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crete categories. The continuum from pressed over modal
to breathy phonation is, for example, associated with an
increasing degree of glottal abduction. In conversational

qualities. The modified two-mass model uses mass elements speech, the voice quality is varied consistently along this

that are inclined, instead of parallel, with respect to thisd-
ventral axis as a function of the degree of abduction. This
allows to produce the continuum of voice qualities from

continuum in much the same way, but independently of, fun-
damental frequency [3]. It was shown to be correlated with
a variety of different factors. Campbell and Mokhtari [3]

pressed over modal to breathy voices. Furthermore, thelmodefound significant correlations with the interlocutor, skea

is extended by a variable posterior chink to represent the
space between the arytenoid cartilages, like in whispeoy ph
nation. Five words were each synthesized with different
glottal settings to simulate modal voice, pressed voicegbr
thy voice, whispery voice, vocal fry, and falsetto. The stim
uliwere judged by a group of listeners in a forced-choice ex-
periment with respect to the perceived voice qualities.rApa

ing style, and speaker intention. For example, talking to
children exhibits a higher degree of breathiness thanrtglki
to friends, andjivinginformation happens with a more tense
voice thanrequestingnformation. Likewise, the phonation
type varies with focus, i.e., more prominent syllables are
produced with a less tense voice [4]. Voice quality is also
an important aspect of emotional speech (e.g. [5, 6]). Gobl

from whispery voice, which was more often judged as breathy et al. [6] demonstrated that voice quality changes alone can

than whispery, all voice types were identified as intended
with probabilities between 50% (modal voice) and 94% (fal-
setto), which are well above the chance level of 16.1%.

Keywords: Vocal fold model, two-mass model, triangular
glottis, voice quality, articulatory speech synthesis.

1. Introduction

People can speak and sing with a variety of voice qualities.
Modal voice is the most common voice quality in speak-
ing. However, other qualities like pressed, creaky, brngath
or whispery phonation are often used in a controlled way
to signal paralinguistic information or, in some languages
phonological contrast [1]. In this article, we use the term
voice quality interchangeably with phonation type to refer
to a state of the glottis. In a broader sense, voice quality
may include supraglottal articulatory settings like nagal
which are not considered in this study [2].

Voice qualities actually form a continuum rather than dis-
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impart very different emotional overtones to a message, for
example an angry overtone with a tense voice.

The above examples illustrate the importance of voice
quality for speech production and perception. Howeveh wit
regard to speech synthesis technology, voice quality is dif
ficult to control independently in current corpus-based syn
thesis systems. This seriously complicates the task to gen-
erate truly natural conversational speech. Formant synthe
sis [7] is more flexible in this respect, because it allows to
manipulate the glottal flow signal independently from the
vocal tract filter function. However, the source models of
formant synthesizers specify only acoustic propertiesef t
voice source and are not related to the underlying physio-
logical mechanism. This makes them difficult to control.
Furthermore, they do not account for source-filter interac-
tion and still sound very unnatural.

Physiological models of the vocal folds are in principle
best qualified for the comprehensive synthesis of voice. A
good compromise between realism and complexity are the
low-dimensional lumped-mass approximations of the vocal
folds, namely the one-mass models (e.g. [8, 9]), two-mass
models (e.g. [10, 11]), three-mass models (e.g. [12]), and
lumped body-cover models [13, 14]. However, a common
restriction of all these models is their approximation as-tw
dimensional structures in the coronal plane. The third di-
mension is only taken into account by giving the vocal folds
a certain length, which makes the glottal slit rectangular.



Thereby, the opening and closing of the vocal folds always
happen simultaneously along the entire length. This gives
the synthetic voices usually a pressed to modal voice gualit
A gradual closing and a possibly incomplete closure of the
glottis, as for breathy voices, is intricate with these niede
The representation of a vocal fold by multiple masses in the
dorso-ventral direction can solve this issue (e.g. [15),16]
but renders the model more complicated and computation-
ally more expensive.

In this study, we present a modified two-mass model of
the vocal folds with mass elements that are inclined with re-
spect to the dorso-ventral axis as a function of the degree
of abduction. This makes the glottal slit triangular in the
rest position with the acute angle at the anterior comméssur
The mass elements oscillate in the lateral direction, asen t
classical two-mass model (TMM), but keep the angle with
the dorso-ventral axis constant. In this way, the opening
and closing of the glottis becomes progressively more grad-
ual with increasing abduction and allows to simulate osc¢ill
tion patterns that are typical for pressed, modal, and byeat
voices. A similar idea was presented by Childers [17] to
reproduce the zipper-like opening and closing of the vocal
folds, but it was neither elaborated with a self-oscillgtin
model nor with respect to voice quality variations. Besides
the above modification, a posterior chink was added to the
model to represent any non-oscillating glottal space betwe
the arytenoid cartilages. This was first proposed by Kroger
[18] in combination with a self-oscillating TMM to simu-
late breathy phonation. With both modifications, the adduc-
tive tension of the vocal folds can be independently adiuste
from the medial compression and thus allows to define glot-
tal settings for a variety of voice qualities.

The proposed TMM is described in detail in the follow-
ing sectiort . In Sec. 3 we define laryngeal settings for the
vocal fold model in terms of control parameters for six voice
qualities, namely modal voice, pressed voice, breathyeyoic
whispery voice, vocal fry, and falsetto. Acoustic and kine-
matic properties for each setting will be presented and com-
pared with real data. Section 4 describes a perceptual iden-
tification tests with synthetic words in the different voice
qualities and its results. We conclude with a discussion in
Sec. 5.

2. Vocal fold model

2.1. Mechanics

Each vocal fold is represented by two mass elements that
are connected to a fixed reference frame with springsd
dampers; (i = 1,2 for the lower and upper mass, respec-
tively) and coupled to each other with an additional spring

1 A previous version of the model without the posterior chirdgsvpre-
sented in Birkholz, Kroger, Neuschaefer-Rube: “Synthesibreathy, nor-
mal, and pressed phonation using a two-mass model withreytriar glot-
tis”, under review for the Journal of the Acoustical SociefyAmerica.

k. (Fig. 1). We assume symmetry with respect to the mid-
sagittal plane. In the pre-phonatory rest position, the dis
placements of the masses at the posterior end are given by
Trestl @NATpest2. Whenzes; > 0, the displacements de-
crease linearly towards zero at the anterior commissure, so
that the pre-phonatory shape of the glottis becomes triangu
lar. Letz; andzo denote the time-varying horizontal dis-
placements of the masses drte length of the vocal folds.
Then, the half-width of the glottis along the dorso-ventral
axis is given byw; (z) = max{0, Zyest; (1 — 2/1) + z; } and
the glottal areas between the lower and upper mass pairs
are Agolgsi = 2]:20 w;(z)dz. Figure 1b) and c) illustrate
the shape of the glottis for different displacements. When
the rest displacement...;; < 0, i.e. when the vocal folds
are strongly adducted, theflx,1gs; = max{0, 21 (2 yesti +
x;)}, as in the classical TMM. The potential posterior chink
between the aryteniod cartilages is represented by its area
Achink, Which is added tods,1qs1 and Ago1qs2 to Obtain the
total glottal areasl; = Afolasi + Achink-

The equations of motion for each of the masses are

Fi = madr +rid + kixr + keonnoa (21 + Thegyq)
+ko(x1 — x2) Q)

Fy = moio+ roda + kaxo + keoloa (T2 + X egt2)
+ke(z2 — x1), (2)

whereq; are the relative portions of the lengthwhere the
left and right masses are in conta@t<{ «; < 1, cf. Fig. 1b
and c¢), andc}..,,; are the rest displacements in the middle of
these portions (at; andz; in Fig. 1¢). kconn andkeolo are
the spring constants of the additional springs that repeel th
left and right vocal folds during collision. For simplicjtye
use linear springs in our model, because the nonlineargprin
characteristics of the classical model have a relativétg li
effect on the oscillations according to [19, p. 916]. The
external forces are

I
F

Pldllopenl + 0.25 - (Psub + P1>dinl (3)
P2d2lopen2 + 0.25 - (PQ + PSupra)dOutl? (4)

wherel,pen1 andiopen2 are the lengths of the open partitions
between the upper and lower mass pairs( lopeni < 1),
i.e. the partitions where the masses aotin contact. ds,
ds, din, andd,; are explained in Tab. 1P,;,, P;, P;, and
P.upra denote the subglottal pressure, the pressures between
the lower and upper masses, and the supraglottal pressure,
respectively. The second terms on the right-hand side of
Egs. 3 and 4 are the hinge moments on the lower and up-
per masses due to the mean pressures in the inlet and outlet
regions. The classical TMM neglects these forces, but we
consider it as more realistic to include them like e.g. [11].

A control parameter is used to adjust the fundamen-
tal frequency of the model as in [10] and scale the length
and thickness of the vocal folds as in [20, p. 195]. Ta-
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Figure 1. Pseudo-3D view of the model (a) and top view of thel@héor wide open (b) and partly closed (c) vocal folds. The
posterior chink is not drawn in (a) for a better visibility thie other parts.

Table 1. Physiological parameters of the two-mass model. 2.2. Aerodynamic-acoustic model

Parameter Symbol Value Unit The model of the vocal folds was implem_ented in the frame-
Vocal fold length 7 13-4 mm work of the articulatory speech syntheS|zer.VocaITractI._ab
Lower mass thickness  d; 295/ /7 mm (wwv. vocal tract! ab. de_). The synthesizer approxi- .
Upper mass thickness  ds 0.75/+/7 mm mates the trac_hea_, the glottis, a_nd the_vocal '_[ract as asserie
Lower mass my 0.1125/¢ g of abutting cyl_lndrlca_l tube s_ect|ons Wlth variable length
Upper mass Mo 0.0375/¢ g Two tube sections with the tlme—vary!ng lengifhsandds _
Lower spring constant &, 80 ¢ N/m and argash andAQ r_epresentthe glottis. Th(_a aer_odynamlc—
Upper spring constant ks 8.q N/m acpustlc simulation is based on atransmlssmq—lme repres
Coupling spring constant &, 25 . ¢ N/m tation of .the tube system [21, 22]. The S|mglat|0n assumes a
Lower collision Spring ke 360 - N/m Berr?oulh-_type flow_fr_om the _subglottal region to the gletti
Upper collision spring ke 2. ¢ N/m section with th(_e minimum diameter and flow _detach_ement
Lower damping ratio G 0.1+ ay ) v_v|th0ut dynamlc pressure recovery at the. exit of this sec-
Upper damping ratio b 0.6 + a _ tion. A noise pressure source with an amplitude proiporlonal
Inlet region length din 4.0 mm tq the squared Reyqolds number of the glottal f_Iow is added
Outlet region length ot 1.0 mm right above the glottis to simulate aspiration noise.

3. Simulation of voice qualities

3.1. Method
ble 1 summarizes the parame_ters of the quel that repre- The voice qualities considered in this study are modal yoice
sent a male voice. The numerical constants in the table are

. . . . pressed voice, breathy voice, whispery voice, vocal frg, an
considered as flxgdpeaker—speC|f|c parametermdepen- falsetto. Unfortunately, there is neither a general agree-
dent of the phonation type. Apart froi, dz, my, ms, and . ment on how to name and describe different voice quali-
kcoi1, they correspond to the standard values of the classical o or 4 complete understanding of the associated laryn-
TMM [10]. _The new values fody, dz, mi, ma, andkeo; are geal settings [23, 2]. Therefore, a short characterizaifon
motivated in S_ec. 3.6. Theonitrol parametersf the model the voice qualities will be given in the following subsec-
are t_he rest displacements at. the yocal processes, the tions and laryngeal settings in terms of control parameters
tension parameteyf, the posterior chink ared.;,x, and the

: for the vocal fold model will be defined. The subglottal
subglottal pressurés.s. They define th_e momemafY rest pressure was set to 1 kPa for all voice qualities. Although
St"’_‘te of th_e_ vo_cal folds and are specified for the different there are indications that the subglottal pressure is &jyic
voice qualities in the next section. higher or lower for some voice qualities, we refrained from
modifying this parameter due to a lack of quantitative com-
parative data. Furthermore, the upper and lower mass el-
ements were always displaced equally in the rest positions

For the digital simulations, Eqgs. (1) and (2) were approx-
imated by a finite difference scheme analog to [10] to obtain
z1 andz, and henced; and A, at a rate of 44100 Hz.



(xrestl = mrestQ)-

For an objective evaluation of the voice quality synthe-
sis, the glottal flow waveform was analyzed during the syn-
thesis of the vowel /a/ for each glottal setting defined be-
low. The following parameters were obtained (with refer-
ence to Fig. 3b): fundamental frequen&y = 1/T;, open
quotientOQ = (ts — t1)/To, the shape quotien§Q =
(t2 7t1)/(t3 7t2), the CIOSing qUOtiean = (t5 7t2>/1—‘0,
the minimum flowuin, = min{u,.(t)}, and the mean flow

b4 ug(t)dt/ Ty, whereTy = t4 — t1 andug(?)

Umean = t
is the glottal volume velocity. The times . ..t, were ob-
tained from a smoothed glottal flow waveform to avoid dis-
tortions from ripples in the flow as in Fig 3b) and f). A

moving average filter with a length of 1.36 ms was used.

3.2. Modal voice

According to Laver [2], modal voice is characterized by a
regular and periodic vibration pattern, where both the-liga
mental and cartilaginous part of the vocal folds vibrate as
a single unit. The adductive tension, medial compression,
and longitudinal tension are all moderate. There is no au-
dible friction. In terms of control parameters, we set the
posterior chink area to zero (no constant leak) ang »

to 0.12 mm. The tension parametewas set to 0.78 for a
typical Fy of about 100 Hz. The corresponding glottal flow
waveform is shown in Fig 3a).

3.3. Pressed voice

Pressed voice is mainly characterized by a higher medial
compression than modal voice [24] and in consequence by
a higher degree of vocal fold adduction. Therefafg,:; 2
were set to -0.15 mm, which is only slightly more than the
limit of -0.2 mm, where the model ceases to oscillate. The
other parameters were set as for modal voice. The corre-
sponding glottal flow waveform is shown in Fig 3b).

3.4. Breathy voice

The laryngeal characteristics of breathy voice are minimal
adductive tension and weak medial compression [2]. There-
fore, the degree of abduction is higher than for model voice.
The vocal folds are vibrating, but without ever closing. To
model the increased degree of abductiog,; » were set

to 0.35 mm. Furthermore, a posterior chink of 3 fwas
added. Figure 3c) shows that in this way the mass elements
come close to the glottal midline during vibration, but neve
touch at the level of the vocal processes. This incomplete
closure in addition to the glottal chink gives the projected
glottal area an offset of about 3.4 MmBesides other ef-
fects on the pulse shape, this results in a glottal flow offset
of 144 cn¥/s.

3.5. Whispery voice

Whispery voice is characterized by a low adductive tension
and a high to moderate medial compression [2]. The conse-
guence of the low adductive tension is a triangular opening
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Figure 2. Phase lag between the lower and upper mass el-
ement as a function of the tension factpfor three mass
and thickness ratios between the upper and lower mass el-
ements. For phase lags greater thah, @@condary pulses
appear in the glottal area waveform.

between the arytenoid cartilages, comprising about 1/3 of
the full length of the glottis. For the simulation, the trian
gular opening is represented by a chink area of Pnifine
medial compression is assumed to be high and,s@ 2
were set to -0.15 mm, like for pressed voice. Hence, with
respect to control parameters, pressed and whispery voice
only differ in the size of the posterior chink. The corre-
sponding glottal flow waveform is shown in Fig 3d). Like
for breathy voice, both the projected glottal area and the
glottal flow have a considerable offset. However, the wave-
forms clearly differ between breathy and whispery simula-
tions, especially with respect to the open quotient.

3.6. Vocal fry

Vocal fry is characterized by periodic vocal fold vibration

at very low frequencies, ranging from approximately 20 to
70 Hz with a mean of 50 Hz [25]. The open quotient of the
glottal flow waveform is lower than for other voice types.
While Childers and Lee [26] measured values around 45%
for OQ), values as low as 13% were reported [27]. A com-
mon observation in this mode of phonation is that within one
glottal period, the vocal folds may separate twice, or even
three times, in quick succession followed by a long closed
phase [2, 27]. This phenomenon is called double pulsing or
dicrotic dysphonia.

With regard to the control parameters of the vocal fold
model, the lowFy is easily to obtain with a low tension pa-
rameter. We chose = 0.34 for this simulation for afjy
of about 43 Hz. However, with the standard values for the
speaker-specific model parameters (cf. [10]), we found no
way to simulate the double pulsing oscillation pattern. To
obtain such a pattern, we modified them in such a way that
the phase lag between the lower and upper mass elements
was increased, as illustrated by their displacement cunves
Fig. 3e). This creates two time intervals within one glottal
cycle with a gap between both the lower and upper mass



pairs, as the projected glottal area curve shows — one pri-
mary pulse and a smaller secondary pulse. An effective way
to increase the phase lag is to change the distribution of the
vocal fold mass. In the classical TMM, the total mass and
thickness of one vocal fold are; + mo = 0.15 g and

d1 + d2 = 3 mm. They are partitioned at a ratio of 1.5, i.e.,
the lower mass and thickness is five times that of the upper
mass and thickness. Figure 2 illustrates what happens when
this ratio is changed to 1:4 or 1:3 — the phase lag is increased
by an approximately constant offset over the whole range of
frequencies. For phase lags of more than 95%, we observed
the occurence of secondary pulses. Hence, a partitioning of
the total mass and thickness of 1:4 or 1:3 creates a double
pulse pattern at the very low frequencies of vocal fry, but a
single pulse pattern for higher frequencies of the otheresoi
gualites. We adopted a mass and thickness ratio of 1:3 for
this study (cf. Tab. 1). Furthermore, we found that a mod-
erate increase of the lower collision spring constant &irth
supports the occurence of double pulsing at low frequencies
and it was hence increased by 50% with respect to the stan-
dard value. The glottal rest shape for vocal fry was set to a
moderate degree of abduction with.s1,2 = 0.15 mm and

the posterior chink area was set to zero.

3.7. Falsetto

Falsetto is characterized by regular vocal fold vibratiahs
noticeably higher frequencies than modal voice. The glotti
often remains slightly open resulting in an audible friotio
noise component[2]. For the simulatignwas set to 2.0 for

a frequency of 225 Hz (the upper frequency limit of the pro-
posed model for self-sustained oscillations is 260 Hz). The
generation of friction noise was accounted for by a moder-
ate abduction witlr,s1,2 = 0.15 mm and a small posterior
chink of 1 mm.

3.8. Comparison with real glottal flow data

The glottal settings for the voice qualities are summarized

in Tab. 2 together with the kinematic and acoustic measure-
ments. For comparison, corresponding data from real voices
are given forky, OQ, SQ, andC(@Q. The data for modal,

Table 2. Characteristics and parameters for the phonation
types.

=

s 3§ £ & £ £

5 ¢ § 2 8 @

= & o = S &
Control parameters of the vocal fold model
Q 0.78 0.78 0.78 0.78 0.34 2.0
Paup (kPa) 1.0 1.0 1.0 1.0 1.0 1.0
Zo,1 (Mm) 0.12 -0.15 0.35 -0.15 0.15 0.15
Achink (MmM?) 0 0 3 9 0 1
Kinematic and acoustic simulation results
Fy (Hz) 103 110 95 81 43 221
Phase lag (deg) 89 88 79 63 116 17
Umin (CMP/S) 0 0 144 347 0 61
Umean (CMP/S) 217 150 414 448 202 300
0oQ (%) 61 54 87 63 48 88
SQ (%) 130 149 77 101 192 134
CQ (%) 26 22 49 31 16 38
Acoustic features of real voices
Fo 102 105 103 - <52 >275
0oQ (%) 84 70 96 - 45 99
SQ (%) 215 218 115 - 350 15(
CQ (%) 27 22 45 - - -

about 700 Pa, he measured about 128/sifor modal voice,
about 400 cris for whispery voice, and values greater than
500 cn¥/s for breathy voice. Besides these objective glot-
tal flow inspections, the synthesized vowels were inforynall
judged to be acceptable representatives of the considered
voice qualities by the authors of the study. Therefore, the
glottal settings were adopted for the synthesis of words for
the identification experiment.

4. Perceptual identification task

A perceptual identification task based on words was con-
ducted to determine if listeners are able to differentibee t
voice qualities defined in the previous section.

4.1. Material

pressed, and breathy voices were adapted from [24] and are Each of the five German words “Anana$?{nanas]), “Ba-

the mean values of five male speakers. The data for vocal
fry and falsetto were summarized as “typical values” in [26]
The simulated data faf'() of modal, pressed, and breathy
phonation come close to corresponding human datg

is known to be the most effective time-domain parameter
of the glottal flow for the discrimination of breathy, modal,
and pressed voices [24]. FOXQ andSQ, the absolute de-
viations are obviously greater than f0r). However, when

the voice qualities are ordered as in Fig. 4, simitdative
changes from one voice quality to the other can be observed
for bothOQ andS(Q between the human data and the sim-
ulated data. With regard to the mean glottal flow rates, our
data in Tab. 2 are generally compatible with the numbers
reported by Ladefoged [23]. For a subglottal pressure of

nane” (bana:no]), “Mandarine” (mandarimo]), “Melone”
([me:lomsal), and “Orange” [o:ranze]) was synthesized with
modal voice, pressed voice, breathy voice, whispery voice,
vocal fry, and falsetto using the articulatory synthesier
calTractLab (www.vocaltractlab.de). First, gesturalreso
were manually created for the detailed re-synthesis of nat-
ural recordings of the five words spoken in a neutral style.
In these scores, the phonation gestures that specify the glo
tal shape in terms of glottal abduction and posterior chink
area were then replaced by the settings for the voice qual-
ities defined in Tab. 2. For modal, pressed, breathy, and
whispery voice, the pitch contour was reproduced from the
natural recordings. The averagg was 108 Hz. For vocal
fry stimuli, the original pitch contour was lowered by one
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Figure 3. Absolute displacements of the lower (solid line) apper (dashed line) mass elements, the projected giottal
and the glottal flow for simulations of the six voice types.eNocal tract was shaped for the vowel /a/. The dashed lines in
the glottal flow panels are the smoothed waveforms used éodétermination of the open quotient, the shape quotiedttran

closing quotient.

octave. Likewise, for falsetto stimuli, the pitch contouasv
raised by 14 semitones. A higher pitch for falsetto would
actually be more realistic, but we had to make sure that the
highestF; value of the contour stayed below the upper fre-
guency limit of the vocal fold model of 260 Hz. The supra-
glottal articulation and the gestural timing was kept equal
in all voice quality variants of a word. The synthetic sam-
ples can be downloaded frommv. vocal tract | ab. de
under “Supplemental material”.

4.2. Subjects and task

A set of 36 stimuli war prepared for the identification task:
one stimulus for each word and voice quality plus one ran-

domly selected duplicate word of each voice quality for an
intra-judge reliability test. These stimuli were presehte

a total of 18 listeners (7 males and 11 females) in groups
of one to four people over loudspeaker from a distance of
about two meters. For each group, the order of the stim-
uli was re-randomized to minimize contectual effects in the
ratings. Each stimulus was presented three times in suc-
cession to the subjects with short pauses inbetween. The
subjects had to estimate the voice quality of each stimu-
lus in a forced-choice mode. Because we knew that not all
subjects would be familiar with the phonetic terms for the
voice qualities, we decided to label them on the question-
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Figure 4. Open quotients, shape quotients, and closing quo-
tients of the glottal flow waveforms of humans and model
simulations according to Tab. 2.

naires with the following descriptive terms: “normal” for
modal voice, “pressed” for pressed voice, “soft breathy” fo
breathy voice, “hard breathy” for whispery voice, “low and
creaky” for vocal fry, and “high and thin” for falsetto. Be-
fore the task, several examples of each voice quality spoken
by the authors were presented to the subjects for training.

4.3. Results

Table 3 presents the results of the identification task mser
of a confusion matrix with scores given in percent. Vo-
cal fry and falsetto stimuli were perceived as intended in

Table 3. Confusion matrix for the perceptual identifica-
tion of the phonation types. All numbers are in percent
(rounded). The highest value in each row is printed in bold
letters.

Perceived
[N

I glz|Ig8|E]8

S|l o|lc |2 || 3B

o| 212 <L | 8| ®

S|l a|la|2|>| L

Modal 50(33] 0 8| 7| 1

D | Pressed | 19|68 1| 6| 6| 1
2| Breathy | 23| 6|53|18| 1| O
£ | Whispery| 0| 0[69[31| 0| O
— | Vocalfry | O| 8| 0| 1]91| O
Falsetto 1| 3| 0| 3| 0|94

5. Discussion

The synthesis of vowels in Sec. 3 demonstrated that the pre-
sented two-mass modal is able to map physiological charac-
teristics of different voice qualities to correspondingas-

tic characteristics that generally agree with previousdat
Furthermore, the perceptual identification task showet tha
the considered glottal settings were perceived as differen
voice qualities. For modal voice, pressed voice, breathy
voice, vocal fry, and falsetto, the voice qualities were-per
ceived as intended with probabilies between 50% and 94%,
which are well above the chance level of 16.1%. Only whis-
pery voice was misclassified in the majority of cases as brea-
thy voice, which we primarily attribute to the close audjtor
relationship between both voice types. This close relation
ship may be the reason why in fact no language of the world
contrasts breathy and whispery voice phonologically [23],
while other voice qualities are used contrastively. Thenhig
identification scores for vocal fry and falsetto are prolgabl
due to their specialy as a major perceptual cue.

Let us now outline some limitations of the current study.
First, the identification task is difficult per se, because-pe
ple are not used to think in terms of voice quality. They
rather associate voice quality with speaking styles, mpods
or emotions. Furthermore, each person seems to have some-

over 90% of the responses. Pressed stimuli were recognized what different associations with certain terms for voicalgu

rather reliably, too, with a score of 68%, and misclassified
as modal in 19% of the cases. Modal and breathy stimuli
were perceived as intended in 50% and 53% of the cases,
respectively. Modal stimuli were most often misclassified
as pressed (33%), and breathy stimuli as modal (23%) or
whispery (18%). Whispery voice stimuli were most often
perceived as breathy (69%), and in 31% of the cases as in-
tended. Interestingly, none of the whispery voice stimuli
was misclassified as modal or pressed, like some breathy
stimuli were. The intra-judge reliability was determined b
comparing the responses for the stimuli that occured twice
and turned out to be 68%.

ities. Some terms may as well be associated with a changed
supraglottal articulation, like a narrowed pharyngealarg

for a “pressed voice”. However, in this study, supraglot-
tal articulation was exactly the same for all voice quality
variants of a word. We are aware that the short “training”
with natural utterances in different voice qualities that w
did before the perception task could not completely unify
the associations. In this light, it would be interesting to
know the performance of people in the discrimination of
voice qualities of natural utterances. Such data would be a
useful baseline for comparisons, but would pose substantia
requirements to the experimental design.



Despite the limitations, our results suggest a few indi-
cations how to improve the modeling of the voice qualities.
First, the synthetic modal voice was misclassified as pdesse

in 33% of the cases, but never as breathy or whispery. There

fore, this quality should be synthesized with a somewhat
more abducted setting. The synthetic breathy voice might
be better distinguishable from whispery voice, if the degre
of abduction is even more increased. However, the model
oscillates for greater abduction only if the posterior &hin
area is reduced. Furthermore, the whispery voice quality
could be improved by further increasing the posterior chink
area at the expense of a reduced oscillation amplitude of the
ligamental vocal folds.

Finally, for future studies it would be conceivable to re-
produce the voice of ongarticular real person that speaks
with different voice qualities instead to compare the gener
model voice with averaged measurements of previous pub-
lications.
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