig. 4.3b. For
FO = 392 Hz there is only a small difference between the profiles obtained
for phonations in the modal and falsetto registers, indicating that varia-
tion in the corresponding spectrum space is similar. Differences between
both register types are found in the extent of spectral variation in the
first dimension (Fl} and in the grand-averaqge spectrum, as will be seen in
the next section. Relative to basis vectors for male singers, for the fe-
male singers the weighting of the energy distribution by the basis vectors
is shifted slightly to higher frequency ranges, in agreement with the ex-
pected average increase of formant frequencies (see panels for Fo = 220 and
392 Hz). For F0 = 5659 and 880 Hz the basis vector of the second dimension
still describes Fz—reTated spectral variation. However, for these high fun-
damental frequencies Fl—re1ated spectral variation gradually disappears and
is replaced by a weighting of the energy at frequencies higher than 3 kHz.

The profiles for the spoken vowels are based on matching vowel confi-
gurations in the spectrum space to those in the formant space. Far F1 the
profiles are similar to those of sung vowels. This supports, at least for
Fl’ the success of our effarts to find, for sung vowels, spectral dimen-
sions related to formant frequencies. Differences in the profile of the
second basis wvector indicate that for males the average F2 is. Tower with
sung vowels. For females the profile of the second basis vector shows that
with spcken vowels there is not much effect of variation in F2 on the sound
level of frequency bands with a center fregquency below 1 kHz, while there
is such an effect for sung vowels.
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4.4.3 Grand-average spectrum and singer’s formant

For each Fn the grand-average spectrum (= origin of the spectrum
space) is given in Fig. 4.7 in its original, unnormalized, form. This al-
Tows us to study the effect of F0 on both the shape of the grand-average
spectrum and the absolute sound levels of the different frequency bands.
Because no information on the average overall SPL of the spoken vowels was
available, this level was set arbitrarily at 75 dB SPL. A prominent feature
of the grand-average spectra of the sung vowels is the correlation between
Fu and overall SPL. This is shown separately in Fig. 4.8. Overall SPL gra-
dually increases over a range of 16 dB for the male singers when F0 in-
Creases from 98 to 392 Hz, and over a range of 22 dB for the female singers
when Fu increases from 220 to 880 Hz. For the same Fg, overall SPL was on
the average 8 dB higher for male than for female singers. For F0 = §492 Nz,
male singers performed on the average at a 9 db higher averall SPL in the
modal register than in the falsetto register. This compares well with
differences of betwsen 9 dB and 12 dE reported by Colton (1973) for student
singers, singing at the same F0 in both registers at a comfortable level.

A second striking feature of the grand-average spectra in Fig. 4.7 is
the sound level 1in the frequency bands of the singer’s formant. To study
properties of the singer®s formant in some more detail, we present in
Fig. 4.8 for the vowels /fa/, fi/, and /u/ the average sound levels in the
frequency bands with center frequencies of 2.5 kHz (males) and 3.16 kHz
(females). These Ffrequency bands have been chosen because they invariably
have the highest sound Tevels above 2 kHz (see also Fig. 4.7), and because
up to now no clear definition of the singer’s formant has been given, at
least not with respect to its sound level or frequencies of higher for-
mants. Vowels other than /a/, /i/, and /u/ showed intermediate resulis. For
each F0 the average overall SPL of each separate vowel did not deviate more
than 2 dB from the grand-average value and is not included in Fig. 4.8. Re-
cently, the same type of data were reported by Schultz-Coulon et al. (1979)
for the vowel /a/ and by Hollien (1983) for the vowel /uf. For comparison,
their results are added in Fig. 4.8 as open and filled circles, respective-
ly. Schultz-Coulon et al. measured the relative level of the singer’s far-
mant in the 2500-3000 Hz frequency band at three fixed levels of averall
SPL for 13 professional male singers and 11 professional female singers. We
interpolated their data to match our values of overall SPL. Hollien gave
average levels in the 2700-3400 Hz frequency band of 10 professional male
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Fig. 4.7. Grand-average spectra of the vowel configurations of
Fig. 4.5. Dashed lines connect data of non-adjacent frequency
bands. Grand-average spectra of spoken vowels (see Fig. 4.5) are
presented as dotted lines.

singers and 10 professional female singers. Since the requested FD in his
experiments depended on the classification of a singer, we used the average
value for both Tow, medium, and high Fo‘ In spite of measurement differ-
ences, the data of both Schultz-Coulon et al. and Hollien fit in remarkably
well with our observations. With male singers the difference between .over-
all SPL and the level of the singer®s formant is stable over F0 in the
medal register. In the grand-average spectra (Fig. 4.7) this shows up to
some extent as a parallel shift of the sound levels with rising B This
wis also the case for most separate spectra of the vowels; only the vowel
fuf showed a more rapidly increasing level of the singer’s formant. For
falsette phonaticon the relative level in the frequency band with a center
frequency of 2.5 kHz was much reduced compared to modal register.
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Figure 4.7 shows that, for F0 = 220 Hz, the grand-average spectra for fe-
male singers and male singers were comparable, including the presence of
the singer’s formant; for FD = 392 Hz the female grand-average spectrum
most resembles male falsetto phonation. For still higher FD the female
grand-average spectrum was dominated by the increasing sound level of the
fundamental while the level of the freguency band with a center frequency
of 3.1 kHz did not increase mucn.

4.6 Discussion

In this chapter we have concentrated on properties of average vowel
spectra. [t was shown that a representation of vowels in the formant space
and a representation of vowels in a spectrum space give similar results for
Tow Fa’ both empirically and theoretically. Because of the difficulty of
determining formant freguencies for high FO, the validity of this cor-
respandence  could not be demonstrated for all values of Fo' Nevertheless,
the similarity in the profiles of the basis vectors for most F0 values
(Fig. 4.6) suggests that this correspondence holds also for high Fo' Such a
similarity should be expected because our theoretical approach 1in  Section
4.3.2 was independent of Fn’ and the acoustical theory of vowel production
also holds for high FO (Sundberg, 1975). In practice, the profiles of the
basis vectors were subject to some change with increasing F0 due to (1) de-
creasing number of contributing frequency bands, (2) differences 1in the
grand-average spectrum, and (3) decreasing formant-frequency ranges. This
variation is not large however, which is also of interest for the applica-
tion of principal-components based methods for efficient encoding of speech
spectra in vocoders (Zahorian and Rothenberg, 1981). Using standard basis
vectors, related to variation of formant freguency, these methods may be
applicable over a wide F0 range; in this respect they would compare favor-
ably to many other speech analysis technigues.

If we assume a correspondence between vowel configurations in the
formant space and in the spectrum space for all FO values, our results, as
presented in Fig. 4.5, are in line with those obtained by Sundberg (1975)
for a professional soprdano singer. Sundberg found (1) decreasing variabili-
ty in Fl for FU values higher than 262 Hz, since with increasing Fo the Fl
for Tow vowels is raised by a wider jaw cpening to maintain an acceptable
vocal intensity level; (2) decreasing variability in F2 for F0 values

higher than 400 Hz; and (3) at FD = 700 Hz about the same value for both F1
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and F2 for all vowels. We observed that the first finding probably also ap-
plies to a difference between vowels sung and spoken by females: Variabili-
ty in F1 is greater in spoken vowels. Sundberg’s third finding may have
been influenced by the inevitable inaccuracy in the measurement of formant
frequencies at such a high F0 values, or by a specific articulation of the
sopranc singer. In our analysis we still found considerable variation
between front and back vowsls for FO = 659 Hz (averaged over seven female
singers); only for F0 = 880 Hz did differences between vowels become margi-
nal.

In Part I1 it will be shown that the distance between vowels in the
spectrum space is related to their perceived similarity. A small distance
between two different vowels in the spectrum space indicates nhigh perceptu-
al similarity, which may result in confusion of the vowels in an identifi-
cation task. If we interpret the vowel configurations of Fig. 4.5 in this
way, we may expect that for all Fo values the vowels /fa/ and fa/, and the
vowels /i/, /y/, and /e/ will be frequently confused. For high F0 values
the distinction between the group of front vowels and the group of back
vowels will probably be upheld longest, although vowels within each group
will become very similar. Not much perceptual difference between vowels is
to be expected for FO = B80 Hz. However, these expectations hold for sta-
tionary, idsolated, vowels only; the beginning and ending of a vowel sound
and especially coarticulation have been found to improve intelligibility
greatly (e.g., Smith and Scott, 1980).

No formant-frequency data seem to be available for high-pitched male
singing in modal and falsetto registers. Qur data suggest less variability
in F1 for modal register than for falsetto register (Fig. 4.5). This may be
related to praoblems which arise in high pitched male singing when Fn comes
close to F]: Sundberg (1981) also observed prablems in voice control due to
a strong acoustic coupling between glottis and vecal tract. Sundberg sug-
gested that this effect is less prominent in falsetto register or in female
singing, due to greater damping caused by a shorter glottal closure. As a
result, the Fl in the male falsetto register and in female singing may have
been varied more in the vicinity of F0 (392 Hz) than in the male modal re-
gister. The clearest difference between modal register and falsetto regis-
ter is to be found in their grand-average spectra (Fig. 4.7), although this
difference is in part also caused by the spectral effect of a difference in
overall SPL of, on the average, 9 dB. Firstly, the average falsetto spec-
trum shows a steeper spectrum, in which the frequency band of the fundamen-

48

tal s relatively more important than in the modal register. Secondly, the
relative level in the 2.5 kHz frequency band, the singer’s formant. is on
the average 7 dB Tower in the falsetto register than in the modal register.
This corresponds to the abservation of Vennard (1967, p.89) that only in
stronger falsetto phonations a "ring" cen be heard. Furthermore, there is a
remarkable similarity betwsen results for male falsetto register and female
singing at F0 = 392 Hz, with respect to vowel configuration (Fig. 4.5),
profiles of the basis vectors (Fig. 4.6), grand-average spectrum
(Fig. 4.7), and overall SPL (Fig. 4.8). Because of the perceptual relevance
of the spectrum-space approach, this suggests that a counter-tenor may
often be difficult to distinguish from an alto singer. More details of
singer-specific spectral characteristics will be presented in Chapter 5.
The grand-average spectrum was generally dominated by variation in
overall SPL and by the sound level of the singer’s formant as a function of
E, (Fig. 4.7). Schultz-Coulon et al. (1979) found for the vowel /Ja/ that,
with professional male and female singers, the sound level of the singer’s
formant relative to overall SPL (1) increases with increasing overall SPL,
FO being kept constant, and (2) decreases with increasing FD, sverall SPL
being kept constant. Most Tikely, both effects can be attributed to wvaria-
tion in the spectrum of the glottal sound source (Sundberg, 19/3; Gauffin
and Sundberg, 1980). Since, on the average, overall SPL increased with in-
creasing Fo’ the vrelative Jlevel of the =inger’s formant 1in our
grand-average spectra is governed by the sum of these two opposing mechan-
isms. For the male singers, in the modal register, both mechanisms were, on
the average, approximately in balance for the vowels /a/ and /i/, resulting
in a steble difference between overall SPL and the sound level of the
singer’s formant. For the vowel /u/ the sound level of the singer's formant
increased more rapidly than overall SPL, indicating that for this vowel the
effect of increasing overall SPL prevailed over the effect of increasing
Fo‘ For the female singers the increasing difference between the sound
level of the singer’s formant and overall SPL with increasing 2 is  sub-
stantial (Fig. 4.8). This indicates that, with respect to the sound level
of the singer’s formant, for female singing the effect of increasing F0
dominates over the effect of increasing overall SPL. Fovr Fﬁ = 220 Hz the
shape of the female grand-average spectrum is comparable to the one for
males, including the singer’s formant (see Fig. 4.7). For F0 = 392 Hz,
however, the female grand-average spectrum compares well with the male
grand-average falsetto spectrum. This result supports the cbservation of
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Bartholemew (1934) that the singer’s formant is present in female singing
(especially 1in good contraltos), but drops cut when Fo rises above some
point. This point probably lies somewhere between 2200 Hz and 659 Hz and may
result from the spectral effect of an articulation which does not fulfill
the requirements of the singer’s formant (Sundberg, 1974) or from a steeper
source spectrum,

We compared average spectra of sung vowels with those of spoken
vowels, from studies by Pals and co-workers. For bass singers Sundberg
(1970) found, relative to spoken vowels, that in sung vowels (1) F2 is
lowered in front vowels, (2) F3 is raised in back vowels and lowered in the
other vowels, and (3) F3 up to Fy are concentrated for all vowels. The
second and the third finding result in the singer®s formant. These results
were interpreted articulatorily by Sundberg (1970) as the effects of a
lowered larynx for all sung vowels, and in addition of an altered tongue
shape for back vowels and an increased 1ip protrusion for sung front
vowels. In addition, Sundberg (1974) found that, theoretically, a high am-
plitude of the singer’s forment can be generated by an area mismatch
between the pharynx and the entrance of the Tarynx tube, which is probably
promoted by a lowering of the larynx, but not necessarily so. Our vowel
configurations (Fig. 4.5) and the profiles of the second basis vector
(Fig. 4.6) agree with a Towered F2 for front vowels, while the
grand-average spectrum (Fig. 4.7) shows the average presence of the
singer®s formant. Because our data were obtained as the averages over seven
male singers with a classification from bass to tenor, the results of Sund-
berg (1970) seem to apply generally to male voices.

We were able to extend the comparison between sung and spoken vowels
to female subjects. With respect to F2 and the singers formant, the same
differences between spoksn and sung vowels were found for male and female
singers. In addition, it was found that the variation in the Fl—reiated di~
mension was larger in female spoken vowels than in sung vowels, and also
larger than in male spoken and sung vowels. An important reascn for this is
the finding of van Nierop et al. (1973) that for the spoken Outech vowels
[ifs fyls and fu/, Fl is Tower for females than for males, while all other
vowels have higher Fl values for females. Our results indicate that this
divergence of F1 is not present in sung vowels. In general it can be ob-
served that the configurations for male and female sung vowels are very
similar, dindicating that, apart from the male-female difference in the
grand-average spectrum, the same relative differences belween vowels are
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produced by both sexes.

[t is of interest that the difference in sound level between spoken
and sung vawels in the freguency bands with high center frequencies is even
more pronounced for females than for males (Fig. 4.7). Apart from articula-
tory differences between spcken and sung vowels as the explanation of the
singer®s formant (Sundberg, 1974), we probably have to take into account a
considerable difference 1in average overall SPL between spoken and sung
vowels, too. No data for the spoken vowels were available. A lower overall
SPL in spoken vowels reduces the relative level in the higher frequency
bands., and females poscibly spoke at the lowest average overall SPL. In
this respect it should be mentioned that for a low overall SPL of 75 dB
(microphone distance 0.3 m) Schultz-Coulon et al. (1979) did not find sig-
nificant differences in the relative level of the singer®s formant for the
vowel /a/ between untrained subjects and professional singers. For the
vowel /fu/, Hellien (1983) does report differences, although, unfortunately,
low vocal intensity was not precisely defined. We refer to Chapter 8, in
which the relationship between the level of the singer’s formant, FG, over-
all SPL, voice classification, and mode of singing will be presented for
all nine vowels.
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SPECTRAL CHARACTERISTICS OF
DIFFERENCES BETWEEN SINGERS

The main spectral differences between singers could be described in two di-
mensions. The first dimension mainly described differences among male
singers, the second dimension those among female singers. This suggested a
different origin of spectral differences for both sexes, in which the in-
terindividual differences between males and the average difference between
males and females have a morphological basis and the interindividual

differences betwesen females have a glottal hasis.

Part of a paper with R.Plomp, submitted toc J.Acoust.Soc.Am.

52

5.1 Introduction

Most acoustical studies an spectral properties characterizing indivi-
dual wvoices concentrate on the average male-female differences in formant
frequencies of spoken vowels {for a review, see Fant, 1975). Differences in
average formant frequency have been associated with morphological differ-
ences betweén the male and female vocal lracts: a greater pharyngeal length
and more strongly developed laryngeal cavities for males. Mare specifical-
ly, Cleveland (1877) showed that there is, in professional male singers, a
relation between the average value of the first four formant frequencies of
the Swedish vowels /i/, /e/. fa/, [fof, and fu/, and a jury evaluation of
voice timbre type. He suggested that the same morpholoegical differences
between males and females may distinguish between bass and tenor singers
too.

This morphological basis for inter-individual timbre differences
between singers was investigated by Dmitriev and Kiselev (1379) for 20 pro-
fessional singers with voice classifications from bass to high soprano. By
means of the X-ray method, they measured the length of the vocal tract,
from the 1ips to the vocal folds, and correlated this length with the fre-
gquencies of spectral peaks in the long-term average spectrum in the range
of 450-800 Hz and 2300-3500 Hz. & high correlation was found: the Tlonger
the wvocal tract, the lower the frequencies of both spectral peaks. Each
voice was characterized by a typical length of the vocal tract: the ranges
in length for the voice types showed hardly any overlap exceptl for
mezzo-soprano and soprano singers, who occupied identical ranges.

By studying the contrasts between spectra of vewels sung by alte and
tenor singers, Agren and Sundberg {1978) found that both the amplitude of
the fundamental of the source spectrum and the frequencies of the third and
fourth formants may differentiate between these two voice types. This
result indicates that nat only morphological differences but also charac-
teristics of the glottal waveforin, which, among other things, influence the
amplitude of the fundamental, may distinguish between voice types. For the
speaking voice, Monsen and Engebretson (1977) found a steeper glottal spec-
trum for females than for males, which could be explained, however, by the
higher fundamental frequency of the female voice. In the present study,
characteristic spectral differences between individual singers, males and
females, were ‘investigated over a wide range of fundamental freguencies.
Differences between modal register and falsetto register for some male

singers will be also given.
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5.2 Results
5.2.1 Average spectra of singers

We studied spectral differences between singers for each Fo value
separately. The main differences between singers can be investigated using
the differences in the average spectra of the singers. Fach of these spec-
tra was the average of nine vowels sung in nine modes of singing (a total
of 81 vowels). Since in Chapter 3 we showed that the spectral variance due
to differences between singers did not vary much aver Fo‘ we will present
results for FO = 220 and 392 Hz only. By combining male and female singers
we obtained 14 average spectra for F0 = 220 Hz and 15 average spectra for
F{j = 392 Hz. The latter subset included for some male singers both the
average modal spectrum end the average falsetto spectrum. By means of prin-
cipal components analysis, these spectra could be described very well in a
two-dimensional space which explained 76.0 % (F0 = 220 Hz) and
83.6 % {FO = 392 Hz) of total spectral variance. We rotated the first two
dimensions of the principal-components solution in such a way that the main
differences among male singers and among female singers came out in dimen-
sion T and 11, respectively, The resulting configurations of points for the
singers are shown in Figs. 5.1 and 5.2 (panel a) for F0 = 220 and 392 Hz,
respectively, together with the grand-average spectrum {panel b), the pro-
files of the basis vectors of the dimensions presented (panels c¢), the dis-
tribution of variance over the various frequency bands (panel d}, and typi-
cal examples of the average spectra of some singers (panels e}. To facili-
tate the interpretation of the profiles of the basis vectors, they are
presented with a polarity corresponding to positive coordinate values 4n
the Tawer left corner of the I-II plare.

The point configurations indicate that we need at least two dimen-
sions to describe spectral differences between male and female singers. For
F0 = 220 Hz the singer points form approximately a triangle with bass,
alto, and sopranc singers at the angles. The left part of the triangle
represents the male singers who have their major variation, from bass to
(counter)-tenor voice classifications, along dimension I (except tenor
singer 6). The right part of the triangle is occupied by female singers who
all have & lower coordinate value in dimension I than male singers. Among
themselves, however, female singers vary in the second dimension from
soprano to alto voice classifications.
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Fig. 5.1. Representation of spectral differences between
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Configuration of points of singers in a two-dimensional
spectyum subspace.

Grand-average spectrum.

Profiles of the basis vectors of the dimensions presented.
Distribution of spectral variance due to the factor
"singers" over freguency bands.

Typical average spectra of four singers.
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Fig. 5.2. Representation of spectral differences between
singers at F = 392 Hz. See Fig. 5.1 for a further explanation
of the panels.
The same type of singer point configuration 1is obtained for
= 392 Hz, although FD appears to influence spectral differences between
singers to some extent. In this connection it should be realized that
Fo = 220 Hz is near the bottem of the singing range for female singers,
whereas FG = 392 Hz is near the top of the singing range for male singers.
Comparison of the configurations for FG = 220 and 392 Hz shows up that di-
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mension [ presents the more stable differences among male singers and di-
mensicn Il those among female singers. It is of interest that the average
falsetto spectra in the subset for Fo = 392 Hz are characterized by a Jlow
coordinate value for dimension Il and resemble average saoprano spectra.

The spectral interpretation of the dimensions of Figs. 5.1 and 5.2
can be inferred from the grand-average spectrum (panel b) and the profiles
of the basis vectors (panels ¢). A first observation for both subsets is
that most spectral variation between singers is to be found in the higher
frequency bands. The distribution of the variance (panel d) shows that more
than half of the total spectral variance due to singer differences is found
in the frequency bands with center frequencies of 2.5, 3.16, and 4.0 KkHz
combined. For F = 220 Hz, the basis vector of dimension 1, which described
the main average male-female and bass-tenor differences, 1is sensitive to
the frequency position of the spectiral peak around 2.5 kHz (alsc known as
singer’s formant). A positive coordinate value in this dimension, such as
in bass singers, characterizes a spectrum with relatively high sound levels
in the frequency bands with center frequencies of 2 or 2.5 kHz and @ rela-
tively Tow scund Tlevel 1in the frequency band with a center frequency of
4 kHz. A negative coordinate value, such as in tenor and female singers,
implies the reversed spectral properties. The typical spectra in panel e
illTustrate these properties: the high frequency peak s found for bass
singer 1 in the 2.5 kHz frequency band while the sound level in the 4 kHz
band is low; for the singers 7, 8, and 14, with about equal coordinate
values along dimension I, the peak is found in the 3.1 kHz frequency band.
It can be noted that with respect to the high-frequency spectral peak the
same results were found for the grand-average spectrum of male and female
singers (Fig. 4.7).

The profile of the basis vector of the second dimension, describing
the main alto-soprano differences, shows spectral-slope like weigthing pro-
perties. A positive cocrdinate value along this dimension, such as in alto
singers, implies a relatively low sound level of the fundamental and rela-
tively high sound levels in the frequency bands with center freguencies
beyond 1.6 kHz. The spectral effect of this dimension is illustrated in the
average spectrum of alto singer 8 and sopranc singer 14 in panel e.

For F0= 392 Hz (Fig. 5.2) approximately the same spectral interpreta-
tion can be given to both dimensions as for FU= 220 Hz. Panel e presents in
addition the average spectrum for the modal register and the falsetto re-
gister for baritone singer 3. As a result of the great reduction of the
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sound levels in Lhe higher frequency bands for the falsetto register, the
average spectrum of this singer compares well with the average spectrum of
soprano singer 14. For counter-tenor 7 the average spectrum compares better
to those of mezzo-soprano singers.

A representation of the differences between singers at other funda-
mental frequencies than 220 and 392 Hz vrevealed essentially the same
results, The main differences hetween male singers for I'0 =98 and 131 Hz
resided in the sare spectral variation as the one described by dimension I,
whereas spectral differences for females at F0 = 659 Hz compared well with
dimension Il of Figs. 5.1 and 5.2.

5.2.2 Singer differences for various vowels

It may be asked whether the present findings for singer spectra,
averaged over vowels and modes of singing, also hold for each vowel and
each mode of singing individually. To study this, we first performed the
above-mentioned analysis for F0 = 220 Hz for each vowel separately (by av-
eraging spectra of each singer over nine modes of singing only). Generally,
the same type of configuration of singer differences as presented in
Figs. 5.1 and 5.2, was also found for each vowel individually. The exten-
siveness of the point configuration was, however, vowel dependent. This can
be explained by the spectral variance, associated with spectral differences
between singers for each vowel, which was greatest for /w/ (330 dBE} and
fuf (316 dBE] and smallest for /a/ and /a/ (both 179 de].

In addition to the configurations, the interpretation of the spectral
dimensions is of interest. The basis vectors of dimensions related to
bass-tenor and alto-soprano differences are presented separately for each
vowel and for all FD values in Appendix A. It showed that dimensions asso-
ciated with singer differences had comparable spectral interpretations for
the back vowels Jfu/, [o/, /a/, and fa/, as was also the case for the frant
vowels /i/, /y/, fe/, and /e/. The vowel /e/ gave intermediate results.
Therefore, we present in Fig, 5.3, for FD =220 Hz (combined male and female
data) the basis vectors of the first two dimensions and the grand-average
spectrum for the representative vowels /a/ and /i/.

Dimension 1 typically describes vowel-dependent spectral variation.
For the wvowel /a/, a positive contribution of basis vector 1 indicates a
relatively high sound Tevel in the freguency bands with center frequencies
of 0.4, 1.0, and 2.5 kHz, and a relatively low sound level in the frequency

58

bands with center frequency of 0.8, 1.6, and 4.0 kHz. Since a positive con-
tribution of basis wvector I is associated with bass singers (Fig. 5.1),
this result can be interpreted as fallows: Bass singers, relative to tenor
singers, have (1) a Tewer first and second formant frequency, which has,
however, a minor spectral effect, (2) a lower frequency of the high spec-
tral peak (singer’s formant), and (3) a lower cut-off frequency. The spec-
tral effects above 1.2 kHz represent the major differences between male
voice timbre types for the vowel /a/. The same type of description applies
to the vaowel /i/.

Dimension 1 is much less vowel dependent, except that the second
basis vector for /i/ shows an additional weighting of the frequency of the
second formant in the 1.6 and 2.0 kHz frequency bands. Furthermore, the in-
terpretation of this basis vector follows the general description, also
given for Figs. 5.1 and 5.2: a positive coordinate value, as in alto
singers, indicates a slightly lower sound level of the fundamental (for the
vowel /a/ only) and relatively high sound levels above 2.5 kHz.
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Fig. 5.4. Singer point configurations for the soft [(panel a)
and loud (panel b) modes of singing. Panels c and d present the
respective grand-average spectra. Basis vectors of panels a and
o are the same as presented in Fig. 5.1b. The numbering of the
singers also follows Fig. S.lc.

5.2.3 Singer differences for various modes of singing

To study the dependernce of spectral differences between singers on
mode of singing. we separately computed for each mode of singing
{Fo = 220 kz) the spectrum of each singer averaged over nine vowels. This
showed that for each mode of singing these average spectra could be des-
cribed almost optimally with the same basis vectors as used for the general
case (Fig. 5.1b). Furthermore, the configuration of points for the singers
turned out to depend to a considerable extent on mode of singing. Interest-
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ing extremes were found for the soft and Toud modes of singing. The cor-
responding singer configurations are shown in panels a and b of Fig. 5.4 dn
an I-11 plane with the same basis vectors as in Fig. 5.1b. Panels c and d
show the grand-average spectrum for both modes of singing. For the soft
mode of singing, differences among both males and females are much larger
in the second dimension than in the general case (Fig. 5.la). For the loud
mode of singing the opposite can be seen: differences between singers are
concentrated more along the first dimension. This dimension shows clusters
of (1) bass and baritone singers, with the exception of baritone singer 4,
(2) (counter)-tenor singers, and (3) female singers. Variation 1in the
second dimension is markedly reduced compared to the soft mode of singing,
which affects especially the positions of the female singers. The other
modes of singing showed intermediate results, whereas the same type of ob-
servations were obtained for F0 = 392 Hz.

5.3 Discussion
5.3.1 Male voice classification

The main spectral differences among male voices, as well as average
male-female differences, generally indicated lower formant frequencies for
the Tower voice classification (dimension 1 in Fig. 5.3). This result
agrees qualitatively with observations by Cleveland (1977). However, in ad-
dition we found the greatest spectral differences between male voices in
frequency bands with center frequencies higher than 1.2 kHz. This result
agrees with the well-known observation for the speaking voice that the
higher formants are most informative on perscral (male) voice characteris-
tics. For example, in the field of speaker recognition Sambur (1975) found
F2 for front vowels and F3 for the back vowel /fu/ among the most effective
acoustic features for the identification of male speakers.

For professional male singers, spectral differences seem to come out
especially in the frequency of the singer®s formant, and can therefore be
explained mainly in terms of lower vocal tract morphology (Sundberg, 1974):
The singer’s formant originates from an acoustical mismatch between the
pharynx and the entrance of the larynx tube, which is promoted by a low
larynx position and a wide pharynx, but not necessarily sa. In this connec-
tion we remark that Cleveland s (1977) suggestion that the same morpholog-
ical differences between males and females may also distinguish between
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bass and tenor singers, is only correct for a comparison with average

male-female differences, since our results showed that inter-individual
spectral differences between female singers are of a different nature.

In addition, spectral differences between male singers were not ex-
clusively represented in the first dimension; we alsa found some variation
in the second dimension (tenor singer 6 in Fig. 5.1 and the phonations in
the fFfalsetto register in Fig. 5.2) of which we will discuss a possible
glottal origin in the next section.

Furthermore, anticipating data presented in Chapter 7 and Appendix C,
we state that there is a relation between male voice classification and the
average overall SPL of vowels at the same F0 values: On the average, bass
singers sang about 3 dB louder than baritone singers, who, in their turn,
sang about 3 dB Touder than tenor singers. However, these systematic
differences in overall SPL between singers do not seem to have important
spectral effects: Spectral correlates of variation in  overall SPL
(Chapter 7) are of a different nature than spectral diffarences between
male singers.

In relation to male voice classification, it is of interest to con-
sider the results of the counter-tenor singer 7. Figs. 5.1 and 5.2 show
that he approaches female singers very closely in dimension 1. The
counter-tenor, whe originally had a baritone voice classification, probably
sang with a raised larynx and in this way reduced his pharyngeal cavity.
Possibly, the same holds for the falsetto phonation of <inger 3, which had
a lower coordinate value along dimension [ than the phonations in the modal
register. The spectrea of phonations in falsetto register of singers 2 and 3
and of counter-tenor 7 differed mainly with respect to the relative levels
of higher frequency bands (reflected in the coordinate values along dimen-
sion II). The average spectrum of the counter-tenor resembled those of
modal tenor singing and had relatively high levels in the higher frequency
bands. On the other hand, the counter-tenor sang on the average at a 6 dB
Tower overall SPL than the tenor singers. We may speculate that the
counter-tenor in the falsetto register realizes a medial compression of the
vocal folds comparable to modal register, with complete, and possibly even
relatively long, glottal closure, resulting in a Tow amplitude of the glot-
tal pulse, strong high harmonics in the output spectrum, and relatively low
overall SPL. If this hypothesis is correct, it is of interest that the more
medial compression is realized in the falsetto register, the more the ap-
parent timbre type changes from sopranoc (singers 2 and 3) to mezzo-soprano
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or alto timbre (counter-tenor 7). Source spectrum measurements will be
needed to verify this hypothesis.

5.3.72 Female voice classification

One of our most remarkable observations was that female voices dif-
fered from each other in another way than male voices. Spectral differences
between female vaices were described primarily (1) by the sound Tlevel of
the fundamental, which is the minor spectral effect, and (2) the sound
level of the frequency hands with center frequencies of 3.16 and 4 kHz,
which is the major spectral effect. For alto singers, the amplitude of the
fundamental was lower and the sound level in the 3.16 and 4 kHz bands was
much higher than for soprano singers. The latter cbservation is in confor-
mity with the remark by Bartholemew (1934) that among female singers the
singer’s formant is found only in good altos.

An explanation of the spectral differences among female singers is
difficult because 1/3-oct spectra are hard to interpret unambiguously in
terms of sound preduction parameters. Still, we may vecall the follawing
two observations: (1) The main spectral differences among females are inde-
pendent from those between males and from the average difference between
males and females; therefore, the explanation given for differences between
males, in terms of the effect of different vecal tract morphology, does not
apply equally to females. This view is supported by the X-ray data from
Dmitriev and Kiselev (1979), who found that the length of the vocal tract
of female singers only discriminated for high sopranos. (2) The spectral
difference between modal register and falsetto register in male singers has
a strong component 1in the direction of spectral differences between fe-
males, whereas the register difference is generally accepted to be a laryn-
geal phenomenon (Colton, 19725 Hollien, 1%972; Russo and Large, 1978; Sund-
berg and Gauffin, 1979). Both observations may indicate that glottal sound
sgurce characteristics rather than morphological differences underlie the
main spectral differences between females. This view is supported by the
observation by Karlsson (1984) that there is & wide range of glottal wave
shape parameter values across female speakers - greater than any
male-female differences.

Possibly, females vary in the extent to which the vocal folds are ad-
ducted, glottal closure duration, or the amplitude of the glottal pulse.
These phenomena have their main effects on the sound Tevel of the fundamen-
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tal and on the sound Tevels of the high harmonics. as was shown theoreti-
cally by Fant (1981), and experimentally for males by Sundberg and Gauffin
(1979) and Gauffin and Sundberg (1980). These effects can be seen during
vocal intensity variation. However, no systematic relation was found
between average SPL for female singers and voice classification (see
Chapter 7 and Appendix C).

According to Rothenberg (1983), another possible explanation of the
varying Jlevels of high-freguency components may be found in the effect of
varying pharyngeal morphology on the inertive part of the acoustic loading
of the glottis. Especially the laryngeal ventricle, just above the glottis,
has the greatest effect on the inertive loading of the glottis and a wini-
mal effect on formant frequencies. However, Flach (1964) measured the la-
teral area of the laryngeal ventricle by means of K-rays and did not find a
systematic relation with voice classification, whereas the variation among
singers was large. Flach only mentioned that the size of the ventricle was
larger 1in singers with & good voice than in subjects with voices of poor
guality. The lack of a relation between voice classification and the size
of the laryngeal ventricle equally falsifies a possibility proposed by van
den Berg (1955), namely that the laryngeal ventricle (sinus Morgagni)
behaves as a low-pass filter., If this were the case, our results would
imply that alto singers have a small, and soprano singers a large ventri-
cle. [n itself this seems to be an unlikely option.

Some additional support for a glottal origin of the main differences
between females can be found from the singer configurations for the soft
and Toud modes of singing (Fig. 5.4). These modes affected especially the
variation in the second dimension, which displays the main female differ-
ences. The greater variation in dimensior 11 for the soft mode of singing
possibly has a plausible interpretation in the effect of grester variabili-
ty among singers in the degree of glottal adduction. This interpretation
may also explain the Tess systematic relation to voice classification of
the coordinate value of the female singers in dimension 11. In the opposite
case of the Toud mode of singing, the highly reduced variation in dimension
IT may be explained as the effect of about the same maximal glottal adduc-
tion for all singers. For both the soft and loud modes of singing there was
considerable variation of maximally 20 dB in overall SPL among singers.
There was, however, no systematic relation between overall SPL and coordi-
nate values for both dimensions I and II.

After these arguments in favor of glottal differences, it cannot be
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ignored that several problems remain unsalved. Far instance, no formal
theoretical evidence has been given yet which can explain the dramatic ef-
fects in the frequency bands of 2.5, 3.16 and 4 kHz (see the basis vectors
of the individual vowels in Fig. 5.4). Fant (1979) presents some theoreti-
cal spectra resulting from varying the steepness of the glottal pulse at
closure. The main effects are a constant sound level of the fundamental and
an equal increase of all sound levels above about 1 kHz with increasing
steepness of the glottal pulse. Of course, incomplete closure of the vocal
folds when they are loosely adducted would also affect the higher cutoff
frequency of & spectrum dramatically, and conseguently the level variation
in the highest frequency bands. Whereas such an effect is, for instance,
often reported for the male falsetto register (see also Fig. 5.2), it is
hard to believe that incomplete glottal closure occurs in professional fe-
male singing, let alone that incomplete glottal closure would be the basis
of systematic differences between professional female singers.

Finally we have to consider the possibility of an articulatory expla-
nation. For this, we may refer to the articulatory explanation Sundberg
(1974) provided for the singer’s formant. It is conceivable that the larynx
posiLion may be vrelatively low for alto singers, resulting in high sound
levels above 3 kHz. and that the opposite is the case for soprano singers.
However, this was not clearly confirmed by the X-ray measurements of Dmi-
triev and Kiselev (1979). Moreover, the suggested articulatory explanation
also fails to explain the variability in the level of the fundamental
between females. Still, articulatory differences between female singers may
play a secondary part, which is demonstrated by the Towered second formant
of front vowels for alto singers (Fig. 5.3).

From these considerations on the possible origins of the spectral
differences between male and female singing we may hypothesize the exis-
tence of two main effects: morphological differences in the wvocal tract,
and glottal differences. Roughly speaking, for males and for the average
male-female difference, the morphological differences prevail, for females
the glottal differences do. If additional evidence for this view could be
obtained from reliable glottal sound source measurements (up to 3-4 kHz),
especially the puzzle of the female voice would be a step closer to its
solution.
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'SPECTRAL CHARACTERISTICS OF

DIFFERENCES BETWEEN MODES OF
SINGING

The spectral characteristics of the modes of singing could be represented
for each vowel in two dimensions. The modes of singing soft (pianissimo),
light, neutral, free, straight, extra vibrato, and loud (fortissimo) dif-
fered mainly due to the spectral effect of vocal effort, and constituted a
very deminant first spectral dimension. This dimensicn roughly weighted the
slope of the spectrum. The second dimension mainly described the spectral
differences between the dark and pressed modes of singing. A possible basis
for the vresults in terms of glottal and morphological variation is dis-

cussed.

Part of a paper with R.Flomp, submitted to J.Acoust.Soc.2m.
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6.1 Introduction

We investigated spectral properties of nine modes of singing: neu-
tral, 1light, dark, pressed, free, soft, loud, straight, and extra vibrato.
The last eight terms may be considered as pairs of adjectives with opposite
meanings, referring to four, not necessarily independent, scales with "neu-
tral" as their center: "light-dark", ‘'pressed-free", ‘'soft-loud",
"straight-vibrato". Present knowledge of the acoustical aspescts of these
modes of singing is rather limited and fragmentary; this part of our study
is deveted to a general spectral description over a wide F0 range.

Little is known, for instance, of properiies of light and dark phona-
tions sung by the same singer. However, these terms are also used to
characterize different timbres within the same voice classification. There-
fore, if "light" and "dark" refer fo general phonation types which can be
chosen by a singer but which also distinguish between neutral phonations of
different singers, we may make use of the following findings reported by
Sundberg (1970, 1973). He measured formant frequencies and the source spec-
tra of vowels sung by four bass singers with voice timbres varying between
very dark and light. He found for the dark voice relative to the Tlight
voice (1) that four formants instead of five were needed to describe the
vowel spectra, indicating a Tower cuteff frequency, (2) a tendency towards
lower formant frequencies, and (3) a less pronounced singer's formant due
to smaller relative amplitudes of the higher source-spectrum partials. The
first two findings are probably the acoustic effects of a lower larynx po-
sition and Targer pharyngeal cavities for the dark voice, which were con-
firmed by X-ray measurements.

As a result of recent investigations into the wvocal sound source,
some data on pressed and free phonations are available. For pressed phona-
tions, Sundberg and Gauffin (1979) found strong higher partials in the
source spectrum relative to the fundamental. They suggested that this was
associated with a high subglotta) pressure and a high degree of laryngeal
adduction, pessibly as part of the total increase in muscle activity in the
laryngeal region by which the larynx itself was also raised (Sundberg and
Askenfelt, 1981). As a consequence of a raised larynx, formant frequencies
may also increase in pressed phonations. Pressed phonation is, of course,
not recommendable in singing, in contrast to free or "flow" phonation
(Sundberg and Gauffin, 1979) which has just opposite characteristics.
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The effect of vocal effort, the scale "soft-loud", on the spectra of
spoken vowels is well-known and generally described by a rather stable
sound level of the fundamental and a relative increase of the amplitudes of
higher harmonics. Fant (1960, p.270) proposed as a rule-of-thumb for normal
speech that, at a constant FD, an increase of 10 dB in the level of the
first formant is accompanied by an increase of only 4 dB of the level of
the fundamental. Bauffin and Sundberg (1980) presented some data on the
spectral effect of change in overall SPL for & singer and @ non-singer. No
substantial differences between the two subjects were found: as a modifica-
tion of Fant’s rule, the Tevel of the fundamental was found to be stable up
to medium vocal effort and to increase at the same rate as overall SPL  for
higher vocal effort, The levels of the formants increased much faster than
did overall SPL for low to medium vocal effort and increased at about the
same rate for higher vocal effort. This behavior was also observed with the
level of the singer’s farment by Sundberg (1973), Schultz-Coulon et
al. (1979), and Heollien (1983). An explanation was proposed by Sundberg
(1973) who found for two bass singers that, with increasing overall SPL,
the amplitudes of source-spectrum partials abave 1 kHz increased faster
that those below 1 kHz.

Studies on the vibrato of sung vowels have always focused on the tem-
poral aspects. No data seem to be available on spectra, averaged over at
least cne vibrate cycle, of vowels sung with various degrees of vibrato.
However, it cannct be excluded that a certain rate end extent of vibrato,
with the extremes of "straight" and "extra vibrato", does not only medulate
fundamental frequency but is produced with typical properties of the aver-
age spectrum, too. We were able to look for these properties because our
spectra were obtained as the averages from 30 10-ms spectra which included
more than one normal vibrate cycle (which may vary between 120 and 200 ms
in duration).

6.2 Results
6.2.1 Average spectra of modes of singing

In order to investigate the spectral variaticn due to different modes
of singing, the average spectrum for each mode was computed. This average
spectrum was derived from spectra of the realizations of a mode with the
nine vowels by all singers. Since the spectral variance due to different
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medes of singing did not vary much over F0 (Chapter 3), we only present
analyses for FD = 220 Hz for seven male singers and for F0 = 392 Hz for
seven female singers, which are about mid-range frequencies for both sexes.

A principal-components analysis of the nine mode spectra for these
two sets revealed highly one-dimensional spectral variation. The first di-
mension of the computed specirum space explained 95.2 % (males) and 96.1 ¢
(females) of the total spectral variance due to modes of singing. Figs. 6.1
and 6.2 show the representations of tha mode spectra in the I-11 plane
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Fig. 6.1. Representation of spectral differences between modes

of singing at P = 220 Hz for male singers.

{a) Configuration of modes of singing in a two-dimensional
spectrum subspace (So=soft, L=light, D=dark, F=free,
N=neutiral, B=straight, P=pressed, V=extra vibrato,
Lo=loud) .

[b) Grand-average spectrum.

(e) Profile of the basis vector of the first spectral dimen-
sion.

(d) Distribution of spectral variance over frequency bands due
to the factor "mode of singing".
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Fig. 6.2. Representation of spectral differences betwgen modes
of singing at F = 392 Hz for female singers. For an explanation
of the panels sée Fig. 6.1.

(panel a), the grand-average spectrum (panel b),the profile of the basis
vector of the first dimension (panel ¢). and the contributions of each fre-
quency band to total spectral variance (panel d). It turns out that the
soft and loud modes of singing, representing minimum and maximum vocal ef-
fort, are extremes of the single fimportant spectral-mode dimension. For
male singers the profile of the first basis vector (Fig. 6.1) indicates
that from soft to loud singing, passing all other modes of singing, the
sound Tevel of the fundamental decreases relatively, while the levels of
the frequency bands between 2 and 4 kHz increase relatively. For female
singers spectral variation is limited to & relative increase of the levels
of Lhe frequency bands above 1.6 kHz.

The modes of singing neutral, free, straicht, and extra vibrato gave
almost equal results, which indicates that (1) neutral and free are dif-
ferent descriptions of the same, comfortable way of singing, and (2) that
absence or enhanced presence of vibrato does not influence the average
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spectral composition. As a consequence, there remain six spectrally dif-
ferent singing modes, in this order: soft, light, dark, neutral, pressed,
and loud. For a further exploration of their positiens we have to take into
account the average overall SPL of each mode. For the male singers these
values were 77, 84, 91, and 100 dB SPL for the singing modes soft., 1light,
neutral, and loud, respectively; for females the corresponding values were
B2, B7, 92, and 99 dB SPL. This order of SPL values is the same as that of
the coordinate values along dimension 1. The dark and pressed modes of
singing show a different behavior in that their average overall SPL value
is about equal to the value of the neutral mode for both males and females,
whereas with both male and female singers the position of the dark mode
along dimension I is lower than that of the neutral mode, and the position
of the pressed mode of female singers is higher. The consequences of these
results will be discussed in Section 6.3.
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Fig. 6.3. Representation of spectral differences between modes
of singing for the vowel /a/. Results for male singers at
F = 220 Hz. For an explanation of the panels see Fig. 6.1.
Panel ¢ also presents the profile of the basis vector of the
second dimension.
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presentation as in Fig. 6.3 for the wowel /i/,
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Fig. 6.5. The same presentation as in Fig. 6.3 for the vowel su/.

6.2.2 Differences between modes of singing for various vowels

Up to now we have considered the cne-dimensional spectral main effect
of the modes of singing. For a further differentiation we have to study
vowel-dependent spectral differences. Figs. 5.3, 6.4, and 6.5 show in
panels a, for the male vowels fa/, /Ji/, and fu/, the representations of the
nine modes of singing in the first two dimensions of the spectrum space,
derived by principal-components analysis for each vowel individually. In
addition, these figures present the standard information for their spectral
interpretation in panels b, c, and d. Furthermore, in Fig. 6.6 the average
spectra of the soft, loud, pressed, and dark modes of singing are plotted
for the three vowels. The following differences hetwean vowels can be ob-
seryed:

(a) The variation along dimension I increases considerably from /Ja/,
via /i/ to fu/. This effect is reflected in the increase in spectral vari-
ance due to modes of singing which increases from 129 de for Ja/ and
279 d8? for /i/, to 320 d8% for fu/.

(b) The first dimension (see the basis vector in panels ¢) is compar-
able for all three vowels. Its speciral effect can also be seen in Fig. 6.6
as the difference between the average spectra of the soft and Toud modes of
singing.

(c} The second dimensions for fa/ and /i/ especially differentiate
between the dark and pressed modes of singing. For /fu/ the results are al-
most one-dimensional (94.7 ¥ of the variance); for this wvowel the small
variation in the higher dimensions did not allew a further explanation.

(d}) The spectral meaning of the second dimension is typically vowel
dependent. For /fa/, the profile of the basis vector (panel ¢) shows that a
positive coordinate value (dark voice) implies (1) higher sound levels of
the lower frequency bands of 0.4 and 0.63 kHz, which indicates lower Fl and
Fss and (2} higher sound levels in the frequency bands of 2.5 and 3.16 kHz,
indicating a more pronounced spectral peak (singer’s formant). For /i/ the
profile of the second basis vector shows for a dark voice a shift of the
high spectral peak to Tower frequencies, rather than an increasing level of
this peak. The spectral meaning of the second dimension can also be seen in
Fig. 6.6 as the major part of the difference in the average spectra of the
pressed and dark modes of singing for /a/ and /i/.

The results presented in this section for a single fundamental fre-
quency for male and female singers generally hold for all FD values. Com-

plete data can be found in Appendix A.
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Fig. 6.6. Average spectra for male singers with F = 220 Hz for

the wowels Ja/, i/, and /u/, and the modes ofcsinging soft,

loud, pressed, and dark.

6.3 Discussion
6.3.1 The dimension soft-loud

We found that systematic differences between modes of singing of a
vowel could be vrepresented quite well in two dimensions of the spectrum
space for all F0 values. The most important Fivst dimension referred to the
spectral effect of wvocal effort and could describe the main spectral ef-
fects of the singing medes soft, light, neutral, free, straight, vibrato,
and Toud. If we interpret the profile of the basis vector of the first di-
mension (Figs. 6.1b-6.4b) for the moment as being entirely the consequence
of wvariation 1in the glottal sound source, this profile is, up to 1.5 kHz,
in agreement with theorstical data of Fant (1981) and experimental data of
Sundberg (1973). With respect to increasing overall SPL we may expect:
(1) relatively l1ittle variation in the sound level of the fundamental, and
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(2) about the same increase of the sound level of harmonics beyand Fl’
Translated in terms of 1/3-oct spectra normalized for overall SPL {which
is, generally speaking, mainly determined by the sound level of Flj, this
implies (1) a relative reduction in the sound level of +the fundamental,
especially when F0 and F1 are distant, and (2) an increase in sound Tevel
for frequency bands with center frequencies beyond Fl’ which is egually
large for all frequency bands. These acoustic effects are the results of a
steeper glottal pulse, due to increased adduction of the vocal folds (see
alse Gauffin and Sundberg, 1980). No supperting source-spectrum data are
available for the extra level increase in the frequency region of
2-3.16 kHz with increasing overall SPL. [t is conceivable that during Tow
vocal effort there is no complete closure of the vocal foldss this would
have a great influence on the cut-off frequency of the spectrum, resulting
in large level variations in the higher frequency bands. It is also this
frequency region in which the vowel-dependent spectral effect of an in-
crease in vocal effort comes out most clearly (see also Chapter 7).

From the glottal point of view the deviating positions of pressed and
dark phonations along dimension I for female singing (Fig. 6.2a) and for
the vowel /a/ for male singing (Fig. 6.3a) can be associated with
sgurce-spectrum characteristics of "pressed" and "flow" phonations, meas-
ured by Sundberg and Gauffin (1979). Firstly, they found that the amplitude
of the glottal pulse is relatively small for pressed phonations and rela-
tively large for flow phonations. Therefore, other things being kept con-
stant, overall SPL will also be relatively low for pressed phonations and
ralatively high for flow phonations. When, however, the same overall SPL is
obtained for the neutral, pressed. and dark modes of singing, this can only
be due to a second ceause, namely the degree of adduction of the vocal
folds. With a relatively high degree of adduction for the pressed phonation
and a relatively low degqree of adduction for the dark phonation the same
overall SPL can be obtained. If we assume that especially the spectral ef-
fect of vocal-fold adduction is present in dimension I, this explains the
deviating positions of pressed and dark phonation, provided that dark sing-
ing is produced as flow phonation. Reversing the argument, our data
(Figs. 6.1, 6.4, 6.5) then suggest that the difference between pressed and
dark or flow phonation was less outspoken in male singing, and for the
vowels /i/ and /fu/.

After these considerations in terms of the glottal sound source we
now consider the pessibility of an articulatory interpretation of the
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results. In Appendix B it is shown that for phonations of a bass singer
{Fo = 98 Hz), the variation described by dimension I can be interpreted as
the effect of a specific variation in the first two formant frequencies.
This articulatory explanation is, however, not satisfactory because of the
unrealistically large formant frequency variation required. Mevertheless,
it is probable that articulatory variation associated with vocal effort,

for instance the degree of mouth opening, plays a part in the results.

6.3.2 The dimension pressed-dark

The basis vector [l in Figs. 6.3 and 6.4 generally describes Tlower
formant frequencies for the dark mode of singing and higher formant fre-
guencies for the pressed mode of singing. This dimension may be interpret-
ed, therefare, as representing the spectral effect of pharyngeal volume,
influenced by the height of the larynx, which can also be seen in temograms
given by Sundberg (1973). Since the dark and pressed modes of singing also
vary with respect to dimension 1, we may combine the results and describe
the dark mode of singing as flow phonation with a wide pharyngeal cavity,
and the pressed mode of singing as pressed phonation combined with a high
larynx position, the latter 1in accordance with Sundberg and Askenfelt
(1983). In this connection it should bementioned that pressed vowels were
sometimes realized in two different ways: most singers noted that, apart
from an overall increase in muscular tension, they raised their larynx and
produced a timbre type also known as "Knddel". Some male singers, however,
Towered their larynx and produced an extremely widening of the pharyngeal
cavity for the timbre type "poitrinated" which turned out to be closely re-
lated te dark sung vowels (not separately shown in the presented figures).

€.3.3 Some perceptual implications

From the perceptual point of view, our results indicate that varia-
tien in vowel timbre due to mode of singing may be perceived as a
two-dimensional phenomenon for each vowel. Studies by Yon  Bismarck
(1974a,b) showed "sharpness" to be the most important attribute of the tim-
bre of harmonic complex tones. He found that sharpness was related to the
relative importance of higher harmonics, which corresponds well with the
spectral interpretation of dimension I. In this respect it is of interest
that the profile of basis-vector I is not very vawel dependeht, allowing a
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general interpretation of sharpness. 0On the other hand, the spectral
differences between dark and pressed phonations were vowel dependent and
therafore probably not traced as a prominent factar in Von Bismarck’s ex-
periments.

6.3.4 Relations between the factors "modes of singing" and "singers"

The spectral effects of the factors "singers” and "modes of singing"
have much 1in common. Firstly, in Chapter 3 it has been shown that the de-
pendence of spectral variance on fundamental freguency is similar for both
factors: spectral variance is greatest in the higher freguency bands which
are not much affected by increasing Fﬂ. Secondly, and more specifically,
the basis vector of the first two spectral dimensions of both facters are
quite comparable: The first mode dimension (soft-loud, Figs. 6.1b and 6.2b)
resembles the second singer dimension quite well (sopranc-alte, Figs. 5.1b
and 5.2b), and the second mode dimension (pressed-dark, Figs. 6.3b and
6.4b) resembles the first singer dimension (females-males, tenor-bass.
Fig. 5.3). Although this comparison is not optimal in all cases, at least
it expresses a strong tendency. We may speculate that this tendency may be
extended to the production Tevel: one dimension which mainly expresses the
spectral effect of morphological differences (male vs. female, tenor vs.
bass voice timbre type) and variation (pressed and light vs. dark mode of
singing), and a second dimension which mainly expresses the spectral effect
of glottal differences (soprano vs. alto voice timbre type, falsetto ws.
modal register) and variation (soft vs. loud mode of singing). Comparing
the size of the spectral variation in all dimensions, it c¢an be seen in
Figs. 5.la, 5.2a, 6.3a, 6.4a, and 6.5a that the spectral difference a
singer makes between a soft and a Toud phonation is larger than the maximal
spectral difference between female singers. The spectral difference between
pressed and dark is somewhat smaller than the maximal spectral difference
among male singers or between male and female singers. This comparability
of spectral variations demonstrates that a singer has many possibilities to
adapt his voice timbre to the timbre of other voice types, or to the
esthetic requirements of artistic performance.

7



THE OVERALL SOUND-PRESSURE
LEVEL AND ITS SPECTRAL
CORRELATES

For all Fu values investigated, the variation in overall SPL of sung vowels
was largely due to ‘the effect of different modes of singing, especially of
singing soft wvs. loud. Variation due to differences between singers -came
second. The spectral correlates of variabion in overall SPIL were
spectral-slope like. 2n explanation is proposed for the result that the
spectral effect associated with overall SPL was vowsl dependent, i.s. much

larger for /u/ than for Ja/.
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7.1 Introduction

For the same fundamental frequency, vowels can be sung with a dynamic
range of more than 40 dB by an individual singer. In Section 7.2 we present
the variation in overall SPL due to differences between singers, vowels,
and modes of singing. Furthermore, variation in cverall SPL of sung and
spoken vowels is not simply & gain factor but has specific spectral ef-
fects. This has already been demonstrated by the spectral differences
between the soft and Toud modes of singing. In Section /.3 we will explore
the relation between vowel spectrum and overall SPL in a formal way for all
Fo values investigated.

7.2 Variation of averall SPL due to differences between vowels, singers,
and modes of singing

The recording procedure of the sung vowels dncluded a calibration
procedure which allowed the determination of the overall SPL of each vowel
at a microphone distance of 0.3 m. On these data, separately for each FG
value, analyses of variance were performed to investigate the extent to
which SPL varied due to the main effects and interactions of the factors
"vowels," "singers," and "modes of singing".

Table 7.1 presents the variance due to the various factors and in-
teractions. Most factors and interactions were significant beyond the 0.01
level. It can be seen that for most FO values the main effect of the factor
"modes" explains more than half of the total variance and is therefore the
most important source of variation in SPL. The second important factar s
the singer-related difference in SPL. For males, this effect proved to be
systematically related to voice classification. 0On the average, bass
singers sang about 3 dB louder than baritone singers, who, in their turn,
sang about 3 dB louder than tenor singers. Complete data of average values
of overall SPL for singers, maodes of singing and vowels are presented in
Appendix C. For females no such relation was present. The relatively -1arge
variance was due to mezzo-sopranoc 11, whose SPL was, for all £ values.
8 dB lower than the average. For the same Fu’ males sang on the average
6.4 dB (F0 = 220 Hz) and 9.3 dB (Fﬂ = 392 Hz) louder than female singers.
In modal register males sang on the average 9.3 dB louder than in the fal-
setto register. It is noteworthy that overall SPL was more constant in the
falsetto register than in the modal register. Furthermore, there was a
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Table 7.1. Variance [de) in overall SPL due to main effects
and interactions of the factors '"modes of singing™ (M)},
"singers" (S), and "vowels" (¥), as a function of F . All main
effects and interactions are significant beyond tho’0.0l level,
except those marked with an asterisk. Por computational details
see Table 3.2.

Males Females
F0 (Hz) 98 131 220 392 392 220 392 654 880
modal falsetto
ques 29.7 7.8 35.9 34.3 327 29.2 19.4  16.0 56.7
Singers 5.9 8.7 10.6 11.2 1.3 16.0 16.1 13.3 2.2
SxM Fi 6.7 13 3.1, 5.8 6.2 6.1 6.4 5.0,
Vowels 2.1 L. | Y § 0.4 3.1* 1 0.9 0.4 0.]*
SxV 0.6, 0.7 1.1 1:5 0.4 0.8 1.2 0.8, 0.3,
MxV 0.8 1.0 1.1 155 Ik 0.9 0.5 0.3 o
SxMxl 1.9 2.8 2:5 2.6 3.0 1.8 1.8 1.6 3RS
Total 48,2 59.4 50.2 60.6 49.5 56.6 46.0 38.8 656.9

relatively large interaction between singers and modes of singing, i.e. the
dependence of overall SPL on modes cof singing differed from singer to
singer.

The main effect and all interactions of the factor "vowels" were much
smaller and several were not significant at the 0.01 level. Nevertheless, a
systematic tendency could be observed with respect to average SPL for dif-
ferent vowels (see Appendix C). Up to F0 = 220 Hz, overall SPL of the
vowels /fa/ and /a/ was about 3 dB higher than that of the vowels /[i/, /u/
and /y/, and the other vowels had SPL values in between; for FO = 392 Hz,
in male falsetto register and in female singers, this relation was just re-
versed: [i/, /fuf, and /y/ had the higher overall SPL. For still higher F0
values no systematic differences between vowels were found.

The factor "modes of singing" was investigated in some more detail.
Figure 7.1 shows SPL averaged over singers and vowels as & function of FO,
with mode of singing as the parameter. Since differences in SPL between the
modes rneutral, dark, free, pressed, straight, and vibrato appeared to be
small, their values are presented as a range indicated as peutral. In this
way four distinct stages could be distinguished: soft, light, neutral, and
loud, at distances of, on the average, 6.6 dB, which means roughly a dou-
bling in Tloudness. There was a monotonous increase of SPL with rising Fo,
with the exception of the vowels sung by males in falsetto register and for
the softly sung vowels at FD = BBD Hz.
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Fig. 7.1. Overall SPL for modes of singing averaged over vowels
and singers as a function of F_, for male and female singers
separately. The line labeled mneufral® combines the results of
the modes of singing neutral, dark, free, pressed, straight,
and extra vibrato; the range of the average data for these
modes is represented by vertical dashes.
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7.3 Spectral correlates of overall SPL

The procedure that was used to find spectral correlates of overall
SPL deviates from the general analyses given in Chapters 4 to & for vowel
spectra. Firstly, we used the original., unnovrmalized, spectras this implies
the use of absolute sound levels in frequency bands as a function of over-
all SPL. Secondly, we separately investigated for each frequency band the
relation between the sound level in that band and overall SPL by means of
linear regression analysis. If the regression coefficient equals one, the
sound level in the corresponding frequency band increases egually with
overall SPL: if the regression coefficient is smaller, the sound level din-
creases more slowly, and if the regression coefficient is greater the sound
Tevel increases faster than does overall SPL. At each FD value investigat-
ed, these analyses were performed separately for each vowel. Therefore,
each analysis involved the spectra of the nine modes of singing, sung by
all participating singers. For example, Fig. 7.2a shows the SPL of the
vowel fa/ (F0=392 Hz) in the frequency band of 3.16 kHz as a function of
overall SPL. Data from spectra of nine modes of singing, realized by seven

female singers. are used.
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Fig. 7.2. Sound level in the fregquency band with a center fre-

guency of 3.16 kHz as a function of overall SPL for seven fe-

male singers (F_ = 392 Hz).

(a) Driginal data points.

(b} Data points, normalized for the center of gravity of each
singer, and the regression line through these points.
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To aveoid the influence of systematic level differences between singers on
the regression Tline through all data points. we first normalized the data
points of each singer for their combined center of gravity. Fig. 7.2b shows
the normalized data and the regression line (regression coefficient = 1.49;
correlation coefficient = 0.94). Using normalized data, correlation coeffi-
cients exceeded 0.90 in most cases. However, for the frequency band of the
fundamental the correlation coefficient was Tlower, about 0.70, for FU
values up to 392 Hz [males). Regression coefficients are shown graphically
in Fig. 7.3; they are anly given for the vowels /a/ and /u/ since these
vowels represented the extreme cases. The regression coefficients for suc-
cessive frequency bands are connected. The following observations can be
made.

{1) IF F0 is lower than about 392 Hz, the sound level dincreases
equally with overall SPL only in the Frequency band in which the first for-
mant is located {center frequency of 0.307 kHz for ju/, 0.5 - 0.63 kHz for
/af). This dis not surprising since the level of the first formant deter-
mines, in most cases, overall SPL, For females (except FU = 220 Hz), the
sound level of the first two or three harmonics increases equally with
overall SPL. For these FO values, the first harmonic often determines over-
all SPL (see, for instance, the average spectra for these subsets in
Fig. 4.7)

(2) With F0 values up to about 392 Hz, the sound level 1in the fre-
quency bands lower than the first formant frequency increases more slowly
than overall SPL. In most cases the increase in the sound level of the fre-
quency band of the fundamental is Towest and equal for all vowels, although
the variability is somewhat Targer than in other frequency bands. For FO
values 1in the range of normal speech, the regression coefficient for this
band has a value of about 0.4, which is in conformity with the rule given
by Fant (1960): a 4 dB level increase of the fundamental when overall SPL
increases by 10 dB. The increase in the freguency bands between the funda-
mental and Fl is vowel dependent, probably because of differences in Fl'

(3) Sti11 more vowel dependent is the regression coefficient for fre-
guency bands higher than Fl‘ For frequency bands with a center frequency
higher than the one in which the first formant 1is located (up to about
2 kHz), the wvalue 1s vroughly constant for each separate vowel, but at a
different level for different vowels. The extra increase for /u/ is about
double or triple that of /a/.
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(4) This vowel-dependent relation between SPL in a fraquency band and
MALES FEMALES ' overall SPL persisted for the frequency bands between 2 and 4 kHz. For
these frequency bands the extra increase in sound level is very large. At
Fo = 98 Hz the sound Tevel of /u/ in the frequency band with a center fre-
quency of 2.5 kHz increases by 27 dB with a 10 dB increase of overall SPL,
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whereas for /a/ this is 15 dB. The corresponding correlation coefficients
have typical values of 0.91 and 0.97. For the vowel fa/ the value of the

regression coefficients for these freguency bands is approximately the same
over all FD values. The values for the vowel /u/ decrease with increasing

the

fre-

F0 to the same value as for fa/.
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7.4 Discussion

in

The results presented above give an explicit relation between overall
SPL and its spectral correlates. Of course, there is a close relationship
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between these results and the spectral correlates of modes of singing des-

cribed previously, since it has been shown that modes of singing have the
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greatest contribution to variation in overall SPL. This close relationship
is exemplified by the correspandence between the profiles of the basis vec-

the upper panels
male singers, the lower panels those for the

tors of dimension I of the modes of singing (Figs. 6.3a and 6.5a) and the

2.5 19 2.4
FREQUEMNCY (kH2)

profiles of the regression coefficients presented in Fig. 7.3. It should be

noted that the series of regression cecefficients for subsequent frequency
bands can be considered as a vector. Transformation to a basis vector in-
cludes: (1) substracting the value one, which is the consequence of the use

investigated,

the

A

and overall SPL, for the vowels /a/ and /fu/. For

e
I sine
T
I
251828

of normalized spectra in previous spectral descriptions, and (2) scaling

with a constant to obtain a unit-length vector.

values
for

We are inclined to believe that the main origin of the spectral ef-
fects of variation in overall SPL is the degree of adduction of the vocal
folds, necessary to control varying subglottal pressure. Because of the

251 24

Fig. 7.3. Regression coefficient between the lewvel
gquency band

all ¥

resul%s

female singers.

correspondence to the description of modes of singing we refer for this
discussion to Section 6.3.

Here we want to discuss the interesting vowel-dependent character of

is that the increase in the level of the fundamental is not vowel depen-

v

(4]

- the spectral correlates of overall SPL (Fig. 7.3). The first thing we note
o}

o

dent. For low F0 values the level increase is smaller than the increase in
overall SPFLy for high FD values, when F0 comes in the neighborhood of Fl
(thus earlier for fu/ than for /a/), the increase of the sound level of the
fundemental entirely determines the increase in overall SPL. Sundberg and

i
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Gauffin (1979) showed a high correlation between the sound level of the
fundamental and the amplitude of the glottal pulse. Therefore, we may con-
clude that the amplituds of the glottal pulse increasss with overall SPL
independently of the phonated vowel.

An increase of the amplitude of the glottal pulse is automatically
accompanied by an increase in steepness of the glottal pulse if glottal
clusing time (between maximum amplitude end closure) is constant. Acousti-
cally, this increase has a tilting character: the sound levels of the
higher harmonics are increased most. Therefore this effect may explain the
general shape of the spectral correlates of SPL in Fig. 7.3.

For the Tower FD values, the level of the first formant determines
overall SPL. When the amplitude of the glottal pulse is raised equally for
the vowels /fu/ and /a/, the effect on the level of the harmonics underlying
F1 will be different because the accompaning tilt of the spectrum will af-
fect the harmgnics underlying F1 of /a/ more than those of the lower F1 of
Ju/. Only a steeper glottal pulse for fu/ can provide & sufficiently high
level of the harmonics underlying Fl and thus provide an equally high over-
all SPL as for /a/. This steeper glottal pulse can be obtained, for in-
stance, by higher medial compression, resulting in more adduction of the
vocal folds and a shorter closing time of the glottis. If this were the
case there would be a correlation between vocal fold adduction and the
first formant frequency for the realization of a certain value of SPL.

Regardless of its precise origin, we observed far more
spectral-slope-like variation for /u/ than for /a/. We may bring this in
relation with & perception experiment by Carlson and Granstrom (1976) on
the detectability of changes in spectral slope of vowels. They showed the
threshold for /u/ was much higher than for /a/ and /i/, which indicates an
interesting balance between production and perception of vowels with
respect to spectral slope.
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THE SOUND LEVEL OF THE
SINGER'S FORMANT

The relative sound level of the "singer's formant", measured in the 1/3-oct
band with a center freguency of 2.5 kHz for males and of 3.16 kHz for fe-
males, has been investigated with respect to wvarilation dus to singers,
modes of singing, vowels, overall sound-pressure level, and Fundamental
frequency. Variation in the sound level of the =singer’s feormant due ta
differsnces among male singers was only small (4 dB), the factors vowels
(16 dB) and Eundamental frequency (9-14 dB) had intermediate effect, while
the largest wvariation was found for differences among female singers
(24 dB), between modes of zinging (vocal effort) (23 dB), and in overall
sound-pressure level (more than 30 dB). In spite of this great potential
variability, for each mods of singing the sound level of the singer’s for-
mant was remarkably constant up to Fu = 392 Hz, dus to adaptation of wvocal
effort. This may be explained as the result of the perceptual demand of &

constant voice gquality. The definition of the singer’s formant is dis-

cussed.
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8.1 Introduction

Bartholomew (1934) was the first to describe, as a physical attribute
ef a "good" voice quality in professional male singing, a pronounced high
frequency peak in vowel spectra, the "2800", which was said to add “ring"
to the voice. Since then, this spectral peak has been investigated by sev-
eral researchers (Winckel, 1953; Rzevkin, 1956; Sundberg, 1974;
Schultz-Coulon et al., 1979; Hollien, 1983) and is presently known as the
"singer’s formant". Sundberg (1974) showed that the singer’s formant con-
sists of a clustering of the third, fourth, and fifth formants, which is
the effect of an acoustical mismatch between the pharynx and the entrance
of the larynx tube. Such a mismatch may be promoted by a Tow Tarynx posi-
tion and a wide pharynx. Although Bartholemew (1934) already recognized
that the sound level of the singer’s formant varied with vocal intensity,
fundamental frequency, and voice classification, up to now no systematic
study has been undertaken to establish the contribution of all these fac-

tors in one experimental design. This chapter aims to present these contri-
butions.

8.7 Method

The sound Tevel of the singer’s formant was measured in the freguency
band with a center frequency of 2.5 kHz for males and of 3.1 kHz for fe-
males. In the great majority of conditions, except a few at very high Fo
values, the sound levels in these frequency bands were the highest ones
above 1.6 kHz, For further analysis the difference value from overall SPL,
LSF’ was used. According to these measurement conditions any phonation,
sung or spoken, has a singer’s formant by definition, which is contradicto-
ry to what the term was intended to mean and therefore debatable. Neverthe-
less, we do not want to discuss the definition of the singer’s formant at
this point; after the presentation of cur data such a discussion will be
presented in Section B.4.

Although it may seem attractive to follow the same approach for the
analysis of Lsf as in Chapter 7 for overall SPL, an analysis of variance
could not be applied to Lsf‘ The reason for this is that overall SPL was a
dependent rather than an independent variable, because recordings were not
made at fixed values of overall SPL. It turned out that overall SPL and LSf
were strongly correlated; therefore we applied regression analyses to Lsf
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as a function of overall SPL, as demonstrated in Fig. 8.1 for the set of
567 vowels sung at FG = 220 Hz by seven female singers. Fig. B.la shows
each singer’s regression line through all her Lsf data points (9 vowels x 9
modes of singing). It can be seen that in this subset (1) Lsf is dependent
on voice classification: for the same overall SPL alto singers (8,9,10)
have a much stronger singer’s formant than soprano singers (13,14), (2) the
relative relationship between Lsf and overall SPL does not vary much among
singers since the regression Tines are approximately parallel, and
[3) ranges of overall SPL vary among singers.

The singer-specific LSf was defined as the value of the regression
line at the average overall SPL (in this case 83.4 dB SPL). This definition
is somewhat arbitrary because of some variation in the slope of the regres-
sion lines but it seems to be the best choice. Subsequently the Lsf data
were singer-normalized by corrvecting them for the corresponding
singer-specific Lsf'

With these singer-normalized LSf data we subsequently studied the ef-
fect of wvowels on Lsf (Fig. &.1b)., By analogy with the description of
singer differences, regression lines are drawn for each vowel through all
the singer-normalized Lsf data points as a function of overall SPL (9 nor-
malized singers x 9 modes). We notice (1) comparable ranges of overall SPL
for all vowels. (2) the steepest slope for the vowel /fy/; the shallowest
slopes for the vowels /a/ and fa/, and (3) the lowest Lsf for the vowel
Ju/. Despite the differences in slope we again defined the vowel-specific
Lsf as the value of the regression line for a vowel at average overall SPL
(83.4 dB). Subsequently the Lsf data were vowel-normalized by correcting
them for the corresponding vowel-specific L o (Fig. 8.1c).

In Fig. 8.1c the regression Tine through all 567 singer-normalized
and vowel-normalized LSf data points is drawn as a function of overall SPL,
and the average positions of the different modes of singing are indicated.
In view of their close distance to the regression line it may be concluded
that, on the average, there is no specific relation between modes of sing-
ing and LSf other than that governed by overall SPL. To show Lhe variabili-
Ty in LSF for a mode of singing, the cantour of the data points for the
soft and loud modes is given as a dotted line in Fig. 8.1c. Both modes
cover substantial ranges of overall SPL. and they even overlap. This shows
that variation of LSf within a mode of singing can be explained in part as
the effect of variation in overall SPL. Besides this, for a single value of
overall SPL a standard deviation in I.Sr of about 5.5 dB remained.
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Fig. 8.1. Example of the analysis of the level of the singer’s
formant for 567 vowels, sung by seven female singers at
F. = 220 Hz.

[gl Original data and the regression line between L and over-
all SPL for each singer (8-10, alto; 11-12, mezzo-sopranc;
13-14, soprana) .

(bl Singer-normalized data and the regression line between Lsf
and ovarall SPL for esach vowel.

(c] Data, normalized for singers and vowels, plus the regres-
sion line. The positions of modes of singing are indicated.
For the modes of singing soft and loud the contour of data
points has been drawn (dotted line).

8.3 Results

Using the procedure described above all vowel sets,
wWith Fu varying between 98 and 880 Hz, were analyzed. We first obtainsd the
singer-specific Lsf and the vowel-specific Lsf' For the Fn ranges of 98 up
to 392 Hz (modal register) for males and FO = 220 and 392 Hz for females,
the effect of FD was insignificant for both the singer-specific and the
vowel-specific Lsf' Therefore we give in Fig. B.2 representative data of
both quantities for FU = 220 Hz. A remarkable difference between males and
females was revealed: whereas there were no substantial differences 1in Lsf
for male singers ('15>Lsf)'lg dB), for female singers Lsf varied between
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Fig. 8.2. Singer-specific L (a} and vowel-specific L (k)
for F_ = 220 Hz. Data for spoken vowels were adapted frof Klein

et al. {1970) for males and from van Mierop et al. (1973) for

Females. The numbers of the singers are the same as in Table
2.1,
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-8 and -32 dB, and this variation was related to voice classification. Alto
singers 8, 9. and 10 typically have the highest sound level of the singer’s
formant, higher even than for male singers, while (mezzo)soprano singers
may show a singer’s formant more than 20 dB lower in sound Tevel than alto
singers. As was mentioned before, these results hold for wide FD ranges.
There were no great differences in the vowel-specific Lsf between males and
females except the Tower value for the vowel /u/ for female singers.

Additionally, we were able to make an interesting comparisen with
sound Tevel data for spoken vowels (from the same frequency band) cbtained
by Klein et al. (1970) for 50 Dutch males and by van Nierap et al.{1973)
for 25 Dutch females. Their data are also presented in Fig. 8.2. [t may
seem counter-intuitive to speak of a "singer’s formant" for spoken vowels.
However, within our simple and straightforward definition of the singer’s
formant as the sound level in a particular frequency band, there is no es-
sential problem about doing so st this stage:; but see the discussion in
Section 5.4.

For males most sung and spoken vowels did not differ much with
respect to Lsf’ except the vowels /y/, /of, and fu/, which had considerably
Tower Lsf values for spoken vowels. For females there was a systematic
difference between spoken and sung vowels in Lsf for most vowels, but rela-
tively larger for the vowels /y/ and /u/. For a possible explanation of
these differences between spoken and sung vowels we have to consider the
relation between LSf and overall SPL. As can be seen in Fig. 8.1b, the
slope of the regression line between LSf and overall SPL is not the same
for all vowels: for some vowels Lsf rises more quickly with increasing
overall SPL than for other vawels. A quantification of this effect can be
given as the increase in dB of LSf when overall SPL rises by 10 dB. These
data arve presented in Table 8.1 for all vowels, as the average values over
male modal phonations (FG = 98, 131, 220, 392 Hz), male falsetto phonations
(Fa = 392 Hz), female lower Fa range (F0 = 220, 392 Hz), and female higher
F0 range {F0 = 659, 880 Hz). separately. Largest differences among vowels
were found in the male modal register. In absolute sound level the singer’s
formant for /u/ rises by 10+15.4=25.4 dB in the modal register when gverall
SPL rises by 10 dB, which is 10 dB more than for the vowel /fe/. It can be
seen that for both male singers (modal register) and female singers (low FO
range) the vowels /o/, [y/, and fu/ show the greatest increase in Lsf' On
the average the increase is less in the male falsetto register than in male
modal register; no important differences among vowels were found for the
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Table B.l. Increase of L in dB for nine vowels when overall
SPL increases by 10 dB, obtained from singer-normalized data.
Average results for a number of E‘Q values are given.

Males Females

modal falsetto Taw F0 high F0
F0 (Hz) 98,131,220,392 392 220,392 659,880
£ 5.8 2.1 7.0 5.5
a 6.9 2.6 5.7 5.0
a TFoul 4.0 5.8 6.5
e 6.6 5.0 8.4 6.0
w® 8.3 9.3 7.9 5.5
i 8.7 7.4 B.4 5.0
2 g.2 6.1 8.3 6.2
¥ 12.9 7.6 11.6 5.9
u 15.4 10.1 10.7 6.7

female high FU range.

On the basis of these results we may explain the differences in Lsf
for spoken vowels (Fig. 8.2). We predict what would happen to the Lsf of
sung vowels if overall SPL decreased by about 7 dB for males and about by
15 d8 for females. The corresponding decrease in Lsf can be derived from
the data in Table 8.1 in the columns "male modal register" and "female Tow
Fo“‘ respectively. For the vowel /fu/ (males) this results. for example, in
a value of -20.5-0.7x15.4=-31.3 dB for Lsf; for the vowel /i/ (males) Los
becomes -11.0-0.7x8.4=-16.9 dB. These velues, and those for all other
vowels, agree fairly well with the data for spoken vowels. Although no data
of overall SPL were available for the spoken vowels, the suggested differ-
ence with sung vowels of 7 dB for males and of 15 dB for females seems
plausible, eaTlthough passibly somewhat large for females. Thus, the differ-
ences in Lsf between spoken and sung vowels may largely be explained as the
effect of a difference in overall SPL.

After the normalization of LSf for differences due to singers and
vowels, regression lines of LS{ as a function of averall SPL were computed
for all subsets, in the same way as demonstrated in Fig. B.lc, and these
regression lines are presented in Fig. 8.3a. It can be seen that Lsf varies
from -35 to -3 dB for all F0 values, except for male falsetto register and
the female high FU range, which occupy lower values of Lsf‘ The differen-
tial effect of fundamental frequency on Lsf is that the same value of Lsf
can be reached for a higher F0 only when overall SPL is increased. In other
words, when cverall SPL is kept constant, Lsf decreases when Fu increases
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Pig. 8.3. (a) Regression lines between L and overall SPL for
data, normzlized Eor singers and vowels, as a function of F_,
for males and females separately. (b] Lsf of modes of singing
as a function of overall SPL and Fo.

(Schultz-Coulon et al., 1979).

In Fig. 8.3b the average Lsf for different modes of singing is plot-
ted as a funcbion of FO and overall SPL. For the sake of clarity only data
paints for the modes soft, 1ight, neutral, and loud have been given. Data
for the other modes compare well with the neutral mode. Separately for
males and females, for each mode of singing the data points of increasing
FD values are connected., [t can be seen that in the male modal register LsT
is approximately constant over the four modes of singing due to a balanced
increzse of overall SPL and Fo' This indicates that with increasing F0«
vocal effort (and overall SPL) is adapted to sach mode in such a way that
Lsf is kept constant, which probably leads to or 1s even governed by a per-
ceptually constant quality of the voice. Only in the soft mode
{FO = 392 Hz, males) did this adaptalion fail becauses overall SPL rose too
much, or could not be kept at a sufficiently level. For the male Tfalsetio
phonations Lsf nas, compared toc male modal register [FD = 392 Hz), a 5 @B
lower average value for the modes Toud, neutral, and light a 5 dB lower
value. but the average overall SPL of the falsettov phonations was alse 9
dB. For female singers Lsf is constant over each mode of <inging for
Fm = 220 and 392 Hz anly; for the loud, neutral, and 1ight modes it is at a
3 dB Tower level than for male singers, and for the soft mode it is at the
same Tlevel. Note, however, that for the loud, neutral, and light modes the
difference in LSf between the modes for femazle singers is similar to the
difference between modes for male singers. At F0 = 659 Hz, for the modes
neutral and Toud, L s 15 decreased; at FD = 880 Hz LSf is decreased consid-
erably for all modes of singing.

8.4 Discussion

Our study of the sound Tevel of the singer’s fpormant has revealed
several remarkable characteristics, which could be obtained by a systematic
analysis of a very large number of profesionally sung vowels. First,
Fig. 8.2 showed that male voice classification had not much influence on
the level of the singer’s formant whereas reverse was true for females.
This result ds 1in agreement with the spectral characteristics of veice
classification, given in Chapter 5. It is surprising that at the same Fo’
some alte singers even showed a stronger singer’s formant than bass
singers. The singer’s formant has often been demonstrated for Jlow male
voice classifications and it has Dbeen argued that especially for these

95



voices the singer’s formant has perceptual relevance, making a singer stand
out from archestral accompaniment when F0 is low (Sundberg, 1974). Although
our results do not contradict the possibility of this perceptual relevance,
the reasaning does not uniquely apply to bass singers. It can only be said
that it does not hold for some soprano singers.

The average sound level of the singer’s formant was, of course, vowel
dependent. However, in accordance with the general results on the spectral
effect of increasing overall SPL (Chapter 7)., the effect of vocal effort on
Lsf was highly vowel dependent too. This may explain to some extent the
difference between LsF for sung and spoken vowels, since sung vowels are on
the average much Touder. Some possible glottal mechanisms underlying the
SPL dependence of LSf have been discussed already in Sections 5.3 and 6.3.

The results on the relation between Fo’ vocal intensity, and Lsf
(Fig. 8.3a) confirm the findings of Schulz-Coulon (1979) that Los increases
for increasing vocal intensity {FU constant) and decreases for increasing
FU {vocal intensity constant). Above F0 = 392 Hz the decrease of LSf is
considerable, as was also demonstrated by the grand-average spectra for
each FO value, presented earlier in Chapter 4.

The effect of mode of singing on Lsf is most interesting. It shows
that a singer maintains the same Lsf for a certain mode af singing by in-
creasing overall SPL when FU is raised. We may speculate that this leads to
a highly stable perceptual quality of a vowel.

It can be seen in Fig. 8.3b that for the modes of singing light, neu-
tral, and Tloud, Lsf is on the average about 4 dB lower for female singers
than for male singers. This shows that in the same mode of singing the
singer’s formant s, on the average, less prominent for female singing,
which seems to agree with an often mentioned (i.e., Bartholemew, 1934), but
not experimentally verified perceptusl observation. The same result applies
to the male falsetto register relative to male modal register.

The sound-level range of the singer’s formant was, for the various
factors: (1) male voice classification: 4 dB (Fig. 8.2a), (2) female voice
classification: 24 dB (Fig. 8.2a), (3) vowels: 16 dB (Fig. 8.2b), (4) over-
all SPL: more than 30 dB (Fig. 8.3a); between the modes of singing soft and
Toud 23 dB (Fig. B.3b), and (5) Fo' up to 392 Hz: between 9 and 14 dB
(Fig. B.3a). The combination of all these factors introduces such a great
variation in Lsf that a more restricted definition of the singer’s formant
as a perceptuzl phenomenon, the "ring", seems to be reguired. Lacking pevr-
ceptual data, we may hypothesize that such a definiticn should at least re-
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guire a minimum sound level of Lsf’ independent of Fu‘ This is suggested by
the stable level of L ¢ over different modes of singing, which probably has
a perceptual origin. If the singer’s formant may be assumed to be present
in male and female neutral and Toud singing and not in the Tight and soft
modes of  singing, its perceptual threshold may be found around
Lsf = -20 dB. In that case most male and female singers, as well as most
sung vowels, exceed on the average this threshold. Exceptions are the
soprano singers, the sung vowel /fu/, male spoken back vowels, all female
spoken vowels, F0 values above 392 Hz, and the modes of singing light and
soft (by definition}.

In addition, it is probable that a simple sound level threshold s
insufficient to define the singer’s formant as a perceptual phenomenon.
Pressed singing, for instance, may satisfy this sound level condition.
Therefore, it s Tikely that the singer’s formant should be embedded in a
high quality phonation type, such as "flow" phonation (Sundberg and Gauf-
fin, 1979). In that case spectral conditions are not only limited to the
frequency range between 2 - 4 kHz; especially the relative sound level of
the fundamental may be of importance tco: this relative level should exceed
a certain threshold. As @ consequence the presence of the singer’s formant
will be limited still more. probably fo singers only.



PART II
THE TIMBRE OF SUNG VOWELS

9 ’INTRODUCTION

In Chapter 1 we introduced timbre as "that attribute of auditory sen-
sation in terms of which listeners can judge that sounds having the same
pitch and loudness are dissimilar" (ASA, 1960). The importance of timbre in
singing was outlined and it was concluded that there was a need to investi-
gate (1) the representation of the timbre of stationary sung vowels,
(2) the physical prediction of this representation on the basis of the
1/3-0ct spectra of the vowels, (3) the relation betwsen the timbre of sung
vowels and its verbal attributes, and (4) the acoustical correlates of ver-
bal attributes of timbre. The necessary studies, presented in the following
chapters, include both listening experiments and spectral analyses. In this
chapter we briefly introduce the level of auditory perception on which our
Iistening experiments focus and present some general characteristics of the
two types of listening experiments we performed. The spectral analyses of
the vowel stimuli follow the general procedures given in Chapter 4.

Plomp (1970) pointed outl that timbre is a multidimensional attribute
of complex stationary harmonic tones. These sounds can be represented as
points in a multidimensional perceptual space in which distance corresponds
to dissimilarity in timbre: the larger the distance in this space, the maore
the sounds are perceptually dissimilar in timbre. Since such a representa-
tion of timbre is only based on perceived dissimilarity of complex sounds,
it nas also been described as a psycho-acoustic representation, which has
its origin in properties of the peripheral auditory level of perception.
For spcken or sung vowels a specific quality can be assigned to & phonemic
identity, which process 1s thought to take place at a higher, phonetic,
level of perception. Tnic phonetic level is, for instance, sensitive to
formant frequencies but rather insensitive to spectral slope (Klatt, 1982).
Because in singing the phonemic identity of a vowel is often secondary tfo
timbre, we have 1limited ourselves 1in the present study to the
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psycho-acoustic representation of the timbre of stationary sung vowels.

We distinguish two types of perception experiments on the basis of
which we can study the psycho-acoustic representation of timbre. These are
the so-called "non-verbal" and "verbal" Tistening experiments. In the
non-verbal Tistenming experiment the listener is reguested to compare two
pairs of sounds which have one sound in common. The listener has to judge
which pair s most dissimilar in timbre. Thus, the Tistener does not need
to specify verbally the qualities of the sounds presented. This is advanta-
geous because such an experiment can be performed by unexperienced lis-
teners. The results of a non-verbal listening experiment make 1t possible
to compute a representation of the timbres of the stimulus sounds as points
in @ multidimensional space.

In contrast, in the verbal listening experiment, we investigate tim-
bre with the aid of terms which are associated with specific characteris-
tics of timbre. In this case a listener is requested to compare pairs of
sounds and to Jjudge for each pair, for instance, which of the two sounds
was the more “sharp", and so on for 21 different adjectives. The verbal
listening experiment again results in a representation of the timbres of
sounds as points in a perceptual space. It will be shown that the verbal
perceptual configuration of scunds obtained in this way is similar to the
one obtained in non-verbal experiments. In addition, the verbal experiments
make it possible to assign verbal terms, such as sharp, dark, light, and
metallic, to regions of the perceptual space. Because this assignment is
possible for each listener individually, we could investigate whether 1is-
teners agree about the interpretation of the terms.

The psycho-acoustic differences in timbre can be predicted from the
differences 1in the spectral envelopes of sounds. This has been shown by
Pols et al.(1969) for spoken vowels and by Plomp (1970) for musical sounds.
The prediction is based on the difference in sound level [in dB) in 1/3-oct
bandpass filters, which cocrrespond to the concept of the critical band in
human hearing. As was concluded already in Chapter 1, more sophisticated
models of the peripheral auditory process (e.g., Bladon and Lindblom, 1980)
so far have not resulted in much better predictians. The correspondence
between the psycho-acoustic representation of vowel sounds in a perceptual
space and the spectral representation based on 1/3-oct spectra in a spec-
trum space makes it possible to study timbre differences acoustically.
especially those which are typically related to descriptive terms of tim-
bre.
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The present study is focused on the description of distinctive tinbre
differences between advanced student singers. These differences will be
studied by means of non-verbal listening experiments (Chapter 11) and ver-
bal Tlistening experiments (Chapter 12) for the vowels /a/, /i/, and /u/,
sung at fundamental frequencies of 131, 220, and 392 Hz. 1t should be em-
phasized that this study is based on different singing material than that
presented in Part 1.
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10’MATERIAL

In a concert hall recordings were made of vowels, sung by nine female
and eight male singers. A1l but one (professional bass-baritone singer 1)
were advanced students of the Sweelinck Conservatory in Amsterdam, aged
between 19 and 26, with 3 to 7 years of vocal training. The microphone dis-
tance was 0.3 m, so that the direct sound predominated. According to their
own voice classifications, the group consisted of: 2 bass-baritone,
2 baritone, 4 tenmor. 2 alto, 3 mezzo-soprano, and 4 soprano  singers
(Table 10.1). The vowels fe/, /i/, and fu/ were sung at a comfortable level
at fundamental freguencies {FU} of 131 (C3), 220 (A3), and 392 Hz (G4).
Some male singers performed at FO = 392 Hz in modal register and falsetto
register as well.

Since we only wanted to investigate spectral attributes of timbre,
temporal variations such as vibrate were removed from the vowel sounds. To
accamplish this, each vowel sound was digitized (10 kHz sampling
frequency); subsequently a single period with a fixed number of samples was
segmented from the central part of the vowel, and this period was repeated
te obtain a stimulus duration of 40D ms. To avoid clicks at the onset and
offset of each stimulus, the sound Tevel increased and decreased smoothly
during the first and last 40 ms, respectively.

Ten different subsets of eight or nine vowel sounds were made by com-
bining phonations of the same vowel with the same F0 sung by different
singers. The subsets varied according to vowel type (/a/, /[i/, and /Ju/,
subsets II, IV, V¥ (males) and subsets VILI, IX, X (females)), and according

Table 10.1. Classification of the singers

male singers female singers
1 bass-baritone 9 alto
2 bass-baritone 10 alte
3 baritone 11 mezzo soprano
4 baritone 12 mezzo soprang
5 tenor 13 mezzo soprano
6 tenor 14 soprang
7 tenor 15 soprano
8 tenor 16 soprano
17 soprano
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Table 10.2. Vowel, fundamental frequency and participating
singers (labeled according to Table 10.1) for the elewven sub-
sets. [ indicates falsetto register, t indicates a tenor-like
register produced by baritone singsr 3.

Subset L 1T Il T¥ v MI VII VIIT I S X1

Vowe ] a a a i u a a 2 i u "Halleluja’

FG{HZ] 131 220 392 220 220 220 220 392 392 392 -

Singers 1 1 1 1 1 1 9 9 9 9 1
2 ? 3 4 2 § 10 10 10 18 2
3 3 it 3 3 a 1T T 41 11 3
4 4 3 9 4 4 12 & l2 32 4
5 5 8 5 5 g 13 13 13 13 5
6 6 ¥ 6 6 10 14 14 14 14 6
7 7 3t 7 ¢ 11 15 15 15 15 7
g 8 T 8 8§ 13 16 16 16 16 a

8f L T A A

to fundamental frequency ( vowel fa/ for F0 values of 131, 220, and 392 Hz,
subsets I, 11, 111 (males) and subsets VIL, VIIT (females)). see
Table 10.2. Subset III combined phonations sung in the modal register and
the falsetto vregister by male singers (F0 = 392 Hz). Subset VI combined a
selection of vowels Ja/ by both male and female singers {FO = 220 Hz). Be-
cause of the limitations imposed by the listening experiments, the maximum
number of stimuli in each subset was nine. The loudness of the vowels in
each subset was equalized by means of a subjective matching procedure.

Recordings were also made of a Dutch folk sang sung by the eight male
singers. From this folk song the phrase ’Halleluja® (Fig. 10.1) was seg-
mented. Since the singers were free in their interpretation of this song,
their recordings varied in time between 2.6 and 4.4 s. The phrase was used
in the verbal listening experiment to investigate the description of timbre
in a real song in contrast to the description of timbre of the "electroni-
cally" sounding stationary vowels. The Toudness of the phrases was equal-
jzed subjectively by means of a subjective matching procedure; the result-
ing phrases formed subset XI. No comparable subset of female singers was
made because of the very time-consuming listening experiments.

LE=ISEE

hale lu ja

Fig. 10.1. Musical notation of the song phrase 'Halleluja’
(subset XT).
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11

NON-VERBAL LISTENING EXPERIMENTS

The percepticn of timbre differences between vowels, sung at fundamental
frequencies of 131, 220, and 382 Hz by 17 singers with voice classifica-
tions ranging from bass-baritone to soprano, was investigated in a
non=verbal way. Both musicians and non-musicians participated as listeners.
Using INDSCAL analysis we derived (1} vowel configurations in a multidimen-
sional perceptual space, and (2) individual listener weightings of percep-
tual dimensicns. The perceptual vowel configurations could be predicted on
the basis of differences in l/3-octave spectra between the vowels. No sub-
stantial differences were found between the Jjudgments of musicians and

non-musicians.

Part of & paper with R.Plomp, submitted to J. Accust. Soc. Am.
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11.1 Introduction

In the non-verbal listening experiment a listener was requested to
judge the perceptual dissimilarity of pairs of stationary vowel sounds of
equal loudness and pitch without specifying the kind of dissimilarity. Com-
parable experiments have been performed by Pols et al. (1%69) for the rath-
er large timbre differences between spoken vowels, at a low FO value. The
present experiment was designed (1) to test the validity of predicting tim-
bre dissimilarities from spectral differences for the case of the relative-
ly small interindividual timbre differences in one and the same vowel sung
by different singers, (2) to test the validity for fundamental frequencies
up to 392 Hz (for higher FO values the timbre differences in the same vowel
due to differences between singers become marginal), (3) to test the hy-
pothesis that musical training has no significant effect in this type of
listening experiment, and (4) to evaluate the reliability of the experi-
ment.

11.2 Procedure
11.2.1 Listeners

We used two categories of listeners. The first category consisted of
seven non-musicians (who had never had any musical training), the second
category of nine musicians (five singers and four singing teachers). In
most non-verbal Tistening experiments non-musicians were involved, as it
was hypothesized that the psycho-acoustic representation of sounds depends
on fundamental properties of the auditory periphery rather than on the de-
gree of musical training. This hypothesis was verified for subset V., which
was also Jjudged by nine musicians. A1l Tisteners had normal audiograms.
They were paid for their services.

11.2.2 Method

To map the psycho-acoustic representation of timbre differences we
used the method of paired comparison of pairs. This method is & modifica-
tion of the triadic comparison technique, used, for instance, by Pols et
al. (1969) and Plomp (1970). A triadic comparison between stimuli A, B, and
C, is split up in three paired comparisens of pairs with a common first
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stimulus: AB vs. AC, BA vs. BC, and CA vs. CB. In contrast to the triadic
comparison, in which a listener can Tisten repeatedly to the three stimuli
before deciding which pair is most similar and which is most dissimilar, in
the present procedure each pair of pairs is presented only cnce, after
whicn the Tlistener has to indicate which pair contained the more similar
stimuli. This technique reduces experimentation time and makes the experi-
ment uniform for all listeners. The listener, seated in a sound proof room,
heard the stimuli monaurally at a comfortable Tevel through headphaones
(Beyer DT-48). A1l possible pairs of pairs of vowels in a subset were
presented in random order, while each vowel of a subset was presented
equally frequently in the first and second pairs. To eliminate order ef-
fects, half of the listeners heard the pairs in reversed order (AC-AB inst-
ead of AB-AC). To test reliability, subset V was judged in test and retest.
In the retest case the order of presentation of pairs was reversed. The ex-
periment was computer controlled, which meant that stimulus generation,
timing, and response processing were handled by the computer (PDP 11/10).

11.2.3 INDSCAL analysis

The results of the paired comparison experiment were converted for
each listener into a dissimilarity matrix. Every time a particular pair of
vowel stimuli was judged as more similar, it scored one point. The total
number of points which could be assigned to a pair could vary between zero
and the total number of vowel stimuli minus one. The dissimilarity matrices
were analyzed by means of a multi-dimensional scaling technique (INDSCAL,
quasi non-metric version, Carrcll and Chang, 1970). This analysis results
in a multidimensional space (object space) in which the vowels of a subset
are representad in such a way that their distances correspond as closely as
possible to their subjective dissimilarities. Different listener judgments
of perceptual relaticns between vowels are accounted for by individual
weighting factors for each dimension. These factors are presented in a sub-
Jject space. The dimensionality of the [NDSCAL sclution was chosen an the
basis of the results of matching the configuration in the object space with
the spectral representation of the stimuli, discussed in Lhe next section.
The correlation in each matched dimension had to be significant beyond the
0.05 level.
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11.2.4 Matching of the perceptual and spectral vowel configurations

For each subsel of stimuli we had available both a perceptual and 3
spectral configuration of the vowsls. To investigate the agreement belween
these configurations we matched them, using the procedure of vrotation fo
maximal congruence (Schdnemann and Carroll, 1970) between the spectral and
the perceptual configurations. As a measure of fit we computed (1} the
correlation between vowel coordinates in each perceptual and matching spec-
tral dimension and (2) the coefficient of alination S5 (Lingoes and
Schdnemann, 1974). S varies between 0 (perfect fit) and 1 (unrelated con-
figurations). The perceptual (object) space derived by INDSCAL is normal-
jzed (equal variance in all dimensions). We determined, by an iterative
procedure, weighting factors for the dimensions of this perceptual space,
which optimized the fit measure S. The correlation coefficients per dimen-
sion were practically uninfluenced by these weighting factors.

After having obtained a successful matching between vowel confiqura-
tions in the perceptual and the spectrum spaces, we are now able to inter-
pret the perceptual dimensions found in spectral terms. We will not consid-
er this for the non-verhal experiment because we are nnt convinced that in
this case the dimensions found by INDSCAL have a wunique perceptual re-
levance. Moreover, the vesults of the verbal experiment (Chapter 12) give a
direct spectral interpretation of the meaningful perceptual dimensions.

11.3 Results and discussion

An example of a perceptual (chject) space, the matched spectrum space
and the Tlistener (subject) space is shown in Fig. 11.1 for subset V (/u/,
sung by eight male singers at F0 = 220 Kz). This subset was judged by nine
singers and singing teachers (cpen sgquares) and seven non-musicians (filled
squares). Five listeners from the latter group judged in
test and vretest. The upper pansls of figure 11.1 illustrate the very good
agreement between the vowel configuration in the three-dimensicnal percep-
tual space (filled circles) and the matched configuration from the spectrum
space {open circles). It can be seen from the subject space (lower panels)
that the interindividual differences for the musicians are about as large
as those for non-musicians. Separate analyses of the data from musicians
and non-musicians showed similar object spaces (not shown). These results
support the view that in this kind of non-verbal psycho-acoustical experi-
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Fig. 11.1. Result of an INDSCAL analysis on data from
non-verbal judgments of the wvowel Ju/, sung by eight male
singers at F_ = 220 Hz. The upper panels show the I-II and the
[-1I1 plane” of the object space and spectrum space combined.
Pilled circles form the vowel configuration obtazined from INDS-
CAL, open circles present the best fitting spectral vowel con-
figuration. The lower panels show the corresponding planes from
the subject space of INDSCAL. (Open sguares are musicians,
filled sguares ars non-musicians. Positions of non-musicians
who judged in test and retest are connected.

sents the musical training of listeners does not play a part.

Fig. 11.1 (subject space) shows that the differences between test and
retest for five non-musicians were nonnegligible for two listeners: the
result of their retest was highly one-dimensional (dimension T). Also high-
1y one-dimensional, but for dimension II, was the result of a musician. In
these cases, listeners seem to concentrate on only one spectral aspect of
timbre difference and judge all stimuli accordingly. That this occurred in
two out of the six retest judgments may passibly indicate a concentration
on perceptual main effects after repeated presentations. This behavior,
however, did not prevail for most lTisteners in their first Jjudgment of a
stimulus set.

A summary of data on the spectral variance in each of the ten vowel
subsets and the result of matching the perceptual vowel configuration with
the vowel configuration in the spectrum space is presented in Table 11.1.
The total spectral variance in our stimuli varied between 103 and 332 dBZ,
due to differences between singers. This range corresponds well with the
spectral variance associated with the factor "singers" and the ‘interaction
between "singers" and "vowels", equal to about 180 de, found in Chapter 3
for 14 professional singers. The total spectral variance in a subset de-
pended on the value of FD and the vowel. Highest values were cobtained for

Table 11.1 Results of matching the vowel configurations in the
perceptual ‘space, derived by INDSCAL from non-verbal listening
experiments, and the spectrum space. Each subset was judged by
seven listeners, except subset V which was judged by 21 lis-
teners {see text and Fig. 11.1}. S represents the coefficient
of alination, D is dimension.

subset  vowel F total percentage of total correlation between S
spectral spectral variance perceptual and
variance spectrum coordinates
along dimensions
(Hz) (48%) D1 D2 D3 D4 1 DI D2 D3 D4
18 M /af 131 211 34 21 19 17 91 0.92 0.95 0.97 0.95 0.39
11 8 M /jas 220 158 b 32 14 7 8% 0.95 0.96 0.87 0.82 0.44
1119 m /Jaf 392 332 38 37 11 - 86 0.92 0,92 0.72 - 0.53
IV8 M /i 220 239 37 22 16 14 82 0.91 0.87 0.83 0.94 0.51
V8 M Juf 220 255 45 21 19 - 85 0.95 0.94 0.92 - 0.47
VI 9 WF /Ja/ 220 200 30 26 26 7 89 0.94 0.96 0.86 0.88 0.48
YII 9 F /a/ 220 114 48 21 - = B89 5.9 AT - - 0.68
VIII 9 F /a/ 382 103 34 26 20 - 80 0.77 0.66 0.92 - 0.71
X9 F /i/ 392 180 28 24 19 18 89 0.96 0.95 0.93 D0.93 0.42
X9 F /fuf 3%2 248 38 36 15 - 89 0.95 0.8 0.74 - 0.52

109



ow FG values, while total spectral variance increased for vowels in the
order /a/, /i/, and fu/. The spectral differences between the modal regis-
ter and the falsetto register introduced the largest spectral variance
(subset III}.

The number of dimensions for which the correlations between vowel
coordinates along the perceptual and matched spectral dimensions were sig-
nificant beyond the 0.0% level varied between two and five. This number is
probably related to the amount of spectral variance present in a dimension.
It was found that the least significant dimension explained on the average
31 dB2 of spectral variance. This corresponds to a standard deviation of,
roughly, between 1 and 2 dB for each frequency band (depending on FD} if
spectral variance is uniformly distributed over frequency bands. If spec-
tral variance is concentrated in a single frequency band, this would cor-
respond to a standard deviation of 3.5 dB in that band. De Bruyn (1878)
concluded from investigations on timbre dissimilarity of complex tones that
two complex tones are distinguished well by Tisteners for & mean difference
in sound levels of between 3 and 5 dB in each 1/3-act band. The difference
Timen for individual harmonics in vowel sounds was estimated by Kakusho et
al. (1971) to be less than 2 dB for most vowels. These thresholds roughly
indicate that in our dnvestigation the correspondence between spectral
representation of timbre and psycho-acoustic representation is valid up to
the perceptual threshold of timbre differences. This limit determined the
dimensionality of the perceptual vowel configuration for all F0 values 1in-
vestigated.

The high correlation coefficients in Table 11.1 indicate that the
representation of vowels in a spectrum space gives a reliable description
of the small psycho-acoustic timbre differences investigated, equally well
for all FO values investigated up to 392 Hz. For low Fo this is in agree-
ment with results obtained by HNord and Sventelius (1979) concerning
just-noticeable differences in formant frequency, and by Klatt (1982) for a
number of physical manipulations of a single vowel.

We may conclude, therefore, that (1) the approach is suitable for the
description of small timbre differences in the same vowel sung by different
singers, (2) the approach is suitable up to high FD values, and (3) there
is no difference in judgments by musicians and non-musicians, whereas for
both groups the interindividual differences were fairly large.
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VERBAL LISTENING EXPERIMENTS

Timbre differences between vowels and song phrases were investigated on the
basie of judgments by musiclians and non-musicians, using 21 semantic bipo-
lar scales. Using MOPREF analysis we derived (1) veowel configurations in a
multidimensional space, and (2) directions in this space associated with
semantic scales, separately for each listener. The perceptual vowel confi-
gurations were comparable with those obtained from the non=-verbal listening
expariments (Chapter 11). Semantic scales clustered into the categories
singing technique, general evaluation, temporal aspects, clearness, and
sharpness. These five categories were not independent and c¢ould be des-
cribed in two dimensions. Non-musicians judged most scales in one manner
according to sharpness. Musicianzs differentiated better in the use of se-
mantic 'scales, especially for the song phrases. Acoustically, only sharp-
ness had a consistent interpretation for the wvarious stimulus sets and was
roughly related to the slope of the spectrum. Other perceptual dimensions
had a vowel=-dependent acoustical interpretation; there was little agreement

among listeners in the verbal description of these dimensions.

Part of a paper with R.Plomp, submitted to J. Acoust. Soc. Am.



12.1 Introduction

Many terms are used for the verbal description of the timbre of sung
vowels. MAs has been said in Chapter 1, these terms play an important role
in voice pedagogy, but agreement about their interpretation 1is often ab-
sent. The difficulty of describing timbre is not restricted to voice pedag-
cgy. Stumpf (1890) already compared the wealth of verbal timbre charac-
teristics with descriptions of the quality of wine, used by merchants,
while Sonninen and Damsté [1971) recall the urgent need for a well-defined
terminolagy in the field of logopedics and phoniatrics. On the ather hand,
it should be realized that the vocabulary of voice pedagogy not only refers
to a specific acoustical attribute of the voice but often also to the asso-
ciated singing technique (e.g. covered, apen, throaty, pressed, free), as
was pointed ocut by Van den Berg and Vennard (1959). For the present experi-
ment we chose out of the very large number of available descriptive adjec-
tives, 21 pairs with opposite meaning, such as light-dark. A pair of adjec-
tives defines a semantic scale along which the timbre of sounds can be or-
dered, for instance, from very light to very dark.

Verbal Tistening experiments with these 21 semantic scales were per-
formed on five of the ten subsets of stationary vowels used in the
non-verbal listening experiment and on the stimulus subset of song phrases.
The latter subset was included to investigate the influence of dynamic
acoustical variation on timbre. We investigated whether for a vowel subset
the verbal listening experiment led to the same multidimensional configura-
tion of stimulus points as the non-verbal experiment (Section 12.3.4). If
this is the case it may be concluded that verbal listening experiments also
describe timbre differences at the peripheral auditory level of perception.

In the non-verbal Tistening experiment (Chapter 11) we showed that
the number of perceptual dimensions of timbre variation in & single vowel
for which a significant correlation to spectrum space dimension exists s
restricted to between two and four. On the basis of this small number of
perceptual dimensions we may expect that many verbal attributes of timbre
are not independent. This view is supported by the results of a factorial
analysis of verbal attributes of timbre by Von Bismarck (1974a), who found,
for complex stationary harmonic tones, only one prominent attribute: sharp-
ness. We investigated relations between the 21 semantic scales for two
graups of Tisteners: musicians and non-musicians (Section 12.3.2). Further-
more, the agreement between individual Tistemers upon the interpretaticn of
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semantic scales in relation to the stimuli is discussed in Section 12.3.3.

A verbal attribute of timbre, whether it has a general or an indivi-
dual meaning, should refer to specific acoustical qualities. VYon Bismarck
[1974b) and Benedini (1980) demonstrated that sharpness was related to the
relative importance of higher harmonics. On the basis of an excellent match
of vowel configurations in the perceptual space and the spectrum space 1in
the present experiment, we could study the acoustical interpretation of se-
mantic scales for each individual Tistener. This was possible for the Tfive
subsets of stationary vowels (Section 12.3.5), and an attempt was made for
the acoustically more complex subset of song phrases (Section 12.3.6).

12.2 Procedure
12.2.1 Listeners

As was the case in the non-verbal listening experiment, beth musicians and
nen-musicians participated as listeners. As will be pointed out in Section
12.2.3 not all listeners judged all stimulus subsets. The Ilisteners were
paid for their services.

12.2.2 Semantic bipalar scales

Far the verbal listening experiments semantic bipolar scales were
used. FEach semanhtic scale consisted of two adjectives with opposite mean-
ings, describing timbre characteristics such as  light-dark and
colorful-colorless. For the determination of the set of semantic scales to
be used in our listening experiment we first collected 50 scales from re-
lated studies on timbre (Isshiki et al., 1969; Donovan, 1970; von Bismarck,
1974a; Fagel et al.{1983); Boves, 1984) and from the literature on singing
(Vennard, 1969; Hussler, 1976). These semantic scales were rated by seven
experts (speech therapists, singing teachers) on their suitability for des-
cribing the timbre of sung vowels. Of the 50 scales, 21 were generally
judged to be suitable, see Table 12.1. Of these, scales 1 to 14 and scale
21 were regarded as commonly known adjectives for the descripticn of timbre
and were used by all listeners. The scale vibrate-straight (21) was not
used for staticnary vowel sounds but only for judgments of the song phrase.
The scales free-pressed (15), open-throaty (16). and open-covered (17) were
considered to be evaluative of singing technique. The scales
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dramatic-Tyric (18), sopranc-alto (18), and tenor-bass (20) were intended
to investigate relations between timbre and voice classification. These six
scales were used only by musicians.

12.2.3 Method

Ihe most common method using semantic scales is the semantic dif-
ferential, in which & listener has to rate each stimulus on, for example, a
7-point bipolar scale. Category 1 and category 7 describe the opposite ad-
jectives of the semantic scale. Due to varfability in rating among Tis-
teners and to the procedure of analysis (factor analysis), in which the
results of all listeners are averaged, this method requires a Jarge number
of listeners. No information about individual Judgments ds Jeft 1in the
final result. Since we did not have a lTarge number of musicians at our
disposal and, more importantly, we were particularly interested in interin-
dividual differences in the interpretation of adjectives, we followed a
different procedure. This procedure consisted of a paired comparison of all

Table 12.1. Bipolar semantic scales used in the verbal listen-
ing experiment. Target adjectives are underlined.

1. light - heavy (1icht - zwaar)
2. light - dark (1icht - donker)
3. shar - duTl (scherp - dof)
4, clear - dull (helder - dof)
5, Tull. - thin (vol o i31)
6. shrill - deep (schel - diep)
7. high - Tow (hoog - laag)
§. rou - smooth (ruig - vlak)
9. angular - round (hoekig - rond)
10. stron - weak (krachtig - zZvak)
11. cold B wa rm (koud - warm)
12. colorful - colorless (kleurrijk - kleurloos)
13. metallic - velvety (metaalachtig - fluweelachtig)
14, melodious - urmelodious (welluidend - onwelluidend)
15. Tree - pressed (vri] - geknepen)
16. open B throaty {open - kelig)
17. open - covered {open - gedekt)
18. dramatic - Tyrical (dramatisch - Tyrisch)
19. soprano - alto sopraan - alt
20. tenor - bass tenor - bas
21. vibrato - straight {vibrato - strak)
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stimuli of & subset on a semantic scale. The listener had to judge which of
the two stimuli presented was closer to a given target adjective of a se-
mantic scale., for example: which of two stimuli was darker (on the semantic
scale light-dark). The chosen stimulus scored one point. After all possible
pairs of stimuli had been judged, the total number of points cbtained by
sach stimulus was used to rank the stimuli from 1light to dark. In
Table 12.1 the adjectives used as targets are underlined.

Experiments performed in this way are very Lime consuming. Hence we
reduced the number of subsets to five subsets of statignary vowels (I1I,
IV, ¥, VI, VITII) and one subset of song phrases (X1). Three half-day ses-
sians were planned for each listener to complete all measurements. Most of
the musicians could not complete all measurements in the time available;
therefore the number of Tisteners per subset varied. The stimuli were
presented in random order but equally freguently in first and last position
of a pair. Half of the total number of Tisteners heard the stimuli of a
pair in reversed order. The experiments were computer controlled.

12.3 Results

12.3.1 Reliability

To judge the reliability of the results of a listener in & paired
campariscn experiment on a single semantic scale, we computed the number of
circular triads the Tistener made. A circular triad occurs when, for exam-
ple, stimulus B is judged to be darker than A, and C is judged to be darker
than B but not darker than A. In a subset with 8 stimuli a score of less
than 9 out aof a maximum of 20 possible circular triads was accepted as a
consistent and reliable result (0.05 significance level); in a subset with
9 stimuli this criterion results in less than 14 out of a maximum of 30
circular triads (e.g., Edwards, 1957). Three different explanations of cir-
cular triads can be given: (1) the stimuli are almost equal, (2) the seman-
tic scale is not appropriate, which means that the associated acoustical
property is not present sufficiently in the stimuli or that the semantic
scale is non-linear, or (3) the listener response is not reliable.
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Table 12.2. Percentage of accepted judgments on all semantic
scales for each subset. The total spectral variance per subset
is also given.

subset musicians non-musicians  total spectral
variance (dB2)

I11 87 83 332

Iy 79 64 239

v a0 81 255

VI 80 6d 200

VIIT 64 54 103
K1 g4 9z
average 85 71

In the case of a subset with many almost equal stimuli a high number
of circular triads for all semantic scales has to be expected. In
Table 12.2 we give, for all subsets, the percentage of accepted semantic
scale results for musicians and non-musicians. The first group was, on the
average, more reliable (85 % vs. 71 %). The number of accepted results for
each subset shows , especially for the non-musicians, a clear relation with
the total spectral variance in the subsets, which 1is also presented in
Table 12.2. This indicates the influence of the degree of dissimilarity
between the stimuli on consistency. The song phrase. subset XI, is judged
most consistently by all listemers. This is not surprising, since the voice
characteristics are much more distinct in a seng phrase than in stationary
vowels.

Since an inappropriate semantic scale will result in inconsistent
results for all Tisteners, we computed for each semantic scale the percen-
tage of accepted judgments over all subsets. For the musicians the semantic
scales with less than 75 % accepted judgments were full-thin, rough-smooth,
strong-weak, open-throaty, and dramatic-lyrical. This can be explained for
the scales rough-smooth and dramatic-lyrical. since these scales refer to
temporal characteristics which are not present in the vowel subsets. For
the non-musicians less than 60 % accepted results were obtained for
rough-smooth, colorful-colorless, and melodious-urmelodious. Best results
were obtained for the semantic scale light-dark for musicians and for the
scale clear-dull for non-musicians.
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12.3.2 Relations between semantic scales

Since the semantic scales are unlikely to be independent, we investi-
gated their relations in the follewing way. Per subset, we started with the
scores per listener per stimulus per semantic scale. For each listener
these eight or nine stimulus scores were rank-correlated for each pair of
semantic scales, The resulting correlation matrices of semantic scales were
analysed by INDSCAL. In this case the multidimensional scaling technique
presents the semantic scales in the object space in which distance is  re-
lated to dissimilarity: the more distant the positions of two scales, the
more dissimilar they are. Differences among listeners in relations between
semantic scales are presented in the subject space. To overcome the depen-
dence of the INDSCAL result on the chosen polarity of the semantic scales,
cach correlation matrix was extended by including all correlations between
semantic scales with reversed polarities. After this extension, the ver-
sions of a semantic scale with opposite polarities are positioned radially
and symmetrically relative to the origin in the object space. In the
presentation of the configuration in the object space only that polarity of
a semantic scale will be given which is the more easily interpretable.

INDSCAL analyses were performed separately for musicians and
non-musicians. We combined the correlation matrices of all listeners for
the five vowel subsets. This combination of matrices from different vowel
subsets is legitimete because the subject space will reveal whether
relations between semantic scales are vowel dependent. This, however, ap-
peared not to be the case for both groups of Tisteners, which implies that
for our stimuli relations between semantic scales have & general validity
for a listener, irrespective of vowel and Fo‘ For the sake of clarity, we
subsequently averaged, over the vowel subsets, the position of each lis=-
tener in the subject space. Results for song phrases were analyzed
separately. The results of a two-dimensional INDSCAL analysis for all four
cases are presented in Fig. 12.1.

We first consider the subject spaces. We Timited ourselves to a
two-dimensional solution of [NDSCAL, since higher dimensions mostly
presented unique relatians between semantic scales found for individual
listeners. This effect can, for instance, be seen in the second dimension
of the non-musician judgments of stationary vowels, which is exclusive to
listener 5. The two-dimensional INDSCAL analysis included anly a limited
part of the total variation in the correlations between semantic scales,
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vowels

sangphrase

SUBJECT SPACE

Fig. 12.1. Representation of relations between semantic scales
by means of the results of INDSCAL analyses. The T-TI plane of
both the object space (semantic scales) and the subject space
(listeners) is presentes for the subset of song phrases and the
subsets of stationary vowels, both for musicians and
non-musicians. Semantic scale numbers refer to Table 10.1.
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varying between 49.1 % (musicians, vowele) and 75.2 % (non-musicians, song

DIMEMNSION L

phrase). This relatively Tow percentage explains the deviations of subject
weightings from the unit circle. Examination of the subject space shows,
especially for non-musicians, a tendency towards a one-dimensional in-
terpretation of the object space, which was either directed towards dimen-
sion I or towards dimension II.
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Before interpreting the object space., we want to mention scme general
properties of that presentation: (1) Semantic scales which are close to

vowels

songphrase

OBJECT SPACE

- each other are used more or less synonymously; for easier interpretation
clusters of semantic scales are encircled; (2) the distance of a scale to
the origin is a measure of its discriminative power (at least in this
plane): the closer a semantic scale 1s located to the origin, the more

synonymous it is with its reversed version and the smaller its discrimina-
tive power is.
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Let us firet consider the configuration of semantic scales in the ob-
Jject space for musicians. The clusters of semantic scales are from left to
right:

(1) Singing technique: free-pressed (15) and open-throaty (16). For the
song phrase the reversed scales 1, 9, and 11: heavy-light, round-angular,
and warm-cold can also be considered to belong to this group. Round and
warm are probebly used as more impressionistic alternatives to the descrip-
tion of a good singing technigue. For the stationary vowels, the scales
- free-pressed and open-throaty cluster with the scales for a general evalua-

. tion.
(2) General svaluation: meladious-unmelodious (14), colorful-colorless
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" (12), and full-thin {5). For the song phrase these scales are positively
related to scales on singing technique and temporal aspects; for the vowels
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(3) Temporal aspects: vibrato-straight (21) and rough-smooth (8).
Rough-smooth 1is unreliable for stationary vowels (this conclusion was also
drawn by Von Bismarck (1974a)). For the song phrase both scales are used
independently from scales on singing technique.

(4) Clearness: clear-dull (4), high-Tow (7), strang-weak (10), and
open-covered (17). [t is noteworthy that the technical scale
open-covered (17) is to a great extent unrelated to other scales on singing
technique, namely free-pressed (15) and open-throaty(16).

(5) Sharpness: sharp-dull (3), light-dark (2), shrill-deep (6), and me-
tallic-velvety (13). For the song phrase the scale tenor-bass (19) is alsg
included in this group. The scale sopranc-alto was not used in the present
analysis, since it was not applied to all vowel subsets. Separate analysis
of subsets VI and VIII showed that the scale soprano-alto led to the same

judgments as sharp-dull. For stalionary vowels the scales light-heavy (1),
angular-round (9), and cold-warm (11) can be included in sharpness, too.
The scale dramatic-lyrical (18) is used ambiguously. For the song phrase
the scale is related to temporal aspects, clearness and sharpness, for the
stationary vowels the scale presents a general evaluation.

Most musicians weigh both dimensichs of the object space about equal-
ly, but for some listeners one of the two dimensions is dominant. In the
case of a dominating dimension I, the scales which evaluate temporal as-
pects are unreliable, while all other scales are used in the same way as
sharp-dull, with "sharp" related negatively to general evaluation and sing-
ing technigue. When dimension I1 dominates, as was the case for listeners 2
and 5 judging the song phrase, the scales on singing technique are unreli-
able, while all other scales are judged according to sharpness. For this
dimension, sharpness is related positively to general evaluation.

For non-musicians the results for the song phrase and the vowels were
very similar and show a further simplification relative to the results of
the musicians. The finterpretation of the configuration is easy since
non-musicians an the whole use either dimension [ or dimensicn II. This im-
plies that, apart from some unreliable scales, most semantic scales are
used synonymously, according to sharpness. In view of the position of
scales 12 and 14 the subjecls only differed in their opinion as to whether
sharp had to be associated to unmelodicus (when dimension I was used) or
melodious (when dimension [T was used).
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[n summary, semantic scales are used very one-dimensionally by most
non-musicians and also by some musicians. Most semantic scales are used ac-
cording to sharpness and the only difference between listeners is whether
sharp s positively or negatively associated with a general evaluation of
the sound and with singing technigue. Most musicians, however, use semantic
scales in a more varied way, especially for the song phrase, for which
clusters of semantic scales related to singing technique, general evalua-
tion, temporal aspects, clearness, and sharpness can be distinguished.
These groups of scales are, however, not independent but can be represented
in two dimensions.

12.3.3 Relation between semantic scales and perceptual space

In order to learn how the semantic scales are related to the perception of
the stimuli of the different subsets, we used the method of analysis of
preference MOPREF (Carroll, 1972). This algorithm computes, from the
stimulus scores on the semantic scales, a multidimensional perceptual space
in which stimuli are represented as points while 1in the same space the
judgment of & listener on a semantic scale is represented as a vector. The
direction of this vector is such that the projection of the stimulus points
on the vector correlates maximally (least-squares criterion} with the
stimulus scores on the semantic scale concerned. The first dimension of the
perceptual space explains most variance in the listeners® judgments, the
second most of the remaining variance, etc. The stimulus configuration 1is
normalized so that the variance is equal in all dimensions. The
semantic-scale vectors are given unit-length and in graphical presentaticns
of results they are represented by their end points. An example of such a
representation is given in Fig. 12.2.

In the non-verbal listening experiment we did net find indications
that configurations 1in the psycho-acoustic perceptual space are different
for musicians and non-musicians, Therefore, in the present experiment we
combined for each subset the Judgments on all semantic scales for both gro-
ups. The interpretation of semantic scales, however, may vary from scale to
scale and from listener to listensr, and will be represented by the seman-
tic-scale vector configuration. Wnenever a listener®s judgments on a seman-
tic scale included too many circular triads, these data were excluded from
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Fig. 12.2. Example of presentation of xresults of MDPREF an-
alysis. Stimuli are represented as points in a space and seman-
tic scales are represented as vectors on which the projecticn
of the stimulus points gives the best estimate of a listener's
Judgment.

further computation.

The result of the MDPREF analysis did not allow a generalized des-
cription of the interpretation of the semantic scales, due to great inter-
individual differences. This will be demonstrated with the help of some ex-
amples in Figs. 12.3 and 12.4. In Fig. 12.3a-d typical judgments on the se-
mantic scales are presented for the subset of song phrases. All panels
present  the same stimulus configuration but different subsets of semantic
scale vectors. The first two dimensions of the perceptual space explain
/1 % of the total variance in semantic scale judgments. In Fig. 12.3a and
Fig. 12.3b all accepted semantic scales for one of the musicians and one of
the non-musicians are presented, respectively. The spread of the positions
of the semantic-scale vectors for the musician shows that the semantic
scales represent various views of the perceptual space. The position of the
semantic scales is in good agreement with the general relations between se-
mantic scales for musicians presented in Fig.12.1. The clustering of the
semantic-scale vectors for the non-musician demonstrates that most semantic
scales, except vibrato-straight (21), are used synenymously, implying a
restricted view of the perceptual space.

122

clearness

temporal
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tEechngue

colourful
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Fig. 12.3. Perceptual space for the song phrases sung by eight

male singers (large filled circles, the numbers of which refer

to Table 10.1) with various results of semantic-scale vectors:

(a] All accepted semantic scales (numbers refer ta Table IV)
for one of the musicians.

(b] All accepted semantic scales for one of the non-musicians.

(c) All accepted listeners on the semantic scales clear-dull;
small open circles refer to musicians, small claosed circles
to non-musicians.

(d) All accepted listeners on the semantic scale
colorful-colorless; small open circles refer to musicians;
small closed circles to non-musicians.

[n Fig. 12.3c and Fig. 12.3d, far all musicians (open circles) and
non-musicians (filled circles) the directions of the semantic scales
clear-dull and colorful-colorless are shown, respectively. The scale
clear-dull shows corresponding judgments along the first dimension for all
Tisteners. This is not the case for the scale colorful-coloriess, which
most musicians judged to be close to the second dimension of the perceptual
space, while non-musicians judged again along the first dimension. It can
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Tig. 12.4. Perceptual space for a subset of vowels /i/, sung by
eight male singers at F_ = 220 Hz. All semantic-scale vectors
are shown for two musicians (open circles, open sguares) and
two non-musicians (closed circles, closed sguares).

be seen that alang dimension | some 1isteners even have oppasite opinions
on this scale. The musician and the non-musician for whom the
semantic-scale vector is positioned near the origin use this scale fin
another dimension.

Fig. 12.4 shows the two-dimensional MDPREF solution for subset IV
(/i/ sung by 8 male singers at Fo = 220 Hz). The positions of all accepted
semantic scales are given for two musicians (open symbols) and two
non-musicians (filled symbols). 1In this example of stationary vowels the
clustering of most semantic scales per Tistener illusirates that the scales
are used synonymously but in different ways by the individual listeners.
This effect was generally most clearly present in the subsets with station-
ary vowels,

The application of semantic scales can anly be demonstrated in exam-
ples such as those given in Figs. 12.3 and 12.4. Due to strongly |istener-
and vowzl-dependent behavior, the results are hard to generalize. Especial=
1y when & Jlistener used semantic scales synonymously, it is likely that
only one particular perceptual attribute was dominant in the vowel subset,
and that all semantic scales were judged according to this attribute. The
attribute concerned differed among listeners.
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12.3.4 Comparison of vowel configurations derived from non-verbal and
verbal listening experiments

The MDPREF analysis of the data of the verbal listening experiment
with vowel stimuli resulted in a perceptual vowel configuration for each
subset. Since for these subsets vowel configurations were also available
from INDSCAL analysis of data from the non-verbal experiments (Chapter 11),
we investigated whether these two configurations, derived with quite dif-
ferent techniques, were comparable. For this purpose, we rotated both nor-
malized vowel configurations to maximal congruence. For all subsets the
correlation between coordinate values of vowels on matched dimensions was
significant beyond the 0.05 Tevel and the coefficient of alination S varied
between 0.36 and 0.%54. Although the fit between the two configurations was
good, there was no cone-to-one correspondence between the original dimen-
sions of the two spaces. The significant verbal dimension related to sharp-
ness was, for instance, not immediately represented in the INDSCAL analysis
of non-verbal data. This supports the view of non-unigue psychological me-
anings of the dimensions derived by means of INDSCAL in this case. Apart
from the difference in the orientation of dimensions, we may conclude that
both the non-verbal and the verbal Tistening experiment resulted in the
same canfiguration of vowels in the psycho-acoustic perceptual space.

12.3.5 Spectral correlates of perceptual dimensions of vowel subsets

The vowel-point configuration derived by means of MDPREF from seman-
tic Jjudgments can be related to the 1/3-oct spectra representation of the
vowels. This was done in the same way as in the non-verbal perceptual ex-
periment, using orthogonal rotation to congruence. (We introduced weighting
factors for the dimensions of the normalized MDPREF solution which optim-
ized the fit measure S; the direction of the semantic scales was adjusted
according to the weighting factors). The dimensionality of the perceptual
space was determined by the correlation between each perceptual and cor-
responding spectral dimension which was significant beyond the 0.05 Tlevel.
The vresults of the matching procedure are given in Table 12.3. The dimen-
sional ity of each subset and the total amount of spectral variance ex-
plained are similar to the results of the non-verbal experiment, with the
exception of subset VII (Table 11.1). 1t can be concluded that our choice
of cemantic scales was appropriate for describing the psycho-acoustic
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cosines between the original spectral dimensions (related to the sound
level in frequency bands) and the vector direction. In Chapter 4 we called Fig. 12.5. Results of matehing vowel configurations in the ver-
the presentation of the direction cosines as a function of the center fre- bal perceptual space and the spectrum space. Left-hand panels

. show the grand average spectrum of each subset; the middle
gquency of the freguency bands the profile of the vector. In the present panels present the profiles of the épactral basis vectérs asso-
case, the prafile can be considered to represent the spectral variation ciated witlh the first two perceptual dimensions, and the
right-hand panels show the vowel configuraticns in the percep-
tual space. Numbers refer to singers (see Table 10.1), £ indi-
can be derived for all individual semantic scale Judgments on stationary cates falsetto register, t indicates a tenor-like phonation

vowels. [t would be of interest to search for spectral descriptions with a PROSEERE Sy SRERIRGR BN B
general validity for semantic scales. Unfortunaly, the large interindividu-

which underlies perceptual judgments on a semantic scale. Spectral vectors

al differences in the interpretations of semantic scales, demonstrated pre-
viously, do not allow this. However, we can give the corresponding spectral
interpretations of the principal dimensions of the verbal perceptual space.
These dimensions are determined on the basis of the explained variance in
the semantic-scale judgments; the first dimension explains most of this
variance, the second dimension most of the remaining variance etc. In
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Fig. 12.5 the main results are presented. This figure shows for the five
subsets of stationary vowels used in the verbal experiments (1) the average
spectrum, (2) the profiles of the first two spectral basis vectors, associ-
atad with the matched perceptual dimensions, and (3) the vowel configura-
tion in the plane of the first two dimensions of the perceptual space.

Table 12.3 presents, for all matched dimensions, the percentages of
explained variance in semantic-scale judgments and the percentages of ex-
plained spectral variance in the vowel stimuli. From this table it can be
seen that for most subsets more than half of the total variance in percep-
tual judgments is covered by the first dimension of the verbal space. Fig-
ure 12.5 (panels of the second column) demonstrates that this dimension
typically has spectral-slope weighting properties. Spectral slope is inde-
pendent of the vowel type of a subset and has a general interpretation.
This corresponds well with the acoustical properties of the sharpness at-
tribute of timbre, described by Von Bismarck (1974b). Tt is remarkable,
however, that spectral slope also plays the most important vole when the
correspanding amount of spectral variance is relatively low, as is the case
for subset IV (see Table 12.3). For some other subsets, variation in spec-
tral slope coincides with Lypical properties of the vowel subset: for sub-
set 111 the configuration in the perceptual space (Fig. 12.5, last column)
shows that dimension 1 contributes highly to the differentiation between
falsetto and modal registers (except singer 6, a very "dull' tenor); in
subset V the singers 3 and 8 colored the vowel /fu/ towards /o/; the spec-
tral effect of this phonemic difference (all formant frequencies of /o/ are
higher than those of /u/) is represented along dimension I; in subset VI
dimension I of the perceptual space shows that the differentiation between
soprano and alto singers has spectral-slope 1like properties (see alsg
Chapter 4). In Section 12.3.2 it was said that the semantic scale
sopranc-alto is wused in the same way as sharp-dull. This correspondence
between soprano and sharp implies that strong higher harmonics in the vowel
sounds used in this experiment are associated with soprano singing, which
is completely contrary to the actual spectral differences between soprano
and alte singers.

The profiles of the second basis vector (see the third column of
Fig. 12.5) show that the related perceptual dimensions have no general
acoustical interpretation. The properties of these dimensions are probably
related to the effects of vowel articulation. For subsets III and VIII, the
vowel /a/, the profile of the second basis vectoer is comparable and weighs
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the Tevel of the frequency band of 1.2 kHz. Such a profile differentiates
between the phonemes /a/ and /a/; not all singers produced the requested
phonemic quality precisely. In subset VI, with combined male and female
phonations of /a/, the sscond dimension weighs the frequency positions of
the peaks of higher formants. This property roughly discriminates between
tenor and bass singers, as can be seen in the configuration in the percep-
tual space (Fig. 12.5, Tast column; see also Chapter 5). For subsets IV and
V, the vowels /i/ and /u/ respectively, the second dimension weighs the
depth of the spectral valley between lower and higher formants. This dimen-
sion is. for the vowel /i/ (subset IV), strongly related to phonemic
differences: most vowels /i/ were colored towards /y/, except for the
singers 2, 5, and 6. It may be noted that for subsets IV, VY, and V111 the
perceptual vowel configuration (Fig. 12.5, last column) does not have a re-
lationship to the voice classifications of the singers.

The distribution of the variance in semantic-scale judgments over the
perceptual dimensions, and therefore the order of these dimensions, depends
on our choice of selected scales. We cannot exclude that a single semantic
scale describes a specific perceptual dimension, explaining little vari-
ance, while a large number of scales may be focused on one uther perceptual
dimension, explaining a large amgunt of variance. In previous sections it
has been shown that for the subsets of stationary vowels there is agreement
among Tistemers about scales which describe sharpness, the present first
dimension. A detailed study of the data did not reveal another perceptual
dimension for which listeners agreed in their description. The present
secend and higher dimensions therefore mainly rely on the extent to which
listeners, unsystematically, use the acoustical properties of these dimen-
sions in their judgments.

In summary, when listeners are requested to judge stationary vowels
oh a semantic scale, they probably focus primarily on differences in spec-
tral slope befween the vowels, even when this difference is smaller than
those for the other dimensions (see Table 12.3, subset 1¥). A large number
of different semantic scales, related to sharpness, is judged according to
this criterion. For other perceptual dimensions there is no agreement among
listeners on verbal attributes.
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12.3.6 Spectral correlates of perceptual dimensions of song phrases

The acoustical properties of the song phrase ‘Halleluja’® are much
more complex than the spectral aspects of stationary vowels. Temporal as-
pects, such as vibrato and vowel duration, may also influence the judgments
of listeners. This makes it difficult to relate the perceptual dimensions
to all possible acoustical correlates. Since the first fa/ and final /a/ of
'Halleluja® took wup more than half of the total phrase duration, we used
these two vowels fo investigate spectral correlates. The 1/3-oct spectrum
af the vowel segments was measured every 10 ms, the resulting 10-ms spectra
were normalized for overall sound-pressure level and the average of these
spectra was considered to be the representative spectrum of each singer.
Subsequently, the resulting configuration of eight points in the spectrum
space was matched with the perceptual configuration. Three dimensians
showed significant correlations (p<0.05). The profiles of the spectral
basis vectors associated with the first three perceptual dimensiens are
shown in Fig. 12.6, together with the grand average spectrum. The first di-
mension accounts for 45 % of the total spectral variance. The profile of
the first basis vector shows that the corresponding perceptual dimension,
describing  sharpness, is, for song phrases too, associated with
spectral-slope-like variation. The profile of the second basis vector
strongly weighs the sound Tevel of the frequency bands with center freguen-
cies of 0.8 and 2.5 kHz. This indicates that a positive contribution of
this dimension, perceptually associated with full, melodious, and
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Fig. 12.6. Results of matching the perceptual configuration of
song phrases and the configuraticn of average spectra of the
two vowels /n/ and /a/ in 'Halleluja’. The grand average spec-
trum and the profiles of the first three spectral basis vectors
are shown.
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colorful, is related to a more open vowel, /a/ instead of /a/, and a higher
sound level of the high spectral peak. The latter peak is also known as the
singer®s formant and described as the origin of the "ring" of the voice
(Bartholemewi, 1934). The frequency position of this spectral peak is
weighed by the third basis vector. No systematically used verbal attribute
was associated with this direction.

The amount of spectral variance accounted for by the second and third
dimensions was only 9 and 12 %, respectively. Therefore, it may well be
possible that other acoustical factors than those present in the average
spectrum of the two vowels contribute to these dimensions. Concerning the
influence of temporal measures on perceptual judgments, no effect of total
phrase duration (tempn) could be establishad. However, this could be ex-
pected since the listeners were requested to ignore this factor. The spec-
ificelly temporal semantic scale vibrato-straight was judged to a great ex-
tent on the basis of the depth of vibrato modulations (r = 0.74) and not on
vibrato rate (r = -0.13). Fig. 12.1 showed that this scale was both posi-
tively related to sharpness and to general evaluation (full, melodious,
colorful). Therefore, the presence of & good vibrato may contribute as a
temporal attribute to these factors.

12.4 Discussion

Up to now no experiments have been reported verifying the equivalence
of verbal and non-verbal listening technigues for the measurement of the
representation of stationary vowels at the psycho-acoustic Tevel of percep-
tion. We confirmed this equivalence up to the limitation of the accuracy of
both types of techniques. This can be interpreted as a validation of the
measurement technique of pair-wise comparisons and the multidimensional
scaling techniques INDSCAL and MDPREF used in the present study.

It has been found from both verbal and non-verbal experiments that a
dissimilarity in timbre correlates with a difference in 1/3-oct spectrum
for vowels, at Teast up to a fundamental freguency of 392 Hz. This allows
us te investigate properties of wvowel representations in the
psycho-acoustic perceptual space on the basis of 1/3-oct spectra only, that
is, without the need to perform time-consuming perceptual experiments. For
vowels sung by professional singers such & study has been reported in
Part 1.

For all subsets of stationary vowels only sharpness turned out to be

131



a verbal attribute of timbre on which most listeners, regardless of their
degree of musical training, agreed in their judgments; they only differed
in their evaluation of sharpness: whether sharpness was melodious or not.
In conformity with Von Bismarck (1974b), sharpness was found to be acousti-
cally related to the <lope of the spectrum. The importance of sharpness in
timbre perception was even apparent for subset IV, in which only 16 % of
total spectral variance was associated with this factor. These results sup-
port von Bismarck®s opinion that sharpness may be considered as a fundamen-
tal perceptual quality. besides pitch and loudness, of any harmonic complex
tone.

As has been said in Chapter 9, for spoken and sung vowels both a psy-
cho-acoustic level and a phonetic Tevel of perception can be distinguished.
At the more central, phonetic, level the phonemic jdentity of a wvowel is
determined. This level is especially sensitive to formant frequency varia-
tien [Klatt, 1982). It may well be possible that a number of verbal attri-
butes of the timbre of vowel sounds refer to this level of perception and
descrihe, for instance, formant frequency deviations from typical average
values. The acoustical interpretation of such verbal attributes would then
be vowel dependent. Since our subsets each included only one vawel, this
kind of timbre description could have emerged from the listening experi-
ments. Although the second perceptual dimension of the vowel subsets, shown
in Fig. 12.4, did turn out to be related to vowel-specific acoustical vari-
ation, no indicaticns were found that listeners agreed in their verbal des-
cription of this vaviation. This suggests that there are no stable verbal
attributes for the phanetic level of perception under the experimental con-
ditions used here.

The present experiments failed to reveal a relationship between the
description of timbre of stationary vowels and voice classification (see
Fig. 12.8). In all cases both the semantic scales tenor-bass and
soprano-alto were used in the same way as sharp-dull: the more high fre-
guency energy, the higher the estimated voice classification. In fact, this
first perceptual dimension was unrelated to actual voice classification and
even showed a reverse relationship with female wvoice classification for
subset VIII (Fig. 12.5). MWhereas such results may be attributed at first
sight to the restrictions of stationary vowels which make even musically
trained listeners unable to estimate voice classification, the observation
persisted to some extent for the phrases sung by male singers. Although in
this case the relationship between judgments on the scale tenor-bass (19)
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and actual voice classifications was rather good (as an example, see
Fig. 12.3), a contradictery result was obtained for tenor singer 6, who had
a rather dull voice and was associated with the Jlowest voice classifica-
tion. For the song phrases the semantic scale tenor-bass was also highly
correlated with the first perceptual dimension and therefore associated
with the slope of the spectrum (Fig. 12.6). Listeners seem to relate a
shallow spectral slope to tenor voice timbre type and & steep spectral
slope to bass voice timbre type. A shallow slope may ariginate in the spec-
tral effect of high first and second formants (e.q. Fant, 196D]) or in a
shallow source spectrum. Cleveland (1977) indicated that higher formant
frequencies are indeed associated with higher voice classifications in pro-
fessional male singers. The contradictory result for "dull" tenor singer &
in the present experiment possibly demonstrated the confusing influence of
a steep source spectrum This raises the interesting guestion of whether
perceptual voice classification, based on timbre, has a phonetic basis
(formant frequency detection) or a psycho-acoustical basis (sharpness de-
tection). The present results suggest a psychc-acoustic basis which may
lead, however, to incorrect judgment of voice classification. Fortunately,
many more factors establish voice classificatian, which obviates a wrong
judgment on the basis of timbre alone.

There is, of course, a considerable gap between experiments with
electranic sounding stationary vowels and the perception of real singing.
The listening experiment with song phrases was a first attempt to bridge
this gap. Just as for stationary vowels, sharpness was the most important
spectral attribute. The second perceptual dimension (colorfulness) indicat-
ed the dinfluence of the relative sound level of the singer’s formant. Vi-
brato was not found to take up a separate perceptual dimensicn but vibrato
quality may enhance judgments on both sharpness and colorfulness, especial-
1y when the spectral attributes of these perceptual dimensions are small.

Finally, we should be careful 1in interpreting semantic sceles in
terms of acousticel properties in view of the small number of singers in
the subsets. Accidental combinations of acoustical characteristics of
singers, or their absence, may have influenced the results. Nevertheless,
we trust that the main effects, found for most subsets, are 1ikely to have
a more general validity.
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PART III

IRETROSPECTION AND PERSPECTIVES

In this chapter we discuss some general aspects of the approach of this
study. Firstly, we consider the design of our spectral msasursments, the
limitations of the interpretation of our gpectral analyses, and we sSuggest
the direction into which new experiments may provide more cenclusive
angwers to the guestions and hypotheses raissd. Secondly, we discuss the
implications of the vresults of our perceptual study con interindividua

differences in timbre (Part II) on the inventory of spectral wvariation
measurad in professional singing (Part I). Finally, we have to answer the

question which may be posed rightly by singers and vocal pedagogues: what

can we learn from this study.
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13.1 The spectrum of sung vowels

The chosen experimental design of our spectral measurements of sung
vowels was based on the gbservation that in many, often excellent, studies
on the singing voice, enly a limited number of relevant variables was in-
vestigated. When only one singer, a few vowels, a 1imited range of F0
values, an unspecified vocal intensity are considered, there always remains
some doubt on the generalizability of conclusions at which one arvives. On
the pther hand, an exemplary setup, limited in variables, but allowing a
detailed study, may provide useful ideas on phenomena which are important
in singing while the generalizability of results may be investigated in
subsequent studies. The present study seems to be unique in the sense that
a fairly complete set of the variables vowels, singers (including males.
females, registers), modes of singing (including vocal intensity), and fun-
damental freguency have been chosen for the investigation of their spectral
correlates. On the basis of this broad approach we were in a position to
discuss the generalizability of more exemplary types of studies and often
it turned out that the generalization of conclusions was justified. Perhaps
the most surprising deviations were obtained for spectral correlates of fe-
male voice classification (Chapter 5) and for the level of the singer’s
formant (Chapter 8). Spectral correlates of female voice classification
were not simply an extension of what was known already for male voice clas-
sification, and the sound level of the singer’s formant, simply defined as
a frequency band Tevel, was not a unique phenomencn in professional male
singing, especially in bass singers, but a general voice characteristic
which was highly dependent on vowel, voice classification, vocal intensity,
and fundamental frequency. There is a need for perceptual studies on the
singer’s formant to specify its acoustical requirements.

[n our study we did not include non-singers and consequently we do
not know in how far our results are limited to professional singers.
However, a comparison with spectra of spoken vowels, measured by Pols and
to-workers, revealed no great discrepancies for configurations in the vowel
space (Chapter 4), while differences in the level of the singer’s formant
could be explained as the effect of different values of overall SPL for
sung and spoken vowels (Chapter &). Nevertheless. more studies, for in-
stance on the spectral differences between singers and non-singers and on
the spectral effect of vocal intensity. may provide enmough data to Judge
the generalizability of our results.
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The extensiveness of the material necessitated a systematic approach
for its analysis. This included averaging procedures in which we chose to
focus on the outspoken effects and not to embarrassthe reader with a wealth
of details. Another argument for disregarding details was the inherently
rather crude character of 1/3-octave spectra. Nevertheless, the main
results are interesting. We established the contributions of the factors
"vowels," "singers," and "modes of singing" and their interactions to total
spectral wvaration in singing, as a function of Fo: spectral differences
between singers and modes of singing did not depend very much on FO and
preponderated over differences between vowels for F0 values higher than
about 659 Hz (E5) (Chapter 3). We showed the shrinking of the vowel space
with increasing Fc‘ in which the difference between front and back vowels
was preserved the longest (Chapter 4). We also showed spectral correlates
of voice classification and demonstrated that female singers differed from
each other in another way than males, which has a possible explanation in
dominant glottal differences between female <ingers and dominant morpholng-
ical differences between male singers (Chapter 5). We showed the dominating
influence of spectral-slope-like variation in modes of singing (Chapter 6)
and we presented a detailed analysis of the level of the singer’s formant
(Chapter B8).

1t should be stressed that our efforts to relate the results men-
tioned to vojce production are of a speculative nature because 1/3-cct
spectra do not have a direct interpretation in terms of wvoice production.
Still, we trust that the dindications presented in this study are clear
enough to justify & future attempt for its verification. This may be illus-
trated by our results on voice classification. We found that the differ-
ences between alto and soprano singers were very sensitive to the modes of
singing soft and loud (Fig. 5.4). Since in soft and loud singing a glottal
component is certainly involved, this indicates that such a factor may play
a role in the explanation of spectral differences betwsen female singers.
The same type of reasoning applies to the spectral difference between male
modal and falsetto registers. an accepted laryngeal phenomenon, the spec-
tral effect of which resembles the spectral differences between alto and
sopranno voices (Fig. 5.2). Spectral differences between male singers, al-
lowing an interpretation in terms of morphological differences of the vocal
tract in conformity with Cleveland (1977), were of & different nature than
those among female singers (Figs. 5.1 and 5.2), which indicates that the
morphological differences which differentiate between male singers do not
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simply extend to female singers. These three indicaticns, probably too weak
when cansidered one by one, seem strong enough together to hypothesize a
glottal component in the difference between alto and soprano singers.

This example s typical since it shows on the one hand the weakness
of 1/3-oct spectral analysis in its failure to present conclusive results
and interpretations in terms of voice productions on the other hand it also
shows that from a combination of data, obtained under various conditions,
new and, hopefully, fruitful ideas may arise. Whersas 1/3-oct spectral an-
alysis needs many data for its interpretaticn, it is the power of this ap-
proach that these data can be measured easily, fast, and fully automatical-
Tv. It s not accidental that the broad experimental design used in this

the classical approach on the basis of the
acoustical theory of speech production: phonations at moderate and high FO
values, strong source-spectrum variation, and acoustic interaction between
glottis and vocal tract would provide great analytical problems. Therefore,
@ cooperation between both approaches may prove to be most successful: Out-
Iines presented by 1/3-oct spectrum analysis, such as presented in this
study, followed by detailed experiments and analysis on the basis of models
of voice productiaon.

If our hypotheses an the origin of spectral differences are correct,
this implies that glottal factors have a great impact on differences
between singers and modes of singing and may answer a lot of questions on
the representation of interindividual and intra-individual differences in
singing and possibly also in speech. Yet this contradicts Sundberg®s (1973)
remark that "the development of voice timbre in voice training would be a
matter of learning a special articulation rather than having the vocal
cords vibrate in a very special way". However, on the basis of investiga-
tions on the vocal sound source, Gauffin and Sundberg (1980) introduced
mare recently the difference between "flow" and "pressed" phonations. Flow
and pressed phonations probably are no discrete adjustments of the vocal
folds but the extremes of a continuous range of possible adjustments.
Pressed phonation is certainly at the bad end of this range, but the other
end may contain a large range of acceptable vocal-fold adjustments useful
for the control of (variation in) voice timbre. We speculated that a cer-
tain quality of flow phonation may be a prerequisite for the perceptual ex-
istence of the singer®s formant.
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13.2 The timbre of sung vowels

Our perceptual experiments allowed the conclusion that the results of
a spectral analysis, based on 1/3-oct speclra, can be interpreted from a
perceptual point of view (Chapter 11). On this basis we may combine the
conclusions from our perceptual experiments using semantic bipolar scales
with the resulls of the speclral analysis of vowels sung by professional
singers. These conclusions are (1) that sharpness is the only attribute of
the timbre of steady-state sung vowels wupon which musicians  and
nan-musicians agree and which is roughly related to the slope of the spec-
trum, and (2) that for second and higher perceptual dimensions, which are
related to vowel-dependent spectral properties of a vowel, no common des-
cription exists. Spectral-slope-1ike variation, from a characteristically
low amplitude of the fundamental and large amplitude of nigh harmonics to
large amplitude of the fundamental and small amplitudes of the high harmon-
ics, forms a dominant part of the spectral effects of vocal effort
(Toud-soft), of register (modal-falsettn), and of female voice classifica-
tion (alto-sopranc). These effects are probably all related to the glottal
level and verbally described by sharp (steep glottal pulse) wersus dull
(shallow glottal pulse) or synonymous terms.

The spectral analysis of modes of singing allowed an interpretation
of a second spectral dimension in terms of dark versus pressed singing as
intended by the singers (Chapter 6). This dimension was vowel dependent and
probably should be associated with pharyngeal volume and laryni height.
However, in the verbal perceptual experiments (Chapter 12) there was no
agreement on a second perceptual dimensicn among listeners. It may be pas-
sible that this was the effect of the design of the perception experiments
which only included the factor singers but not modes of singing. New exper-
iments may study whether the intention of a singer to produce a timbre type
such as dark or pressed is reacted to by listeners in the same ferms.

Listeners could not correctly judge voice classification on the basis
of the spectrum of stationary vowels, nor on the basis of a song phrase.
The higher voice classification was always asscciated with a shallower
spectral slope, which is incorrect for alto-scpranc differences and may in-
terfere with spectral effects of a glottal origin so that a "dull"  tenor
can be associated with a bass timbre type. Considering the practical impor-
tance of voice classification in singing, a detailed study of these con-
tradictory phenomena seems very desirable.
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13.3 Some implications for siﬁging practice

Finally, 1 address myself to singers and singing teachers. They will
probably lock upon this book in embarrassment, unable to understand much of
it. At first sight many topics may sound of interest to them but & second
look will tell them that answers to the questions raised are not easy to
trace and te understand for those with Tittle affinity with and knowledge
of phonetic science. Therefore, let us summarize some results of this study
which may be of direct importance to them.

(1) Our results suggest that the end of the confusion in the terminology on
timbre 1is still far away in singing; probably that era will never come.
Even professional listeners, who use the terminology more reliably than
non-musicians, may completely disagree over the acoustical interpretation
of terms, or may describe the same acoustical phenomena in quite different
terms. On the average, the terms clustered into the categories: singing
technique  (such as  open-throaty), general evaluation (such as
meladious-unmelodious), temporal factors (such as straight-vibrato), clear-
ness (such as clear-dull), and sharpness (such as sharp-dull). These ca-
tegories were not independent. For instance, melodious was related to both
a good vibrato and a good singing technique., A fairly common opinien among
Tisteners about terms was only found for the timbre difference sharp-dull,
which was associated with the slope of the spectrum (amplitudes of the
higher partials relative to the amplitude of the fundamental). Although the
Tack of agreement would make one feel sadly, the observation that for most
aspects of Ltimbre & unified., objective Lerminology simply does not exist
should Tead us to conclude that we have to be tolerant in discussions. Our
verbal ncapacity may have been recognized by those singing teachers who
simply demonstrate and ask the pupil to imitate the example. On the other
hand it is possible that for a group of singers, who belong, for instance,
to the same school, a terminology may be functional dnside, but probably
not always outside this group.

(2) Our inability to give unequivocal verbal judgments seems to extend to
voice timbre types. The more important the higher partials, the greater the
tendency of professional listeners to assign a higher classification to a
voice. This s incorrect for female voices because in alto singers the
higher partials are far more prominent than in soprano singers. and is also
incorrect when high partials come, or, in contrast, do not come into prom-
inence due to glottal factors. Therefore, voices should never be classified
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on the basis of timbre alone, but on a wide variety of acoustical and phy-
siological measurements.

(3) We found many indications that glottal factors should not be underes-
timated in singing. They play a role in register differences, variation of
vocal effort, and in timbre differences between female singers. Modal re-
gister, greater vocal effort, and alte veices therefore exhibit the
stronger high partials, resulting in a "richer" voice quality.

(4) As a general rule, male singers seem to differ among themselves mainly
in the shape and length of the vocal tract, especially the pharynx; bass
singers have a large pharyngeal volume and tenor singers have a small phar-
yngeal volume. Female singers seem to differ mainly in the way the vocal
folds vibrate: A faster glottal closure for alto singers and a slower glot-
tal closure for soprano singers. The average difference between male and
female singers is based on the shape and Tength of the vocal tract.

(6) It may be possible to vary the speed of glottal closure in the falsetto
register, which could be the basis of a soprano-like sound for untrained
falsetto (slow glottal closure or even incomplete closure), and of an
alto-1ike sound for a counter-tenor (fast glottal closure).

(6) When pitch was raised, spectral (and timbre) differences between vowels
decreased, which is the basis of the decreased intelligibility of vowels at
high pitches. The difference between the vowel group /fa/f, /[a/, [of. /Ju/,
and the group /i/, /y/. fe/, [e/, fw/ were the longest to remain. Spectral
differences between singers and between modes of singing were much less af-
fected by increasing pitch and preponderated in female singing at fundamen-
tal frequencies higher than 659 Hz (E5).

(7) Differences in modes of sinqing are, in the first place, probably high-
1y related to glottal factors (vocal-fold adduction) and are verbally des-
cribed by sharp-dull and Jloud-soft. In the second place, differences
between modes of singing are related to larynx height and pharyngeal
volume, which are verbally described by dark-pressed. Besides this marpho-
logical aspect, pressed singing is often also associated with strong vocal
fold adduction.

(8) The variation in timbre an individual singer may realize by different
modes of singing is comparable to the variation in timbre between different
voices. This implies that a similar timbre can be realized by voices of
guite different classifications. Hence, a baritone may be able to sing with
tenor quality and vice versa, although it remains questionable whether this
is always good for the voice.
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(9) The sound level of the singer’s formant (the "ring" of the voice) is
influenced by many facters. A high sound level is found in most voices,
with the possible exception of soprano voices, at high vecal effort and low
fundamental frequencies. Without disputing Sundberg®s articulatory explana-
tion of the singer’s formant as the acoustical effect of a Towered larynx,
glottal factors alsc seem to contribute a great deal to the prominence of
the "ring". It cannot be excluded that some quality in vocal fold vibration
is a prerequisite for the perceptual presence of the singer’s formant.

142

SUMMARY

In this study the variation in the spectrum and in the timbre of sung
vowels was studied. In the acoustical investigations (Part 1} the intervo-
calic (different vowel) and intravocalic spectral variation (different
singer or mode of singing), measured in 1/3-octave frequency bands, was an-
alyzed. In the perceptual investigations (Part I1) the timbre dissimilari-
ties between sung vowels, were mapped in a multidimensional space, using
data from Tistening experiments. Both approaches are closely related. We
demonstrated that at least up to a fundamental frequency [FG) of 392 Hz,
the small dissimilarity in timbre of the same wvowel sung by different
singers could be predicted on the basis of differences in the 1/3-octave
spectra (Chapter 11). The results of the analysis of the 1/3-cct spectrum
measurements, which are much easier to obtain experimentally than are per-
ceptual data, could be interpreted, therafore, from a perceptual paint of
view.

For the acoustical study, Part I, we recorded 3888 sung vawels, which
are highly representative of all possible timbres of sung vowels. Fourteen
professional singers (2 basses, 2 baritones, 3 tenors, 3 altos, 2
mezzo-sopranos, 2 sopranos) sang nine different vowels, each in nine dif-
ferent modes of singing (neutral, 1ight, dark, pressed, free, Jloud, soft,
straight, extra vibrato) at six F0 values, ranging from 98 to 880 Hz.

For a general impression of the extent to which the main effects of
the factors "vowels," "singers," and "modes of singing", and their interac-
tions contributed to spectral variation., we determined in Chapter 3 for
each FD value the contribution of main effects and interactions to total
spectral variance. The spectral variance due to the factor "vowels" domi-
nated up to F0 = 659 Hz; spectiral differences between singers and modes of
singing preponderated for higher F0 values.

An explanaticn of the multidimensional representation of 1/3-octave
spectra is presented in Chapter 4. A relationship is shown to exist between
the results of an analysis of vowel spectra on the basis of the acoustical
theory of speech production, using formant freguencies, and on the basis of
1/3-octave spectra. A first order correspondence is demonstrated. On this
basis the properties of configurations of vowel points are studied up to
FG = 880 Hz.
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Characteristic spectral differences between singers are dealt with in
Chapter 5. It was concluded that spectral differences among male singers
are different from those among females. which probably points to the spec-
tral effect of differences in shape and length of the vocal tract for
males, and of differences in glottal pulses for females. In this chapter
spectral differences between the modal register and the falsetto register
are also presented.

Different modes of singing are, to & great extent, related to spec-
tral slope (Chapter 6). Extremes are the modes of singing “soft" (pianissi-
mg) and "loud" (fortissimo), which have their major origin at the glottal
level. Less prominent are spectral differences related to larynx height and
pharyngeal volume, which are present in the modes of singing "dark" and
"pressed".

In Chapter 7 it is shown that the four modes of singing "“"soft.,"
"light," "neutral," and "loud," together constitute the major cause of
variation in overall sound-pressure level (SPL). A second cause of this
variation is to be found in the average differences in overall SPL between
singers. An analysis of spectral differences associated with variation in
overall SPL is presented; the spectral effects were vowel dependent.

An analysis of the sound level of the so-called singer®s formant in
Chapter 8 results in the conclusion that Targe variation (up to more than
30 dB) may cccur due to differences between singers, vowels, modes of sing-
ing, and Fo' It is striking that the sound level of the singer’s formant
relative to overall SPL is kept highly constant in each mode of singing, by
tuning F_and regulating overall SPL [vocal effort). For the same FU value
the Tevel of the singer’s formant was, on the average, considerably lower
only with soprano singers, while singers with other voice classiffications
had roughly the same singer’s formant level.

Part I1 deals with the timbre of the same vowel, sung by different
singers, studied 1in two different types of listening experiments. Stimuli
were based on recordings of advanced student singers. In the first experi-
ment  dissimilarity in timbre was investigated in a non-verbal way
(Chapter 11}); in the second experiment differences in timbre were judged
verbally on 21 semantic bipolar scales (Chapter 12).

Both experiments resulted in comparable representations of timbre 1in
a multidimensional space, which excellently matched the representation in a
spectrum space based on the 1/3-octave spectra of the stimuli. Additional-
ly, the wverbal experiment made it possible to investigate the terminology
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of timbre. Highest agreement among listeners was found for the semantic
scale "sharp-dull,” which was related to the slope of the spectrum. Whereas
non-musicians did not differentiate this semantic <ccale from the ather
scales, the reverse was true for the musicians, especially when a song
phrase was judged. For the musicians, the semantic scales clustered into
the following categories: singing technique, general evaluation, temporal
aspects, clearness, and sharpness; these categories were not independent.
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SAMENVATTING

In deze studie is de variatie in het spektrum en in het timbre van
gezongen klinkers behandeld. In het akoestische onderzoek (deel I) werd de
binnen en tussen klinkers optredende spectrale variatie (gemeten in
1/3-octaaf frekwentiebanden) geanalyseerd. In het perceptieve onderzoek

(deel I1) werd met behulp van Jluisterproeven het timbre van gezongen

klinkers in kaart gebracht. Beide aanpakken zijn nauw verwant: we toonden
aan dat minstens tot een grondfrekwentie van 392 Hz de ongelijkheid in het
timbre van eenzelfde klinker, gezongen door verschillende zangers, zeer
goed voorspeld kan worden op basis van het verschil in 1/3-octaaf spektrum
(HooTdstuk 11). De resultaten van de analyses van de 1/3-oct spectra kunnen
daarom geinterpreteerd worden vanuit het cogpunt van de waarneming van
timbre. Het wvoordeel is dat 1/3-oct spectra in experimenteel gpzicht veel
eenvoudiger te verkrijgen zijn dan gegevens over timbreperceptie.

Voor de akoestische analyses {deel 1) maakten we oapnamen van 3888
gezongen klinkers die representatief moeten worden geacht voor een zeer
groot aantal mogelijke timbres fin zang. Daartoce zongen veertien
professionele  zangers (2 bassen, 2 baritons, 3 tenoren, 3 alten,
? mezzo-sapranen, 2 sopranen) negen verschillende klinkers, elk met negen
verscnillende manieren van zingen (neutraal. licht. donker, geknepen, vrij,
Tuid, zacht, strak, extra vibrato) op grondfrekwenties (FO} van 98 tot
880 Hz.

Om een algemene indruk te krijgen van de bijdrage wvan de
hoofdeffekten wvan de faktoren 'klinkers", "zangers", en "manieren van
zingen", en hun interakties, wordt in Hoofdstuk 3 voor elke grondfrekwentie
hun bijdrage tot de totale spektrale variantie bepaald. De aan de faktor
"klinkers" ogerelateerde spektrale variantie blijkt te domineren  tot
F0 = 659 Hz; voor hogere FO waarden domineren spektrale verschillen tussen
zangers en manieren van zingen.

Nadal de meerdimensionale representatie wvan 1/3-octaaf. spektra s
uitgelegd wordt in Hoofdstuk 4 een relatie gelegd tussen de resultaten, in
de vorm van formantfrekwenties, uit een analyse van klinkerspektra op basis
van de akoestische theorie van spraskproduktie en de resultaten van een
analyse op basis van 1/3-octaaf spektra. Een eerste-orde overeenkomst werdt
aangetcond. Op basis hiervan worden eigenschappen van klinkerkonfiguraties
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tot Fu = 880 Hz bestudeerd.

Karakteristieke verschillen in spektrum voor verschillende zangers
waorden in Hoofdstuk 5 onder de lcep genomen. Dit leidt tot de conclusie dat
spektrale verschillen tussen mannelijke zangstemmen belangrijk anders zijn
dan spektrale verschillen  tussen vrouwelijke zangstemmen, wat
waarschijnlijk wijst op verschillen in de vorm en lengte van het aanzetstuk
bij mannen en op verschillen in stembandpuls bij vrouwen. In dit hoofdstuk
komen tevens spektrale verschillen tussen het modale register en het
falsetregister aan de orde. Verschillende manieren wvan zingen blijken
grotendeels gerelateerd te =zijn aan ce helling van het spektrum
(Hoofdstuk €). De steilste helling heeft het spectrum van zachte
(pianissimo) zang, de vlakste die van luide (fortissimo) zang, welke in
belangrijke mate op stemplooinive hun oorsprong hebben. Minder
geprononceerd zijn de spektrale verschillen die met de hoogte van het
strottenhoofd en het keelvolume samenhangen: donkere en geknepen zang.

Hoofdstuk 7 laat zien dat vier manieren van =zingen (zacht, licht.
neutraal en luid) de belangrijkste bran varmen van verschillen in het
totale geluidsdruknivo in gezongen klinkers. Op de tweede plaats komen
verschillen tussen zangers. Een analyse van spektrale verschillen die met
variatie in het totale geluidsdruknivo samenhangen wordt gegeven, waarbij
klinkerafhankelijke aspekten aan de orde komen.

Een analyse van het geluidsdruknivo van de zogenaamde zangersformant
leidt in Hoofstuk 8 tot de konklusie dat hierin grote variatie kan optreden
door verschillen tussen zangers, klinkers, manieren van zingen en FO.
Opvallend was dat het relatieve nivo van de zangersformant ten opzichte van
het totale geluidsdruknive voor elke manier van zingen zeer consiant
gehouden werd door een afstemming van de geluidsintensiteit en Fc‘ Het
gemiddelde geluidsdruknivo van de zangersformant was alleen voor sopranen
beduidend Tager dan voor alle anders stemklassifikaties.

Deel [l  behandelt de vresultaten van een tweetal typen
luisterexperimenten naar timbreverschillen van eenzelfde klinker die door
verschillende zangers werd gezongen. Hierbij werd gebruik gemaakt van
opnamen  van  gevorderde conservatoriumstudenten. Zowel musici als
niet-musici participeerden als  luisteraars. In  het eerste type
luisterexperiment werd de ongelijkheid in timbre op een niet-verbale wijze
onderzocht (Hoofdstuk 11); in het tweede type experiment werden.
timbre-verschillen verbaal becordeeld op 21 semantische bipolaire schalen
(Hoofdstuk 12). In het verbale experiment werden niet alleen klinkers maar
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ook Tliedfrasen becordeeld om het perceptieve effekt van temporele variatie
op timbre te onderzoeken.

De beide experimenten leverden voor de klinkers een vergelijkbare
weergave wvan timbre in een meer-dimensionale ruimte op. Het verbale
experiment mwaakte het daarnaast mogelijk om relaties tussen
beschrijvingswijzen van  timbre, zoals  helder, dof, kleurrijk, te
onderzoeken. De grootste overeenstemming tussen luisteraars bestond over de
semantische schaal scherp-dof, die globaal gerelateerd bleek te zijn aan de
helling van het spektrum. Waar niet-muzikaal geschonlde Tuisteraars verder
weinig differentiatie tussen semantische schalen aanbrachten, was dit voor
musici wel het geval, vooral hij de beoardeling wvan een liedfrase. De
semantische  schalen groepeerden zich rond: zangtechnieck, algemene
evaluatie, temporele aspekten, helderheid en scherpte; deze groepen waren
echter niet onafhankelidjk.
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APPENDICES

APPENDIX A

A DETAILED DESCRIPTION OF INTRA-VOCALIC SPECTRAL VARIATION

Intra-vocalic spectral variation can be divided into spectral varia-
tion due to differences between singers and spectral variation due to
differences between modes of singing. For the material described in Part I,
spectral characteristics of  intra-vocalic variation are given in
Figs. AL-A9 separately for all nine vowels. The spectral characteristics of
each wvowel are described for each F{J value and for male and female singers
separately.

The panels of each figure are organized as follows:

(1) The panels of the left half show results for the male singers, Lhe
panels of the right half those for the female singers, (2) each row of
panels present results for the same FO value, from 98 Hz [upper row) to
880 Hz (lower row), and (3) for each F0 value, separately for males and fe-
males, & row of four panels is presented showing the average spectrum and
three basis vectors associated with (a) spectral differences between
singers, (b) spectral variation gs the effect of differences in overall
SPL, and (c) spectral variation due to the modes of singing dark and
pressed, respectively. In addition, for male singers at F0=392 Hz the basis
vector which describes the main spectral difference between the modal and
the falsetto register is presented too.

The following computational procedures have been used:

AVERAGE SPECTRUM. For each vowel and each F0 value the average spectrum of

the total number of spectra (=number of singers x nine modes of singing) is
shown. The effect ¢f the basis vectors presented can be estimated with
reference to this average spectrum.

BASS-TENCR/ALTO-SOPRANO, These panels show the basis vector per FO va lue
which 1s associated with to the main spectral differences between singers
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for the vowel concerned. A positive coordinate value aleng the associated
direction indicates spectra of bass or alto singers; a negative coordinate
value those of tenor or soprang singers. The computation 1is essentially
equal to the one wused in Chapter 5 for the description of the spectral
differences between singers (averaged over vowels). In the present case,
the singer-related dimension was derived separately for each vowel in such
a way that the projection of singer points on the dimension was similar for
all nine vowels (using an iterative procedure of arthogonal rotation to
congruence). The spectral variation due to differences between singers was
mainly two-dimensional. The dimension presented explained on the average
between 48 % {Fo = 392 Hz, females) and 68 % (FO = 98 Hz) of the variance
related to differences between singers; the first two dimensions between
them explained between 72 % {FD = 220 Hz, males) and B7 % {FD = 88 Hz).
MODAL-FALSETTO. The second dimension for each vowel, which described most
of the variance remaining after the first dimension between average singer
spectra, showed for F0 = 392 Hz (males) the difference between phonations
in the modal and the falsettc register (compare Fig. 5.2). The basis vector
of this dimension is presented too.

After the spectra had been normalized for the average spectrum of
each singer, the remaining spectral differences were associated with modes
of singing for each vowel. We distinguished spectral differences which are
related to variation in overall SPL and remaining differences which on the
whole described the effect of the modes of singing dark and pressed.
LOUD-SOFT. Using the procedure outlined in Chapter 7, we computed the basis
vector of the direction in the spectrum space which was related to the
spectral effect of variation in overall SPL. We chosa this basis vector
instead of the one derived by principal-components analysis (see Chapter 6)
because of its formal definition which is less dependent an statistical
properties of the data. The direction associated with the basis vector
presented explained between 41% (FD = 98 Hz) and B6% (F0 = 880 Hz) of total
spectral variance due to modes of singing. A positive coordinate value
along this direction indicates spectra associated with the higher overall
SPL.

DARK-PRESSED. The dimension which described most of the remaining spectral
variance showed the spectral differences between the dark and pressed modes
of singing (compare Figs. 6.3-6.5). A positive coordinate value along this
second dimension is associated with the darker phonations. The combination
of the two spectral dimensions of modes of singing explained between 66%
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[F0 = 98 Hz) and 93% (FO = 880 Hz) of total spectral variance due to modes
of singing.

To facilitate the study of the rather complex figures we advise the
reader to focus attention on the vowels /a/ and /i/, which are highly
representative of back and front vowels, respectively.
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vowel /r/. For an explanation see the text.

FREQUENCY (kHz)

APPENDIK B

REPRESENTATION OF MODES OF SINGING IN THE FORMANT SPACE AND IN THE SPECTRUM
SPACE

In this appendix the relationship between spectrum space and formant
space with respect to the representation of the effect of modes of singing
s elaborated. The configuration of nine vowels, sung in nine modes of
singing by a bass singer at F0 = 98 Hz, 1is presented in Fig. Bl in a
three-dimensional (sub)space of both spaces. The vowels, of which the aver-
age data (averaged over mades of singing) have already been analyzed in
Chapter 4, are represented in the spectrum subspace which allowed the best
match between both vowel configurations. For the sake of clarity, the vowel
points are not marked separately but as the contour of the points of modes
of singing for each vowel. Correlation coefficients were 0.89, 0.82, and
0.76 for dimension I, II, and 111, respectively. The percentage of ex-
plained variance 1in the spectrum space dimensions was 43.1, 31.4. and
9.9 %, respectively.

Both configurations show that, although the average vowel positions
are very similar (see also Fig. 4.1), there are differences in the contours
related to the modes of singing: they are wider in the spectrum space. This
implies that more spectral variation within vowels is represented in this
spectrum subspace than can be attributed to variation in Fl’ FZ‘ and F3‘
and that an effect of other factors must be assumed. A detailed study of
the canfigurations revealed that most spectral variation related to varia-
tion in overall SPL was uniquely represented in the [-11 planes of both
spaces. In the formant space front vowels tend to vary mare in Fl due to
different modes of singing, while back vowels show a covariation of F1 and
F2' This is predicted by an articulatory model (Lindblom and Sundberg,
1971) for the spectral effect of a wider jaw opening, combined with a
change from rounded to spread 1ip shape, articulatory movements which are
to be expected with increasing vocal effort. In the I-1I plane of the spec-
trum space, the contours are wider and more parallel than in the formant
space, and they probably demonstrate the extra effect of the presence of a
glottal cemponent in variation of vocal effort. That this component is pri-
marily present in the 1-11 plane makes a distinction in the spectrum space
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vowels, sung by a bass singer
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space (left panels) and in the spec-

The contours include data points

of

between articulatory and glottal origins of spectral variation impossible,
although the glottal component may prevail in intra-vocalic variation.

The variation in the third dimension (Fig. B1) was alsoc much more
pronounced in the spectrum space than in the formant space. This may be the
spectral effect of a covariation of F3, F4, and FS‘ If thizs is the case,
the spectral variation associated with F3 will be partly comhined with the
spectral variatian associated with the higher formants in the third dimen-
sion of the spectrum subspace. This dimension will then show more variation
than can be expected for F3 alone., The presence of the singer’s formant
probably provides these conditions.

In summary, a three-dimensional subspace of the specirum space exists
which explains most of the variation in average vowel positions as well as
variation due to modes of singing and different singers (not demanstrated).
The three dimensions of this subspace are, in a first-order approximation,
related to logarithmic Fl’ FE' and & combination of F3 upto F5 aXes,
respectively. A glottal component in spectral variation due to mode of
singing shows up in the same subspace of the spectrum space, introducing a
mix-up with spectral variation of articulatory origin.
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APPENDIX C

DATA ON OVERALL SPL

Average values of overall SPL (in dB) for modes of singing, singers, and

vowels as & function of fundamental frequency. Microphone distance 0.3 m.
Mzles Females

F0 (Hz) g8 131 220 392 392 220 392 659 880

modal falsette

Modes

Soft 72 4 77 a7 Bl 7?2 g2 54 90

Light 78 80 84 94 84 78 87 87 100

Dark B4 85 90 101 82 a4 9z 1pz 112

Neutral 87 90 91 101 87 84 92 101 105

Free 68 91 92 103 95 84 91 102 108

Straight 84 86 89 102 90 83 B9 98 103

Vibrato 88 91 93 103 96 86 84 104 106

Pressed 85 86 90 101 92 86 93 101 109

Loud ad 96 100 108 101 93 99 108 118

Singers

1 bass 85 88 94 104 8 alto 85 93 102

2 bass 88 90 94 88 92 9 alto a3 83 105

3 baritone 83 85 90 104 89 10 alto a3 B3 a8

4 baritone 81 89 92 11 m-soprano 75 83 94

5 tenor 86 88 g7 12 m-soprano 89 9 103 104

6 tenor 81 35 98 13 soprano 83 93 101

7 ec-tenor 87 92 14 soprano 86 91 103 107

Vowels

Jif 83 85 88 100 93 81 92 101 105

1yl 82 85 88 100 94 81 93 102 105

Ju/ 83 85 89 g9 93 83 92 101 105

el 84 87 90 100 90 84 90 102 105

Jeef 84 87 91 89 89 84 90 101 106

fal 85 88 91 100 90 85 90 100 105

/el 85 87 91 101 89 84 30 100 105

ref 86 88 91 101 91 84 31 100 106

faf 86 88 91 100 89 84 30 100 105

Grand-average 84.3 86.6 89.8 100.2 ©90.9 83.4 90.9 100.8 105.8

164

REFERENCES

Rgren, K., and Sundberg, J. (1978). "An acoustical comparison of alte and
tenor voices," J. of Research in Singing 1(3), 26-32.

ASA (1960). "American Standard Acoustical Terminology", New York, Defini-
tion 12.9, Timbre, 45.

Bartholemew, W.T. (1934). "A physical description of good voice quality’
in male voice," J.Acoustl.Soc.Am. 6, 25-33.

Benedini, K. (1980). "Klangfarbenunterschiede zwischen tiefpass gefilterten
harmonischen Kldngen," Acustica 44, 129-134,

Bladon, R.A.W., and Lindblom, B. (1981). "Modelling the judgment of vowel
quality differences," J.Acoust.Soc.Am. 69, 1414-1422.

Bloothooft, G., and Plomp, R. (1984). "Spectral analysis of sung vowels. I.
Variation due to differences between vowel, singers, and modes of
singing," J.Acoust.Soc.Am. 75, 1259-1264,

Boves, L. (1984). "The phonetic basis of perceptual ratings of running
speech,” Doct. Dissertation (Cathnlic University, Mijmegen).

Carlson, R., and Granstrdm, B. (1979). "Model predictions of vowel dissi-
milarity," Speech Transmission Laboratory, Quarterly Progress and
Status Report 3-4, 84-104.

Carroll, J.D. (1972). “Individual differences and multi-dimensional scal-
ing," in Multi-dimensional scaling [, edited by R.W. Shepard,
A.K. Romney, and S.B. Nerlove (Seminar, New York).

Carroll, J.D., and Chang, J.J. (1970). "Pnalysis of individual differences
in multi-dimensional scaling via an HN-way generalization of
*Eckart-Young® decomposition," Psychometrica 35, 283-319.

Chew, S.L., and Gottfried, T.L. (1981). "Identification of steady-state
sung vowels," J. Acoust. Soc. Am. 69, 594.

Cleveland, T.F. (1977). "Acoustic properties of voice timbre types and
their influence on voice classification," J.Acoust.Soc.Am. 61,
1622-1629.

Colton. R.H. (1972). "Spectral characteristics of the modal and falsetto
registers," Fol. Phoniatr. 24, 337-344.

Colton, R.H. (1973). "Vocal intensity in the modal and falsette register,"
Fol. Phoniatr. 25, 62-70.

165



De Bruyn, A. (1978). "Timbre-classification of complex tones," Acustica,
40, 108-114.

Dmitriev, L., and Kiselev, A. (1979). "Relationships between the formant
structure of different types of singing voices and the dimensiaons
of supraglottic cavities," Fol. Phoniatr. 31, 238-241.

Donoven, R. (1970). "The relationship between physical analysis of sounds
and the auditory impression of their vowel and tone quality in
tenor singing." Acustica 23, 269-276.

Edwards, A.L. (1957). "Techniques of attitude scale construction," (Apple-
ton, New York).

Fagel, W.P.F., van Herpt, L.W.A., and Boves, L. (1983). "Analysis of the
perceptual gualities of Dutch speaker’s woice and pronunciation,”
Speech Communication 2, 315-326,

Fant, G. (1960). "Acoustic theory of spesch production,” Moutan, The Hague.

Fant, G. (1975). "Mon-uniform vowel normalization," Speech Transmission La-
boratory, Quarterly Progress and Status Repert 2-3, 1-19.

Fant, G. (1981). "The source filter concept in voice production," Speech
Transmission Laboratory, Quarterly Progress and Status Report 1,
21-37.

Flach, M. (1964). "Uber die Unterschisdliche Grisse der Morgagnischen
Ventrikel bei Sdngern," Folia Phoniatrica 16, 67-74.

Gauffin, J., and Sundberg, J. (1980). "Data on the glottal wvoice source
behavior in vowel production," Speech Transmission Laboratory,
Quarterly Progress and Status Report 2-3, 61-70.

Gottfried, T.L. (1980). "Identification of sung vowels," J. Acoust. Sac.

Am. 68, $100.
Harman, H.H. (19867). "Modern factor analysis," (The University of Chigago,
Landan).

Hollien, H. (1983). "The puzzle of the singer®s formant," in Vecal fold
physiology edited by D.M. Bless and J.H. Abbs (College-Hill, San
Diego).

Hussler, F., and Rodd-Marling, Y. (1976). "Singing: the physical nature of
the vecal organ," (Faber and Faber, London).

Ischiki, N., Ohamura, H, Tanabe, M, and Morimoto,M. (1969). "Differential
diagnosis of hoarseness," Folia Phoniatrica 21, 9-19.

Kakusho, O., Hirato, H., Kato, K., and Kobayashi, T. (1971). "Some experi-
ments of vowel perception by harmonic synthesizer," Acustica 24,
179-190,

166

Karlsson, 1.A. (1984). Proc. of the 10th International Congress of Phonetic
Sciences, edited by M.P.R. van den Broecke and A. Cohen (Foris,
Dordrecht), p.167.

Karnickaya, E.G., Mushnikov, V.N., Slepokurova, N.A., and Zhukov, 5.J.
(1975]). "Auditory processing of steady-state vowels," in Auditory
analysis and perception of speech, edited by G. Fant and
M.A.A. Tatham (Academic Press, London).

Klett, D.H. (1979). "Perceptual comparisons among a set of vowels similar
to fae/: Some differences between psychophysical distance and
phonetic distance," J. Acoust. Soc. Am. 66, SBB(A).

Klatt, D.H. (1982). "Prediction of perceived phonetic distance from criti-
cal-band spectra: a first step," Proc. [CASSP, Paris, 1278-1281.

Klein; W., Plomp, R., and Pols, L.C.W. (1970). "Vawel specira, vowe]
spaces, and vowel Jdentification," J. Acoust. Soc. Am. 48,
999-100¢.

Lindblom, B., and Sundberg, J. (1971). "Acoustical consequences of 1lip,
tongue, Jaw, and larynx movement," J. Acoust. Soc. Am. 50,
1166-1179.

Lingoes, J.C., and Schdonemann, P.H. (1874). "Alternative measures of fit
for the Schdnemann-Carroll matrix fitting algorithm," Psychome-
trica 39, 423-427.

Nierop, D.J.P.J. van, Pols, L.C.W., and Plomp, R. (1973). “Frequency an-
alysis of Dutch wvowels from 25 female speakers," Acustica 29,
110-118. o

Nord, L. and Sventelius, E. {1979). "Analysis and prediction of difference
limen data for formant frequencies," Speech Transmission Labora-
tory, Quarterly Progress and Status Report, 3-4, 60-72,

Plomp, R. (1970). "Timbre as a multidimensional attribute of complex
tones," in Frequency analysis and periodicity detection in hear-
ing, edited by R. Plomp and G.F. Smoorenburg (Sythoff, Leiden).

Plomp, R. (1975). "Buditory analysis and timbre perception,” in Auditory
analysis and perception of speech, edited by G. Fant and M.A.A.
Tatham (Academic, London).

Plomp, R., Pols, L.C.W., and Geer, J.P. van de (1967). '"Dimensional an-
alysis of vowel spectra", J. Acoust. Soc. Am. 41, 707-712.

Pols, L.C.W. (1977). "Spectral analysis and identification of Dutch vowels
in monosyllabic words," Doct. Dissertation (Free University, Am-
sterdam).

167



Pals, L.C.W., Kamp, L.J.Th. van der, and Plomp, R. (1969). "Perceptual and
physical space of vowel sounds," J. Acoust.Soc.fm. 46, 458-467.

Pals, L.C.W., Tromp, H.R.C., and Plomp, R. (1973). "Frequency analysis of
Dutch  vowels from 50 male speakers," J.Acoust.Soc.Am 53,
1093-1101.

Risset, J.C., and Wessel, D.L. (1982). "Exploration of timbre by analysis
and synthesis," in The psychology of music, edited by 0. Deutsch
(Academic, London).

Rothenberg, M. (1982). "Acoustic interaction between the glottal source and
the wvocal tract," in Vocal Fold Physiology. edited by K.N.
Stevens and M. Hirano (University of Tokyo, Tokyo).

Rothenberg, M. (1983). "An interactive model for the wvoice source," in
Vocal Fold FPhysiology, edited by D.M. Bless and J.H. Abbs (Cal-
lege Hill, San Diego).

Russo, V., and Large, J. (1978). "Psychoacoustic study of the Bel Canto
model for register cqualisation: male chest and falsetto," J. aof
Research in Singing, 1(3), 1-25.

Rzevkin, S.N. (1956). "Certain results of the analysis of a singer®s
voice," Soviet Physics Acoustics, 2. 215-220.

Sambur, M.R, (1975). "Selection of acoustic features for speaker identifi-
cation," Trans. IEEE-ASSP, 23, 176-182.

Schinemann, P.H., and Carvoll, R.H. (1970). "Fitting one matrix to another
under choise of & central dilation and a vrigid motion," Psychome-
trica 35, 245-255.

Schouten, J.F. (1968). "The perception of timbre," Reports of the 6th ICA,
Tokyo, GP-6-2, 35-44. .

Schultz-Coulon, H.J., Battmer, R.D., and Riechers, H. (1979). "Der 3
kHz-Formant, ein Mass flir die Tragfdhigkeit der Stimme? II. Die
trainierte Stimme," Fol. Phoniatr. 31, 302-313.

Smith, L.A., and Scott, B.L. (1979). "On increasing the intelligibility of
sung vowels," J. Acoust. Soc. Am. 65, §124.

Smith, L.A., and Scott, B.L. (1980). "Increasing the intelligibility of
sung vowels," J. Acoust. Soc. Am., 67. 1795-1797.

Sonninen, A., and Damsté, P.H. (1971). "An international terminolagy in
the field of logopedics and phoniatrics," Folia Phoniatrica 23,
1-38.

Stumpf, C. (1890). "Tonpsychology," Vol 2 (Hirzel, Leipzig}.

168

Sundberg, J. (1970). "Fermant structure and articulation of spoken and sung
vowels," Fol. Phoniatr, 22, 28-48.

Sundberg, J. (1973}, "The source spectrum in professianal singing," Fol.
Phoniatr. 25, 71-90.

Sundberg, J. (1974). "Articulatory interpretation of the ‘"singing for-
mant"," J. Acoust. Soc. Am. 55, B3B-844.

Sundberg, J. (1975). "Formant technique in a professional female singer",
Acustica 32, 89-96.

Sundberg, J. {(1977). "Vibrato and vowel identification," Archives of Acous-
tics 2, 257-266.

Sundberg, J. (1981). "Formants and fundamental freguency contral din sing-
ing. An experimental study of coupling between vocal tract and
voice source," Acustica 49, 47-54.

Sundberg, J. (1982). "The perception of singing," din The psychology of
music, edited by D. Deutsch (Academic, London).

Sundberg, J., and Askenfelt, A. (1983). "Larynx height and veice source: a
relationship?." in Vocal Fold Physiclogy., edited by D.M. Bless
and J.H. Abbs (College Hill, San Diego).

Sundberg, J. and Gauffin, J. (1979). "Waveform and spectrum of the glottal
voice source," in Frontiers of speech communication research
edited by B. Lindblom and S. Ohman (Academic, London).

Van den Berg, Jw. (1955). "On the role of the laryngeal ventricle in vaice
production," Felia Phoniatrica 7, 57-69.

Van den Berg, Jw., and Vennard, W. {1953). "Towards an objective vocabulary
for voice pedagogy,"” MATS Bulletin, February.

Vennard, W. (1967). "Singing, the mechanism and the technic," (Fisher, New
York).

Von Bismarck, G. (1974a). "Timbre of steady sounds: A factorial investiga-
tion of its verbal attributes," Acustica 30, 1456-153.

Von Bismarck, G. (1974b). "Sharpness as an attribute of the timbre of
steady sounds," Acustica 30, 159-172.

Winckel, F. (1953). "Physikalische Kriterien flr objective Stimmbeur-
teilung," Fol. Phoniatr. 5, 231-252,

Yilmaz, H. (1967). "R theory of speech perception," Bull. Math. Biophysics
29, 793-824.

Zahorian, S.A., and Rothenberg, M. {1981). "Principal-components analysis
for low-redundancy encoding of speech spectra," J. Acoust. Sec.
Am. 69, 832-845.

165



STELLINGEN

. De wijdverbreide gedachte dat de hij ‘kopstem® en ‘’horststem® in kop en
borst waargenomen trillingen zouden bijdragen tot de geluidvorming is

onjuist en bemoeilijkt de discussie over zangtechniek.

. Het is onjuist om de overgang van stemregister bij een zanger te koppelen
aan een Dbepaalde toonhoogte omdat de overgang sterk afhankelijk is van de
geluidsintensiteit.

. Er zijn tot op heden geen objektieve maten ontwikkeld die een onderscheid
in meer dan zeven stemtypen rechtvaardigen.

. De zangersformant is noch de enige noch esen noodzakelijke voorwaarde voor
sen goede stemkwaliteit.

. Het effekt van zaalakoestiek op zang is nog onvoldoende bekend; deze Kennis
is noodzakelijk voor begrip van perceptief belangrijke eigenschappen van de
zangstem.

. Een fonetogram, inklusief akpestische stemkwaliteitskenmerken, kan in de
toekomst voor de foniatrie worden wat nu het audiogram is voor de
audiologie.

. De beschrijving wvan klankkleur kan wvaak niets anders zijn dan een
allerindividueeiste expressie van een allerindividueelste emotie waargver
men moeilijk van gedachten kan wisselen.

. Het door Terbesk gepostuleerde niet-Euclidische karakter van de perifere
auditieye perceptie s overbodig. 7Zijm resultaten Taten zich even goed
interpreteren via de niet-lineaire transformatie van formantfrekwenties in
een Euclidische perceptieve ruimte.

Terbeek, D., UCLA working papers in phonetics 37 (1977).

9.

10.

11.

Het geringe aantal publikaties over de vrouwenstem duidt meer op de
complexiteit van de vrouwenstem dan op een ongeEmancipeerde instelling van
veelal mannalijke onderzoekers.

Afgestudeerden 1in de fonetiek maken alleen een goede kans op de
arbeidsmarkt als ze ook een grondige kennis hesbben van spraaktechnologie.

Gezien de voortschrijdende Tuchtverontrainiging moet gevreesd worden dat er
een tijd zal komen waarin de “eeuwig zingende’ bossen nog slechts gekreun
zullen laten horen.



