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Voice quality variations include a set of voicing sound source modifications ranging from
laryngealized to normal to breathy phonation. Analysis of reiterant imitations of two sentences
by ten female and six male talkers has shown that the potential acoustic cues to this type of
voice quality variation include: (1) increases to the relative amplitude of the fundamental
frequency component as open quotient increases; (2) increases to the amount of aspiration
noise that replaces higher frequency harmonics as the arytenoids become more separated; (3)
increases to lower formant bandwidths; and (4) introduction of extra pole zeros in the vocal-
tract transfer function associated with tracheal coupling. Perceptual validation of the relative
importance of these cues for signaling a breathy voice quality has been accomplished using a
new voicing source model for synthesis of more natural male and female voices. The new
formant synthesizer, KLSYNZ88, is fully documented here. Results of the perception study
indicate that, contrary to previous research which emphasizes the importance of increased
amplitude of the fundamental component, aspiration noise is perceptually most important.
Without its presence, increases to the fundamental component may induce the sensation of
nasality in a high-pitched voice. Further results of the acoustic analysis include the
observations that: (1) over the course of a sentence, the acoustic manifestations of breathiness
vary considerably—tending to increase for unstressed syllables, in utterance-final syllables, and
at the margins of voiceless consonants; (2) on average, females are more breathy than males,
but there are very large differences between subjects within each gender; (3) many utterances
appear to end in a “breathy-laryngealized” type of vibration; and (4) diplophonic irregularities
in the timing of glottal periods occur frequently, especially at the end of an utterance.
Diplophonia and other deviations from perfect periodicity may be important aspects of

naturalness in synthesis.

PACS numbers: 43.70.Dn, 43.70.Gr, 43.71.Bp

INTRODUCTION

Voice quality is a term that subsumes a wide range of
possible meanings (Abercrombie, 1967; Laver, 1980). In
this paper, the topic will be restricted to perceptual and
acoustic correlates of changes in the breathiness or pressed/
laryngealized nature of the voicing sound source. Additional
possible aspects of voice quality, not considered here, in-
clude harshness and other pathological voice qualities,
soft/weak/whispered voice, falsetto, and habitual settings of
the vocal-tract configuration, such as a tendency toward an
overall nasality quality.

The present study examines vowel spectra obtained
from a fairly wide sample of female and male voices under
conditions of natural variation over a sentence, while mini-
mizing the confounding influences of variable consonantal
contexts. Reiterant speech is used to control consonantal
context. Both voiceless [h] and voiced glottal stop [?] con-
sonants are employed in reiterant imitations of two five-syl-
lable sentences with differing stress patterns. A pilot study of
a single female speaker and employing a similar speech sam-
ple (Klatt, 1986b) has guided the choice of analysis tech-
niques for the larger corpus of subjects studied here. A pre-
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Iiminary report of the results of this study was given at the
114th Meeting of the Acoustical Society of America (Klatt,
1987a).

Women and children have been somewhat neglected
groups in the history of speech analysis by machine. One
reason is that most acoustic studies tend to focus on formant
frequencies as cues to phonetic contrasts. The higher funda-
mental frequencies of women and children make it more dif-
ficult to estimate formant-frequency locations. Further-
more, informal observations hint at the possibility that
vowel spectra obtained from women’s voices do not conform
as well to an all-pole model, due perhaps to tracheal coupling
and source/tract interactions (Fant, 1985; Klatt, 1986b).

The acoustic analyses to be described isolate several fac-
tors that distinguish a breathy from a normal vowel. In order
to determine the perceptual importance of each factor, two
types of perception tests have also been performed. In the
first type of test, edited samples of natural speech from each
subject were played to listeners and judgments of breathiness
were obtained. Correlations were then performed between
the subjective and acoustic data. Of nine acoustic parameters
examined, only two were significantly correlated with sub-
ject responses—degree of aspiration noise intruding at high-
er frequencies in the vowels and relative strength of the fun-
damental component. These results are consistent with prior
research, as discussed in the literature review below. Second,
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a formant synthesizer was used to systematically manipulate
several acoustic parameters separately and in combination.
A new voicing source was used that is characterized by more
flexible control over open quotient (i.e., proportion of a peri-
od during which the glottis is open) and spectral tilt. Judg-
ments were obtained of breathiness, naturalness, and nasal-
ity of 14 stimuli. Results confirm the importance of
aspiration noise and show that, for a female voice, increases
to the strength of the fundamental component are not always
a sign of perceptual breathiness, but rather may induce a
sensation of increased nasality unless accompanied by aspir-
ation noise.

Reproduction of a female voice, using either a formant
synthesizer or linear prediction analysis/resynthesis has not
been particularly successful in the past. For example, John
Holmes (1961, 1973) has produced excellent imitations of
male speakers, in which the synthesis is largely indistin-
guishable from the natural recording. However, he and oth-
ers have not been nearly as convincing in attempts to mimic a
female voice (note examples 7 and 8 in the recording accom-
panying Klatt, 1987b). Our efforts to synthesize reiterant
utterances from several of our female speakers indicate that
the new voicing source waveform, coupled with a deeper
understanding of the acoustic manifestations of variations in
voice quality accruing from this study, results in highly suc-
cessful imitations. The new synthesizer voicing source is ful-
ly documented below, and examples are provided of control
parameter values required to match two utterances.

The data that we will present indicate that an utterance
is often terminated in such a way that the arytenoid carti-
lages begin to separate in preparation for breathing, leading
to a breathy-voiced offset to the final syllable. However, our
interpretation of the acoustic evidence suggests that there
are two alternative ways in which an early abduction gesture
is implemented: (1) a general “relaxed” separation of the
arytenoids or (2) a “laryngealized” mode in which the ab-
duction is accompanied by a rotational motion of the aryten-
oids such that some medial compression is applied to keep
the folds vibrating in a nearly normal way in spite of the
opening at the posterior. In both cases, there is increased
noise in the spectrum, but first-harmonic amplitude is in-
creased and the harmonic spectrum tilts down with frequen-
cy only in the first case. The second breathy-laryngealized
strategy, while deduced from acoustic evidence to be de-
scribed, is consistent with what is known about the degrees
of freedom of the arytenoids and their associated muscula-
ture (Sonesson, 1960). A breathy-laryngealized termination
is characteristic of many male speakers in our sample and
may be a social marker of maleness.

Although this study concentrates on the spectral mani-
festations of the contrast between breathy and normal voice
qualities, the corpus provides evidence of widespread occur-
rence of irregularities in the timing of glottal pulses over
portions of many reiterant sentences. This timing variation
has led to the creation of two new synthesizer control param-
etersinvolving: (1) asmall slowly varying f,, pseudorandom
flutter and (2) diplophonic double pulsing, in which pairs of
glottal pulses migrate toward one another, and the first of
the pair is usually attenuated in amplitude (Timke er al.,
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1959; Ward et al., 1969). Diplophonia tends to occur when
subglottal pressure is falling and when the fundamental fre-
quency is low, i.e., when voicing is somewhat unstable. Var-
iations in the timing of glottal pulses such as these no doubt
lend a kind of naturalness to utterances that is missing in
synthetic speech generated by most models.

A. Phonetic theory and physiological mechanisms

Examinations of the physics of larynx behavior (Ste-
vens, 1981) suggest that the possible modes of sound genera-
tion fall into a small number of natural categories. Similarly,
cross-language comparisons of phonemic contrasts involv-
ing differing laryngeal modes suggest the existence of only a
few distinctive contrasts (Ladefoged, 1973). According to
Ladefoged, languages use the larynx in three distinctive
ways: (1) by varying laryngeal tension so as to produce
changes in fundamental frequency of voicing; (2) by adjust-
ing the separation between the arytenoid cartilages to realize
different phonation types such as glottal stop, creaky voice,
modal voice, breathy voice, voiceless, and fully spread for
breathing (see also Catford, 1964, 1977; Halle and Stevens,
1971; and Laver, 1980, for similar categorizations of phona-
tion types' ); and (3) by varying the timing of the onset of
voicing relative to supraglottal articulatory movements to
realize, for example, prevoiced, voiceless-unaspirated, and
voiceless-aspirated consonants.

Ladefoged proposes a set of multivalued distinctive fea-
tures to capture linguistic contrasts along each of these con-
tinua and provides examples of languages that use each cate-
gory distinctively. A similar set of laryngeal states has been
identified by Halle and Stevens (1971) and described using
binary distinctive features, called spread glottis, constricted
glottis, stiff vocal cords, and slack vocal cords. The best set of
distinctive features for characterizing the phonological/
physiological behavior of the larynx continues to be an area
of some controversy. For our purposes, though, it is suffi-
cient to note the contrastive use of laryngealized versus nor-
mal vowels in languages such as Jalapa Maxatec (Kirk ez al.,
1984), the phonemic use of glottal-stop/glottalization ges-
tures in Danish, or laryngealization as one of the characteris-
tic properties of tone 3 in Mandarin Chinese, and the con-
trastive use of breathy versus normal vowels in languages
such as Gujarati (Pandit, 1957; Fischer-Jorgensen, 1967),
Hmong (Huffman, 1987), and !X66 (Ladefoged and
Antonanzas-Barroso, 1985). There is also the related use in
some languages, such as Hindi, of voiced-aspirated stops,
such as [b"], which are characterized by an interval of si-
multaneous voicing and aspiration following release (Dixit,
1987).

While laryngealization and breathiness are not used
phonemically in English, our data show clearly that there is
considerable variation between speakers of English, and,
more importantly, there is variation within an utterance on
these dimensions. This variation has important implications
for speech analysis (for example, making formant tracking
more difficult), speech synthesis (absence of variation in
voice quality during an utterance seems to lead to decre-
ments in perceived naturalness of synthetic speech), and
speech perception (creating an interesting perceptual para-
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dox—one cue, an increase in the amplitude of the first har-
monic, is interpreted either as signaling nasality or breathi-
ness depending on values of other cues present in the signal).

Voice quality variation associated with changes in glot-
tal opening is illustrated in physiological terms in the A row
of Fig. 1, which shows a schematic view of the glottis from
above. The positions of the arytenoid cartilages (triangles)
and vocal processes are illustrated for laryngealized, modal,
and breathy phonation. The characteristics of a modal voice
are illustrated in column 2 of Fig. 1. The vocal folds are
nearly approximated, leading to a typical volume velocity
waveform, panel (2B), with an open quotient of about 50%
to 60% of the period and a waveshape during the open phase
that is slightly skewed (closure is more rapid than opening).
The spectrum of the normal voicing source, panel (2C), has
an average falloff of about — 12 dB per octave of frequency
increase.

In preparation for laryngealized phonation (column 1
of Fig. 1), the arytenoids are positioned so as to close off the
glottis, and perhaps even apply some medial compression to
the vocal processes. When lung pressure is applied to the
system, the vocal folds vibrate, producing a glottal volume
velocity waveform as shown in panel (1B) of the figure. The
glottal pulse is relatively narrow; i.e., the duration of the
open portion of a fundamental period is relatively short. In
addition, the fundamental frequency is substantially
lowered during laryngealization, and there may be period-
to-period irregularities in both the duration of the period and
the amplitude of the glottal volume velocity pulse (Timke et
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al., 1959). Possible perceptual cues to laryngealization (as-
sociated with changes to the source spectrum) are a reduc-
tion in the relative amplitude of the fundamental component
in the source spectrum, panel (1C), and a lowered funda-
mental frequency contour.

The glottal configuration during a breathy vowel is
shown in panel (3A) of Fig. 1. The arytenoid cartilages are
well separated at the back, but the vocal processes are suffi-
ciently approximated so that the vocal folds vibrate when a
lung pressure is applied to the system. Since the glottis is
never completely closed at the back over the vibratory peri-
od, there is considerable dc airflow (panel 3B). This in-
creased airflow results in the generation of turbulent aspira-
tion noise, which is combined with the periodic voicing
component to form a source spectrum consisting of both
harmonics and random noise [panel (3C) ]. Being relatively
weak in amplitude, the aspiration noise might not be audible
were it not for the fact that the vibratory behavior of the
vocal folds is modified in a breathy vowel (Fant, 1980,
1982a). Ordinarily, as illustrated in the middle column, the
vocal folds close simultaneously along their length, leading
to an abrupt cessation of airflow and relatively strong excita-
tion of higher harmonics at the instant of closure. In a
breathy vowel, however, the folds close first at the front, and
then closure propagates posteriorly, leading to a volume ve-
locity waveform with a rounded corner at closure [ panel
(3B) ]. The implications of this behavior for the harmonic
components of the source spectrum are twofold—the wave-
form is more nearly sinusoidal and thus has a very strong
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FIG. 1. Glottal configurations (row A) for (1) laryngealized, (2) modal, and (3) breathy vowels. An increased opening at the arytenoids results in glottal
volume velocity waveforms (row B) with a progressively longer duration open period, an increased dc flow, and a less abrupt closure event. The source
spectra (row C) have a more intense fundamental component from left to right, and the breathy configuration results in a spectrum with weaker high-
frequency harmonics being replaced by aspiration noise. Figure adapted from Stevens (1977).
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fundamental component, and the amplitudes of higher har-
monics are attenuated substantially due to nonsimultaneous
closure [panel (3C)]. Fant (1985) has termed the spectral
prominence associated with the first or second harmonic in
breathy phonation the “glottal formant” because it tends to
show up as an extra formantlike peak in vowel spectra. Pos-
sible perceptual cues to a breathy vowel are thus an increase
in the relative amplitude of the fundamental component in
the spectrum and replacement of higher harmonics by aspir-
ation noise.

B. Review of previous research on voice quality

Previous research of relevance to the area of voice quali-
ty variation for female and male speakers is divided into sec-
tions concerned with: (1) acoustical and perceptual corre-
lates of laryngealization, (2) acoustical and perceptual
correlates of breathy voice quality, and (3) acoustical and
physiological studies of the voicing source, with particular
emphasis on possible differences between men and women.

1. Laryngealization/creak

Laryngealization or “pressed voice” refers to a mode of
vocal-fold vibrations where the volume velocity pulse is nar-
row (small open quotient) due to the application of medial
compression through rotation of the arytenoid cartilages
(Catford, 1964; Stevens, 1977). This type of physiological
gesture is usually accompanied by a decrease in voicing fun-
damental frequency (Hollien, 1974). The extreme is a glot-
tal stop, wherein the lung pressure is insufficient to force air
through the tightly closed glottis.

Several previous studies have examined acoustic differ-
ences between laryngealized, normal and breathy vowels in
languages where the contrast is phonemic. For example,
Kirk et al.(1984) note that the amplitude of the fundamen-
tal component in the spectrum H1, relative to first-formant
amplitude A1, distinguishes between the three-way phona-
tion-type contrast (creaky, normal, and breathy) in Jalapa
Maxatec; i.e., there is a more than 6-dB average difference
between creaky and modal voice (H1 is 6 dB stronger for
modal voice), and a further 6-dB increase in H1 between
modal and breathy voice. Javkin and Maddieson (1983)
used an inverse-filtering technique to show that the glottal
pulse is shorter in duration for creaky voice in spite of the
concomitant lowering of /. The expected acoustic manifes-
tations of a narrow glottal pulse is a reduction in the relative
amplitude of the fundamental component. The authors
found no difference between modal and creaky phonation in
a waveform jitter measure in spite of claims in the literature
that creak is characterized by irregular pitch (e.g., Fourcin,
1981). Some forms of jitter, such as the diplophonic pulses
(to be discussed later in connection with Fig. 12) appear to
be an optional characteristic of creaky phonation.

In Danish, Abercrombie (1967) notes that two words
such as hun “‘she” and hund ‘‘dog’ are identical phonetical-
ly, except that the latter includes an interval of creaky voice.
Laryngealization is also found extensively in speech materi-
als from languages where contrasts in voice quality are not
phonemic. For example, Laver (1980) suggests that speak-
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ers of British received pronunciation (RP) use a low falling
fo accompanied by creak as a signal of completion of their

turn as speaker. More extensive use of creak throughout RP
speech is said to indicate bored resignation.

Creak was defined by Henton and Bladon (1987) as an
irregular, very low mode of vibration in which the funda-
mental frequency fell below 60 Hz, and thus each pulse be-
came audible as a separate event not unlike running a stick
along a picket fence. As studied in two dialects of British
English, creak was found to occur primarily, but not exclu-
sively, near the ends of utterances. Creak occurred much
more frequently for males, and much more frequently in one
dialect than in another. In some males of a Northern dialect
of British English, creak was observed in over 65% of the
syllables. When creak was detected in a female voice, the f,
range was observed to be essentially the same as for a male,?
suggesting that in creaky mode the fundamental frequency is
not governed by factors related to the size of the larynx or the
mass of the vocal folds.

In a detailed acoustic study of reiterant sentence imita-
tions by a single female speaker, Klatt (1986a) found that
laryngealized vowel onsets were accompanied by some frica-
tion noise before the vowel [a], implying the existence of a
pharyngeal constriction accompanying the laryngeal adduc-
tion gesture. The noise component was fairly strong and pri-
marily excited the second formant; this acoustic pattern is
consistent with spectral data on pharyngeal fricatives in
Arabic (Klatt and Stevens, 1969).

In summary, pressed voice, laryngealization, and creak
refer to a mode of vocal-fold vibration in which the glottal
pulse is narrower, the fundamental frequency is lowered,
and there may be diplophonic irregularities to the funda-
mental period. It is not known whether the narrower glottal
pulse or the reduction in £, is more important in perceptual
determinations of laryngealized voice quality, but the few
available perceptual data suggest that a lowered f|, is a pow-
erful cue. The contrast between laryngealized and modal
voice qualities is used phonemically in relatively few lan-
guages of the world, but laryngealization is a very common
phenomenon in all languages, where its use appears to mark
word onsets, add variety to speech, signal turn taking in con-
versations, identify the dialect group of the speaker, indicate
maleness, and function in other ways that are not yet fully
understood.

2. Breathiness

A breathy vowel is produced by adjusting the glottis
such that the average airflow during the vowel increases by
perhaps 609 over that of normal vowels (Fischer-Jorgen-
sen, 1967). Fischer-Jorgensen used laryngoscopic examina-
tion of one informant under stroboscopic illumination to
confirm the existence of a wider opening at the rear part of
the glottis for breathy vowels. Furthermore, inverse filtering
of normal and breathy vowels showed that the voicing
source volume velocity waveform for a breathy vowel has
increased average flow, a more sinusoidal waveshape, and a
relatively longer open period (Fischer-Jorgensen, 1967; see
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also, Holmberg et al., 1988).

Acoustic cues to phonemically breathy vowels in Gujar-
ati have been studied by a number of authors. Pandit (1957)
found that fundamental frequency tended to be lower in a
breathy vowel, and there was often noise observable at high-
er frequencies in sound spectrograms. Presumably, the low-
er f,, is due to the need to slacken the folds to promote contin-
ued voicing in spite of the static posterior separation (Halle
and Stevens, 1971; Stevens, 1977), and the noise is presum-
ably turbulent aspiration noise generated near the posterior
glottal opening.

In a wide-ranging physiological, acoustic, and percep-
tual study of seven Gujarati informants, Fischer-Jorgensen
(1967) examined acoustic dimensions related to the voicing
source, as well as formant frequencies and duration cues that
might help to characterize the phonemic contrast between
so-called breathy and nonbreathy vowels. No consistent for-
mant differences were detected. There was a small (4%)
lowering of f, at the onset of a breathy vowel, the inconsis-
tent appearance of noise in higher formants, an increase in
first-formant bandwidth for low vowels, and, most notably,
an increase of about 3 dB in the level of the fundamental
component (H1) in the spectrum. This latter increase, while
rather variable on a token-to-token basis, was present in the
average data concerning H1, and also when comparing the
level of H1 to the level of the first formant (A1), or when
comparing the level of H1 to that of the adjacent second
harmonic (H2).

A listening test revealed that the level of the fundamen-
tal component H1 and the f; cues were most important to
the listeners. Aspiration noise, if present, seemed to override
other cues, but Fischer-Jorgensen concluded on the basis of
its inconsistent visual appearance in spectrograms that noise
in higher formants cannot be very important. Unfortunate-
ly, her attempts to synthesize a breathy vowel based on aver-
age acoustic data from the analysis of Gujarati were not suc-
cessful. The reason may be due to deficiencies in the voicing
source of the formant synthesizer available at that time, but
it is also possible that the synthesis strategy should include
some attempt to add aspiration noise for a breathy vowel.

Ladefoged (1983) examined the contrast between
breathy and modal vowels for ten speakers of IX66; he found
that the spectral amplitude of the fundamental component,
measured relative to the amplitude of the first formant,? was
consistently greater for breathy vowels. However, some
speakers are inherently more breathy than others according
to this measure, so that a breathy vowel of one speaker might
overlap with a normal vowel of another speaker, and listen-
ers must make use of some sort of speaker normalization
process to determine the threshold distinguishing breathy
from modal for a given speaker. Ladefoged also noted
greater noise in the spectrum at higher frequencies for
breathy vowels, but it was difficult to develop a measure
quantifying this impressionistic difference.

In a later paper (Ladefoged and Antonanzas-Barroso,
1985), the authors sought to define and perceptually vali-
date two objective acoustic measures of vowel breathiness:
(1) the amplitude of H1 relative to H2 (see footnote 4) and
(2) the amount of noise present in the waveform, as reflected
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in the extent to which waveform periods from the middle of
the vowel are identical or slightly different due to the'statisti-
cal variability inherent in noise-excited sounds (Yumoto et
al., 1982; Kasuya and Ugawa, 1986).° Both measures corre-
late well with the phonemic distinction between breathy and
modal vowels in several languages. In addition, it appears
that some informants prefer to use one cue to signal the con-
trast, while others primarily employ the second. However,
for American listeners, perceptual ratings of degree of
breathiness correlated best with H1/7H2 (r = 0.93) and less
well with the noise measure (r = 0.57).

Bickley (1982) independently confirmed the increase in
H1/H2 for breathy vowels in a study of the same ten speak-
ers of 1X60 and four speakers of Gujarati. In a synthesis
experiment, she showed that Gujarati listeners are not in-
fluenced in their judgments of vowel breathiness by the
amount of aspiration noise added into the synthesized vowel
spectrum,® but switch from nearly 100% judgments of mod-
al vowels to nearly 100% judgments of breathy vowels if the
fundamental component is increased in amplitude by 15 dB.
This result compares with an average difference of 6 dB be-
tween normal and breathy vowels in her contrastive words
from Gujarati, and 9.7 dB in her spectral analysis of data
from 1X605. It should not be necessary to exaggerate a cue to
achieve consistent responses from listeners. Thus it may be
the case that first-harmonic amplitude is not the whole story.

Huffman (1987) found that in Hmong, the breathy/
modal distinction was realized by a longer open quotient
(0.8 vs 0.6, as revealed by inverse filtering) and stronger
fundamental component relative to the second harmonic
( + 7-dB increase for breathy). There is a simple cause and
effect relationship between these two observations—an in-
creased open quotient results in a relatively stronger funda-
mental component of the source spectrum, all else being
equal.

The transition from a voiceless consonant to a vowel
often includes a short interval of breathy voicing in which
the first-harmonic amplitude is increased (Chasaide, 1987,
Chasaide and Gobl, 1987). Chapin-Ringo (1988) has
shown that listeners are aware of, and expect, this type of
onset in the sense that a voice-onset-time continuum pro-
duced slightly more voiceless responses when first-harmonic
amplitude was increased. The latter result is all the more
surprising when compared with a related VOT continuum
experiment (Stevens and Klatt, 1974) in which low-fre-
quency energy was increased at voicing onset by lowering
F1, and this resulted in more voiced responses. Both results
are consistent with production data, but it is surprising that
perceptual strategies are so sophisticated as to be able to
identify the cause of an increase in low-frequency energy at
voicing onset before assigning a phonetic value to it.

A voiced-aspirated plosive in a language such as Hindi is
characterized physiologically by an airflow trace that in-
creases substantially during the 50- to 100-ms voiced-aspi-
rated portion following plosive release; airflow is over twice
the value for a typical vowel, and about half of that found for .
a voiceless-aspirated [p" ] (Dixit, 1987). Typically, voicing
energy is seen at or below F'1, while significant noise excita-
tion appears in higher formants. Fischer-Jorgensen (1967)
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calls the voiced-aspirated plosive of Gujarati similar to a
breathy vowel, but with more noise. Thus there appears to be
a continuum from modal voicing to breathy vowels to
voiced-aspirated [f] vocalic intervals, with stronger cues to
breathiness appearing as glottal opening increases.

In summary, breathy phonation is characterized by a
glottal source with (1) an increased open quotient, resulting
in an increased relative amplitude of the fundamental com-
ponent in the spectrum and (2) a tendency for higher har-
monics to be replaced by aspiration noise. Additional char-
acteristics of a breathy vowel include the possibility of
increased first-formant bandwidth and/or the appearance of
tracheal poles and zeros in the vocal-tract transfer function
due to the greater glottal opening. Perceptual data in the
literature, based on synthesized and natural tokens of male
vowels, suggest that the relative amplitude of the fundamen-
tal component is the most important cue to breathiness. Qur
experiments utilizing male and female utterances will chal-
lenge this conclusion.

3. The voicing source: Male/female differences

Many vocal characteristics differ between men and
women. Some are due to anatomical differences such as a
larger larynx and slightly longer vocal tract for the average
man. The female vocal tract is about 15% shorter, although
most of the difference is in the pharynx (Goldstein, 1980),
so formant-frequency differences between the genders are
vowel specific (Peterson and Barney, 1952; Fant, 1975).
The average female £, is about 1.7 times that of the average
male (Peterson and Barney, 1952; Cooper and Sorenson,
1981). Cooper and Sorenson also note that, for read sen-
tences, a 1.7 ratio tends to map male and female contours
onto one another with remarkable fidelity. On the other
hand, Brend (1975) presents data suggesting systematic
male/female differences in stereotypical f, contours under
more spontaneous conditions. Other gender differences,
such as the use of a breathy voice quality, the deployment of
a more dynamic intonation contour for females (Thorne et
al., 1983), or differential dialects for the two genders (Kahn,
1975) appear to be learned behaviors. Some male/female
differences are adopted well before puberty (Sachs et al.,
1973; Meditch, 1975; Karlsson, 1987). Transsexuals at-
tempting to imitate male or female stereotypes have been
found to speak louder, with a lower pitch, a reduced pitch
range (measured in semitones), and faster when “male”
(Gunzburger, 1987). In female mode, the reverse is true,
and there is a slight tendency for F 3 to be raised, as might be
explained by a slightly raised larynx posture.

Theoretically, vowels produced with a higher funda-
mental frequency should be less intelligible due to the fewer
harmonics present to define the shape of the vocal-tract
transfer function. Experimental evidence for this tendency
has been obtained using synthesis (Ryalls and Lieberman,
1982), and it is certainly the case that automatic formant
trackers have more difficulty with the higher f, of a female
voice. However, it appears that other factors dominate the
determination of overall intelligibility of speech. Margulies
(1979) compared five male and five female readers for intel-
ligibility of sentence materials in various noise conditions,
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and obtained a significant (73% vs 56%) intelligibility ad-
vantage for female speakers. In a study of vowel formant
data from several speaking conditions, Koopmans-van
Beinum (1980) found that female speakers typically display
a tendency toward more careful articulation. This may be
due in part to a slower average speaking rate for women,
which is known to be one of the most effective factors to
enhance intelligibility (Picheny ez al., 1985, 1986). In the
remainder of this section, we concentrate on differences in
voicing source characteristics between men and women.

4. Measurement techniques

The volume velocity waveform and spectrum of the
voicing source must be inferred by indirect techniques. One
procedure is to use high-speed photography to measure glot-
tal area as a function of time (Farnsworth, 1940), and then
employ a simple model of glottal impedance to infer the vol-
ume velocity waveform (Flanagan, 1958). Recent modeling
efforts have incorporated more realistic circuits to simulate
the impedances of the subglottal and supraglottal tracts,
leading to rather complex time-varying relationships be-
tween area and glottal flow (Fant, 1986). Another tech-
nique is to record a sound-pressure waveform at some dis-
tance from the lips and then formulate an inverse filter that
cancels the effects of the vocal-tract transfer function, result-
ing in a waveform analogous to the derivative of the glottal
volume velocity. A third method employs a reflectionless
tube to neutralize the effects of the vocal-tract transfer func-
tion (Sondhi, 1975). However, reflectionless tubes interface
to the subject in an artificial way, and auditory feedback is
unnatural, which may cause subjects to act less naturally.
The following paragraphs review what has been learned
from these and other related approaches.

Monsen and Engebretson (1977) had subjects phonate
a neutral vowel while placing their lips over a reflectionless
tube, and thus were able to obtain voicing source waveforms
and spectra directly for five male and five female speakers
under various conditions. They found harmonic spectra to
have rather irregular amplitudes, but, on the average, a male
voice had a spectrum that fell off at about 12 dB/oct initially,
and about 15 dB/oct at higher frequencies. Females had a
somewhat greater tilt measured in dB/oct, but basically a
female source waveform was about the same shape as a male
waveform except (1) the fundamental frequency is higher
and (2) the open quotient is slightly larger. The authors
observed changes to waveform open quotient as a function of
syllable stress, final £, fall, and question rise. Generally,
these f,, maneuvers were performed with a relatively con-
stant open quotient, except for the question rise gesture, dur-
ing which open quotient increased. In some final falls with
glottalized offsets, the open quotient decreased. All of these
tendencies are consistent with data that we will report below.

Sundberg and Gauffin (1979) used an inverse-filtering
technique to examine the glottal waveforms of five male
speakers. Though limited to frequencies below 1 kHz, they
were about to quantify open quotient, which remained re-
markably constant with changes to f,,, and they were able to
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measure the relative intensity of the fundamental compo-
nent in the harmonic spectrum, noting that it was weaker in
the type of pressed voice characterized by a small open quo-
tient. A range of more than 15 dB in the intensity of the first
harmonic was observed from pressed to breathy phonation
types, which is again consistent with our observations de-
scribed below. Cleveland and Sundberg (1983) studied the
open quotients of a tenor, baritone, and bass singer over an
octave of notes sung at low, medium, and high vocal effort.
All singers were consistent in maintaining an open quotient
of about 0.5 at 165 Hz, while the open quotient generally
grew to about 0.7 as f, increased.

Karlsson (1985) examined airflow and subglottal pres-
sure for six female speakers at three values of f, and three
levels of vocal effort using an airflow mask (Rothenberg,
1973). She found some d¢ flow during the nominally closed
phase of the glottal cycle for only two speakers. The open
quotient was determined from visual examination of the flow
traces, and it was found to increase with increased effort, but
to be relatively constant over changes to f, . Impressionisti-
cally, female speakers of Swedish are judged to be less
breathy than American women. This may account for the
lack of an expected flow leakage for most of her female
speakers—and may also indicate that breathy voice quality
is a learned behavior in female speakers of English.

In a study of low vowels produced by 20'male and 16
female talkers of RP English, Henton and Bladon (1985)
found that the amplitude of the first harmonic (relative to
the amplitude of the second harmonic) was about 6 dB
stronger on average for the female speakers. Since the vocal-
tract transfer function is essentially flat in this frequency
region for low vowels, the difference must be attributed to
voicing source characteristics—in particular, a greater open
quotient for the female speakers. The implication is that RP
females ought to sound more breathy than males, which the
authors argue conforms with subjective stereotypes

Stroboscopic motion pictures by Bless ez al. (1986) sug-
gest that about 80% of normal females and 20% of males
have a visible posterior glottal aperture during the nominally
closed portion of a vocal period.

Examples of inverse-filtered glottal-flow waveforms
from several representative male and female speakers of
English, obtained using a Rothenberg (1973) flow mask,
have been reported by Holmberg er al. (1988). Representa-
tive periods were sampled from the middle of the vowels
contained in a string of [pa] syllables for three vocal effort
conditions (soft, normal, and loud). These conditions were
realized in part by changes to subglottal pressure, and in part
by laryngeal adjustments such that softer vocal effort is often
more breathy (increased dc flow, increased open quotient,
less abrupt closure), and louder is often somewhat laryngea-
lized (reduced open quotient). These data indicate that, in
normal voice, female subjects tend to be more breathy than
males, but that both populations have a not-insignificant dc
flow under many conditions when a vowel is surrounded by
voiceless consonants.

In summary, the similarities and differences between
typical male and female glottal volume velocity waveforms
have been revealed by inverse-filtering techniques and other
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data. On average, the female fundamental frequency is about
1.7 times that of a male, and the open quotient is slightly
larger, but otherwise the general shape and spectra of the
two source waveforms are similar. These data do not address
the question of whether a typical female source spectrum
contains more aspiration noise at high frequencies—an issue
addressed in the present study. Data on source changes over
the course of an utterance suggest that, in general, the open
quotient remains remarkably constant as f,, varies but may
increase for an utterance-final question rise, and may de-
crease slightly for a laryngealized offset.

This literature review reveals an extensive list of prior
publications on many aspects of the nature of voice quality
variations. The field seems ripe for a synthesis of these ideas
by (1) examining a relatively large corpus of speech ob-
tained from male and female speakers for evidence of vari-
ation in as many parameters as possible related to laryngeali-
zation and breathiness and (2) formulating observations
into a single testable synthesis model that can then be used to
investigate the relative perceptual importance of each poten-
tial cue to voice quality variation. These are the main objec-
tives of the present paper.

|. SPEECH ANALYSIS EXPERIMENTS

The database for analysis consisted of two sentences
having differing patterns of stressed and unstressed sylla-
bles, together with reiterant imitations of these sentences
using the syllables [*V] and [hV], where V = [i, =, q, 0, 3].
Reiterant materials were chosen so as to be able to quantify
acoustic correlates of breathiness in different sentence posi-
tions, while holding constant other potentially confounding
segmental effects such as the voicing feature of bounding
consonants. The two underlying sentences were:

(S1) “Steve eats candy cane”

[?V 2V 2V *V V]
[hV hV hV hV hV]
and
(S2) “The debate hurt Bob”
[’V *V 2V *V V]
[hV hV hV hV hV].

The stress notation provided above suggests secondary stress
for the sentence verbs, although subjects tended to produce
fully stressed verbs in this “deliberate” style of speaking.
Only data involving the vowel [a] will be described in the
present paper.

Subjects were recruited from the Speech Communica-
tion Laboratory at MIT and were recorded in a sound-isolat-
ed chamber. An Altec model 684A omnidirectional dynam-
ic microphone was placed approximately 12 in. in front of
the lips and two in. above the breath stream. Recordings
were made on a Yamaha K-1000 cassette recorder (with
Dolby and dbx disabled in order to ensure that onsets were
not distorted) and then were digitized at 10 000 12-bit sam-
ples/s and stored on a VAX-750 computer disk for subse-
quent analysis.

Ten female and six male subjects were recorded. The age
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TABLE L. Dialect history of ten female and six male subjects.

Age Dialect history
Females

KK 24 0-3 Cincinnati OH; 4-6 Hiroshima Japan;
7-13 Albuquerque, NM

LK 18 0-13 Cambridge, MA

CB 37 0-13 St. Louis, MO

LG 23 0-13 southeastern MA

SS 39 0—4 Missouri; 5-6 Connecticut;
7-13 Tennessee

LL 29 0-13 Long Island, NY

ND 23 0-3 upstate NY; 45 New Jersey;
613 Rhode Island

SH 45 0-3 Syracuse, NY; 4-13 Philadelphia, PA

CE 30 0-13 Atlanta, GA

JwW 24 (0-13 Connecticut

Males

KS 62 0-13 Toronto, Canada

MR 29 0-13 Cincinnati, OH

IG 26 0-13 Ottawa, Canada

P 47 0-6 Long Island, NY; 7-13 Miami, FL

MP 25 0-6 Los Angeles, CA; 7-13 South Carolina

™ 30 0-13 Nashville, TN

and dialect history of each subject (where they spent the first
13 years of their lives) are listed in Table 1. A wide range of
dialects is represented, but, subjectively, the vowel qualities
produced are quite similar to one another, with only a few
exceptions for [o].

In order to illustrate some of the hypothesized acoustic
cues to breathiness, broadband sound spectrograms for two
female speakers, one perceived to be nonbreathy and the oth-

't

er perceived to be breathy, are shown in Fig. 2. Reiterant
imitations of a sentence, involving the syllables [?a] and
[ha] are shown in the middle and lower panels of the figure,
respectively.

Based on pilot analyses of data from a single female sub-
ject, DB, we isolated three primary candidate cues to per-
ceived breathiness (Klatt, 1986b). The first is the relative
strength of the first harmonic, which is known to increase as
the open quotient increases, as might be expected for a
breathy voice quality (Bickley, 1982; Ladefoged, 1983).
This contrast is quite evident in the reiterant spectrograms of
Fig. 2; there is a strong energy component at low frequencies
(at about 200 Hz) during the [a] vowels of the reiterant
imitations for the breathy speaker CB, but not for the non-
breathy speaker SH.

The second potential cue to breathiness is the presence
of aspiration noise in the vowel spectrum, particularly at
higher frequencies where the noise may actually replace har-
monic excitation of the third and higher formants (Lade-
foged and Antonanzas-Barroso, 1985; Klatt, 1986b). The
presence or absence of noise excitation is difficult to deter-
mine from the spectrographic data illustrated in Fig. 2 (see
Footnote 7), but we will show by other means (a plot of the
waveform bandpass filtered to include only the F3 region)
that there is a significant difference between CB and SH in
amount of noise excitation of F 3.

The third class of potential cues to breathiness has to do
with changes to the vocal-tract transfer function when the
glottis is partially abducted. One such cue is the presence of
extra poles (formants) and zeros (energy gaps) in the vowel
spectrum due to acoustic coupling to the trachea (Fant et al.,

A
’;l ahl!l‘lljﬁ‘“: Al

(5) [?A] REITERANT IMITATION, C8

(3) (HA) REITERANT IMITATION, SH

Ib) |HA] REITERANT IMITATION, CB

FIG. 2. Broadband spectrograms (0-5 kHz) of the target sentence S1 **Steve eats candy cane” and two reiterant imitations from a nonbreathy female speaker

SH and a breathy female speaker CB.
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1972; Klatt, 1986b). An extra resonance, at about 2200 Hz,
can be seen in the [h] spectra of Fig. 2 for both SH and CB,
and this tracheal formant continues to be visible in the initial
portion of the following vowel. Another effect of an open
glottis on the transfer function of the vocal tract is an in-
crease in the bandwidth of the first formant. This increase
can be quite large for a low vowel (Fant and Ananthapad-
manabha, 1982).

A. Analysis techniques

The recordings were low-pass filtered at 4.8 kHz using a
TTL passive seven-pole elliptical low-pass filter, and then
digitized at 10 000 samples/s using a VAX-750 computer.
All subsequent analysis was done by computer software
(Klatt, 1984). Analysis techniques employed in the study
include:

(1) display of the waveform useful for determining the
nature of voicing onsets and offsets or large deviations from
perfect periodicity;

(2) bandpass-filtered waveform: useful to isolate a single
formant in order to determine if a formant is excited more
than once during a period, or is noise-excited;

(3) digital spectrogram: an approximation to a broad-
band sound spectrogram, limited in dynamic range by a one-
bit gray scale, useful for determining times at which to mea-
sure short-term spectra in a reiterant utterance;

(4) fq versus time: an estimate of voicing fundamental
frequency, derived by a harmonic sieve technique ( Duifhuis
et al., 1982), useful in determining the time course of f, as
well as deviations from a smooth contour;

(5) spectral cross sections: a short-term discrete Fourier
transform (dft) magnitude spectrum of a windowed wave-
form segment, as well as a smoothed spectrum similar to that
obtained by a bank of 256 critical band filters with band-
widths of 70 Hz at low frequencies, 160 Hz at 1 kHz, and
bandwidths that increase in proportion to filter center fre-
quency thereafter, useful for estimating the auditory—per-
ceptual representation of vowels, and for determination of
the frequency locations and the relative amplitudes of higher
formant peaks; and

(6) average spectrum: sum of the energy in a sequence of
overlapping short-term dft magnitude spectra, useful in the
analysis of statistically fluctuating noise-excited speech
sounds such as [h].

Inverse filtering, a technique commonly employed to
examine the details of glottal volume velocity waveforms
(Sundberg and Gauffin, 1979; Fant, 1979, 1982a; Karlsson,
1985) was not used here because (1) the recordings would
have required a better low-frequency phase response in order
to preserve the relative phases of low-frequency harmonics
and (2) inverse filtering usually restricts the frequency re-
gion to below about 1.5 kHz, whereas we are particularly
interested in the characteristics of the source spectrum above
1.5 kHz.

The next three sections describe our efforts to infer
source characteristics related to breathiness from the reiter-
ant data. In the first section, the relative amplitude of the
first harmonic is quantified and interpreted in terms of the
open quotient. Following that, the third formant region of
the spectrum is examined to see if the waveform is essentially
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periodic, or is noise excited. Finally, we quantify some of the
effects of tracheal coupling on the vocal-tract transfer func-
tion, as revealed by detailed examination of [h] noise spec-
tra.

B. Results I: Amplitude of first harmonic

Figure 3 illustrates several methods for quantifying the
relative amplitude of the first harmonic in a vowel spectrum.
The spectrum has been computed without the usual first-
difference operation so as to measure the true amplitude of
the first harmonic, H1, relative to other frequency compo-
nents of the spectrum.

The perceptual importance of H1 as an auditory cue is
difficult to estimate a priori because (1) typical background
noises have much of their energy at low frequencies, which
could mask the detection of H1 in many normal listening
situations (as well as over the phone) and (2) psychological
equal-loudness contours indicate some attenuation of low
frequencies relative to F1; for example, see Robinson and
Dadson {1956). At the typical speech level of 60 dB SPL,
low frequencies (below 300 Hz) are subjectively less loud by
about 4 dB per octave of frequency decrease in a free field.
The usual first-difference operation employed in speech-pro-
cessing algorithms attenuates low frequencies by 6 dB per
octave and extends the attenuation above 300 Hz, so the
most appropriate speech-processing transformation to apply
when preparing figures to visualize the strength of H1 is not
clear.

As it can be seen in the dft spectrum of Fig. 3, the first-
harmonic amplitude is about 48 dB. In order to determine
whether this number is large or small, it must be compared
with some reference that takes into account recording level,

L — | LI T

1. FIRST HARMONIC AMPLITUDE

P al 2. SECOND HARMONIC AMPUITUDE -
/ "\ 3. FIRST FORMANT AMPLITUDE
4 4. OVERALL AMS AMPLITUDE
(Hi ; ! L
40 | ¥ i
AMP ﬁ : 4. RMS= 63dB

MmN
J L | 1

1
2 3 4 5 kHz

(a) SHORT-TERM DFT SPECTAUM AND 330-HZ BANDWIDTH SMOOTHED SPECTRUM

(b) DIGITIZED WAVEFORM AND 25.86 MS HAMMING-WINDOW

FIG. 3. A dft spectrum and 300-Hz bandwidth smoothed spectrum illus-
trating the method used to quantify the amplitude of the first-harmonic (1)
relative to (2) second-harmonic amplitude, (3) first-formant amplitude as
estimated from the smoothed dft spectrum, or (4) rms amplitude; see text.
The waveform and the time window used to calculate the dft are shown
below.
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such as: (a) rms amplitude of the vowel (63 dB); (b) ampli-
tude of the second harmonic (45 dB) (Bickley, 1982); or
(¢) amplitude of the first formant (58 dB) (Ladefoged,
1983). We have compiled data on all of these potential refer-
ences, although, for theoretical reasons, we prefer to use sec-
ond-harmonic amplitude as a reference in the following
analysis.® However, it appears that the choice of reference
does not matter very much insofar as group averages are
concerned; in all but one case, there is, at most, a 1-dB differ-
ence in the average relationships across conditions between
the three choices for a reference.

The amplitude in dB of the first harmonic has been mea-
sured in the middle of each syllable of both reiterant utter-
ances, spoken with either [?a] or [ha] replacing each sylla-
ble. The results of comparisons of ten female speakers and
six male speakers are listed in Table II. Vowel midpoint was
chosen so that measurements would be least affected by the
voicing feature of adjacent consonants. The values in Table
II indicate the difference in dB between the first-harmonic
amplitude and second-harmonic amplitude, scaled up by 10
dB so that most numbers are positive. Averaged across all
female data, the first-harmonic amplitude defined in this
way is 11.9 dB. A comparable grand average for males is 6.2
dB, indicating that the first harmonic is weaker on average
for males. The difference between the sexes is about 5.7 dB.
To the extent that the first-harmonic amplitude is an acous-
tic correlate of breathiness, females are more breathy than
males, in agreement with prior research (Henton and Bla-
don, 1985).

Comparing the [?a] data with the [ha] data, we see
from the averages in Table II that there is very little differ-
ence in first-harmonic amplitude between these two versions
of the sentence. Since the measurements were made in the
midpart of the vowel, it must be the case that any extra influ-
ence associated with [ha] does not extend into the middle of
the vowel. Even so, perceptual data described in Sec. E below
indicate that [ha] sentences are perceived to be significantly
more breathy than [*a] sentences.

Comparing the first and last vowels, we observe from
the averages of Table II that the first harmonic is about 2 dB
weaker (re: the second-harmonic amplitude) in the last syi-
lable for female speakers, and about 2.5 dB weaker in the last
syllable for male speakers. Thus it would appear that both
groups tend to laryngealize slightly during the £, fall of the
final syllable of an utterance, and this presumably causes the
open quotient to be slightly reduced. Male speakers appear
to laryngealize only slightly more in this set of data, although
previous research by Henton and Bladon (1987) suggests
that, in general, males laryngealize far more often than fe-
males.

There is considerable subject-to-subject variability in
the measurement of the first-harmonic amplitude, especially
for the last syllable of each utterance. Individual variation is
quantified in Table III. Among the female speakers, there is
a wide range of values for relative first-harmonic amplitude.
Speaker CB, who is perceived to be breathy in voice quality,
and presumably employs a speaking mode with a large open
quotient, has a relative first-harmonic amplitude of 17.1 dB.
Speaker SH, on the other hand, is perceived to have a laryn-
gealized voice quality and has a relative first-harmonic am-
plitude of 8.4 dB. In order to explain this difference of 8.7
dB, a fairly large difference in open quotient must be postu-
lated.’

Other female speakers fall in a continuum between these
two extremes. The large range offers the opportunity to in-
vestigate the perceptual salience of first-harmonic amplitude
by obtaining judgments of breathiness from these sentence
materials; results of such a test will be presented in Sec. E
below. These average H1-amplitude data suggest that males

TABLE III Individual data concerning amplitude of the first harmonic
plus 10 dB, relative to the amplitude of the second harmonic, as averaged
across the five syllables of reiterant sentences S1 and S2. A data point fol-
lowed by an asterisk indicates unexplained variability in that the value is
more than 2 dB different from the mean for the speaker.

. Females  Si [?a] S1[ha] S$2[%a] S2[ha] Av
TABLE I1. Amplitude of the first harmonic plus 10 dB, relative to the am-
plitude of the second harmonic, as averaged across speakers of a given gen- KK 13.0 12.4 13.0 13.6 13.0
der for each position in several five-syllable reiterant sentences. The average LK 13.6 10.6 14.8* 112 12.6
male—female difference is 5.7 dB. CB 170 17.8 16.8 16.8 17.1
LG 12.8 13.6 11.6 12.6 12.6
Female averages SS 10.6 9.2 7.6 10.2 9.4
Sentence  Sylll Syli2 Syll3 Syll4 Syll5 Av LL 104 11.8 9.2 10.8 10.3
ND 14.2* 9.4* 12.2 11.8 11.9
Sl1 [?a] 12.8 123 11.6 12.6 13.1 12.5 SH 8.8 1.6 8.2 9.0 8.4
S1 [ha] 13.2 12.5 122 114 9.3 11.7 CE 12.0 134 12.4 12.2 12.5
82 [?a] 11.6 11.8 11.8 12.1 1.1 11.7 W 12.8 11.8 11.0 11.6 11.8
S2 [ha] 13.7 12.5 12.3 12.1 8.2 11.8
Av 11.9
Av 12.8 12.3 12.0 12.0 10.6 11.9
Males
Male averages
Sentence  Sylll Syll2 Syli3 Syll4 Syll5 Ay KS 6.2 5.0 7.0 50 5.8
MR 2.8* 58 42 8.4* 5.3
S1 [?a] 6.7 5.5 4.3 39 44 50 JG 34 4.6 4.6 6.0 4.6
S1 [hal] 7.2 §3 68 6.1 64 64 P 2.6% 4.8 S8 6.2 49
$2 [?a] 6.4 5.8 8.0 1.6 4.4 6.4 MP 5.2 B.8* 4.0 58 6.0
S2 [ha] 9.8 6.3 8.3 58 4.5 6.9 ™ 9.4 9.8 9.2 10.4 9.7
Av 15 57 6.9 59 50 6.2 Av 6.2
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have a shorter open quotient than females, except for male
TW who is more breathy than two females according to this
measure.'® The range of H1 amplitude across subjects is
considerable—from a maximum of 17.1 dB for CB to a mini-
mum of 4.6 dB for male JG—i.e., the range is 12.5 dB. With-
in-subject variability is generally low, but there are clear ex-
amples of particular sentences that are uttered with a
different average first-harmonic amplitude. A value in Table
11 is followed by an asterisk if it differs from the average for
that subject by more than 2 dB. There are only seven such
examples in the database, suggesting that subjects are free to
select differing modes of vibration and degrees of breathiness
at will but tend to stay at one mode during an experiment of
this sort.

1. Stress and syllable amplitude

Data on rms amplitude measured at syllable midpoint
with a 25-ms Hamming window are presented in Table IV.
Stressed syllables, on average, are 3.0 dB more intense than
unstressed syllables in this corpus for females, and 4.3 dB
more intense for males. Some of the difference between
stressed and unstressed syllables is simply due to differences
in fundamental frequency (a vowel uttered at a higher fun-
damental has more pulses per second within the analysis
window, all else being equal), while part of the difference is
presumably due to vocal effort. Other confounding factors
are the possibility of vowel reduction and a lowered £1 for
unstressed vowels, and the possible increased breathiness of
unstressed vowels that might, among other effects, increase
the first-formant bandwidth and thereby reduce the ampli-
tude of the vowel. Thus, while we can say that there are
moderately large differences in intensity between stressed
and unstressed vowels, it is not easy to quantify the contribu-
tion of the various factors that may be involved.

In addition to a stress effect, there appears to be a gen-
eral tendency for syllable amplitude to be less at the end of a
sentence, even when terminated by a nominally stressed syl-
Iable. Across all 16 subjects, the average rms amplitude of
syllables 1, 3, and 5 for sentence S1 (G6600) is 58.1, 56.7,
and 49.9 dB, and for sentence S2 (0ada4G) is 55.8, 58.2, and
53.4 dB. If we first subtract 3 dB from each stressed syllable

TABLEIV. Rms amplitude in dB at the midpoint of each syllable in several
five-syllable reiterant sentences, as averaged across speakers of a given gen-
der.

Female averages

Sentence Sylll Syll2 Syll3 Syll4 Syll5 Av
S1 [2a] (&9d00) 586 570 567 522 508 550
S1 [ha](adGoa) 588 584 578 540 516 56.1
$2 [?a){o0da6) 57.7 548 59.1 580 557 57.1
$2 [ha] (0066G) 572 533 .582 562 526 555
Male averages

Sentence Sylll Syll2 Syll3 Syll4 Syll5 Av
S1 [?a] (60600) 568 557 553 507 480 533
$1 [ha](4dGao) 57.5 552 558 50.7 477 534
$2 [?a] (0adad) 53.0 516 582 562 544 547
S2 [ha] (00ddG) 528 517 563 550 500 532
830 J. Acoust. Soc. Am., Vol. 87, No. 2, February 1990

to normalize out the previously described stress effect on
syllable amplitudes, the utterance position effect is found to
be a 1.0-dB fall from syllable position 1 to position 3, and a
more pronounced 4.3-dB fall from syllable position 3 to final
position 5. Presumably, this amplitude reduction in utter-
ance-final position is associated with reduced lung volume
and is a natural consequence of lowered subglottal pressure
at the end of a breath group (Lieberman, 1967). In addition,
there appears to be a general relaxation of muscular activity
and a preparation for breathing in the larynx musculature
that could also contribute to the reduction in voicing source:
amplitude.

The fundamental frequency was also measured at vowel
midpoint. The average f, of females, relative to the male
data, was found to be remarkably systematic—i.e., about 1.7
times that of males for each vowel position in each sentence.
Within each gender, there was considerable variation in
average f, . It is possible that f, could be a secondary percep-
tual cue to judged breathiness. For example, a high f, might
indicate a desire to be “feminine” and thus breathy, or a very
low f, might beindicative of laryngealization. However, cor-
relation data to be presented below indicate that, within each
sex, average f, of a talker is not at all correlated with per-
ceived breathiness rating.

In summary, the most striking aspect of first-harmonic
amplitude is the large variation across speakers of a particu-
lar gender. On average, the relative amplitude of the first
harmonic for females is about 6 dB greater than that for
males, but, within the class of female speakers, the range is
over 10 dB. As an indirect measure of open quotient, first-
harmonic amplitude indicates that the final vowel of a reiter-
ant utterance is likely to be slightly laryngealized (reduced
open quotient), and lower in overall amplitude.

C. Results II: Aspiration noise in the /3 region of the
spectrum

A second potential acoustic correlate of the degree of
breathiness of a vowel is the amount of noise present at high-
er frequencies in the spectrum. One way to estimate the rela-
tive strength of noise components is to isolate the third for-
mant, using a bandpass filter.!' The filtered waveform can
be displayed, as in Fig. 4, and examined visually to determine
whether the waveform is periodic (repeating itself identical-
ly) or has indications of random variation due to the intro-
duction of noise. Note that it is difficult to determine
whether noise is present by examining the unfiltered speech
waveform shown in parts (2a) and (3a) in Fig. 4 because the
periodic components at low frequencies dominate the visual
impression due to their greater energy.

Reiterant sentences involving [ha] were processed in
three steps: (1) a broadband spectrogram was produced,
and the frequency of the third formant, F 3, was estimated
visually (see column 2 of Table V); (2) a four-pole Butter-
worth bandpass filter, having a center frequency set equal to
F3 and a bandwidth of 600 Hz, was used to create a filtered
version of the original digitized waveform; and (3) a plot of
the waveform was examined subjectively to determine the
degree of random noise present. A four-step scale, described
in Table V, was used to quantify the presence or absence of
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FIG. 4. (1) Broadband spectrogram of male speaker JG indicating loca-
tions where waveform samples have been extracted to show (2) a vowel
with little or no aspiration noise, and (3) a vowel with appreciable aspira-
tion noise, as evidenced by the presence/absence of noise in the third for-
mant region of the spectrum.

noise over the course of each vowel. If the filtered F'3 wave-
form consisted of a periodic damped sinusoid, in synchrony
with the unfiltered waveform, the vowel was judged to be
periodic and free from aspiration noise. If there was no visi-
ble periodicity in synchrony with the original waveform, the
vowel was judged to have sirong aspiration noise. While it
has been assumed that the noise source is at the glottis
(aspiration), it is possible that some speakers employ a phar-
yngeal constriction to augment [h] noise with the frication
noise of a pharyngeal fricative before a vowel such as [a].

The degree of aspiration noise in each of the five sylla-
bles of the reiterant utterance S1, “Steve eats candy cane,” is
summarized in the middle five columns of Table V. This
rating of noise presence in F 3 for each syllable, as estimated
by the first author, is tabulated separately for female and
male subjects.

Comparing the noisiness rating across syllable position,
we observe that noise increases toward the end of the utter-
ance. This tendency may be a characteristic of all utterances,
or it may be due to the fact that this particular utterance ends
with two unstressed syllables. We will return to the question
of whether a syllable tends io have more aspiration noise if
unstressed and/or if in utterance-final position after examin-
ing data from the utterance S2, “The debate hurt Bob.”
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TABLE V. Degree of periodicity versus noise excitation of F3 for [ha] rei-
terant imitations of sentence S1, “Steve eats candy cane.” The 4-point sub-
Jective scale ranges from: (1) periodic, no visible noise, (2) periodic but
occasional noise intrusion, (3) weakly periodic, clear evidence of noise exci-
tation, and (4) little or no periodicity, noise is prominent.

Females F3 Sylll  Syll2  Syll3 Syll4  Sylls Av
KK 2300 1 1 1 2 2 1.4
LK 2900 3 3 3 4 4 34
CB 2950 2 3 3 3 4 3.0
LG 2650 3 2 3 3 3 2.8
SS 2800 2 3 3 3 4 3.0
LL 2550 1 2 1 2 2 1.6
ND 2400 2 3 3 4 3 30
SH 2700 2 2 2 2 2 2.0
CE 2950 3 2 3 4 4 3.2
w 2900 3 3 4 4 3 34
Av 22 24 2.6 3.1 3.1 2.7

Males

KS 2700 1 1 1 1 2 1.2
MR 2200 1 1 2 2 3 1.8
1G 2700 1 2 2 3 3 22
jp 2350 1 1 1 1 2 1.2
MP 2600 1 1 1 1 1 1.0
™ 2200 1 1 2 4 4 24
Av 1.0 1.2 1.5 2.0 25 1.7

Comparing the noisiness rating between female and
male subjects, we see that females generate more naise, on
average, than males. The average noisiness rating for females
is 2.7, while for males it is 1.7. However, there is a wide range
of degrees of noise presence within each gender. The noise
measurements for the female speakers KK, LL, and SH are
approximately the same as those for the average male. The
remaining female speakers exhibit even more noise than the
average difference between the sexes would imply.

A reiterant sentence with a different stress pattern, ‘“The
debate hurt Bob,”” was analyzed in the same way as the sen-
tence in Table V. The results are summarized in Table VI,
which indicated the noisiness rating for each syllable as tabu-
lated separately for female and male subjects.

Comparing the average noisiness rating across syllable
position, we see that noise presence increases for unstressed
syllables, and that noise presence increases slightly toward
the end of the utterance. Factoring out these two effects from
the S1 and S2 data sets, we find a stress difference (un-
stressed more noisy) of 0.6, and a final position effect (more
noisy relative to utterance-initial position) of 0.55 subjective
units. While these tendencies are not large compared with
individual differences, they reflect effects that may be impor-
tant for the synthesis of natural variation in voicing source
characteristics over a sentence.

There seems to be a paradox when comparing the
“noise-in-£ 3" measure at utterance offset with the “first-
harmonic-amplitude” measure described in the previous
section. In this section, we find that there is more noise,
indicating a greater glottal airflow in an utterance-final syl-
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lable, but in the previous section we found a weaker first-
harmonic amplitude in an utterance-final syllable, indicative
of a pressed voice with a slightly shorter duration open quo-
tient. We conjecture that the natural tendency to open the
larynx in preparation for breathing at the end of an utterance
indeed occurs in virtually all cases, resulting in an increase in
posterior glottal chink size and an increase in aspiration
noise. However, most speakers simultaneously rotate the an-
terior tips of the arytenoid cartilages inward, presumably to
maintain voicing, but actually partially laryngealize, leading
to a somewhat novel breathy-laryngealized mode of vibra-
tion.

The average difference between males and females is not
as great in Table VI (0.4 subjective units) as it was in Table
V (1.0 subjective units). However, those female speakers
who show less F 3 noise in Table V also have less noise for the
second sentence. Again, individual variation within a gender
is large compared with average differences between genders.

In summary, aspiration noise is very commonly present
in the waveforms extracted from the third-formant region
throughout the vowel portion of [ha] reiterant utterances
from both sexes. The aspiration noise can strongly dominate
harmonic excitation, implying a changed voicing vibration
pattern in which the harmonic spectrum is tilted down at
high frequencies with respect to normal voicing. On average,
there is more noise infusion in female than male utterances,
but three of the females are not very breathy by this measure.
Variation in amount of aspiration noise in ' 3 across an utter-
ance appears to be systematic in that there is more noise; i.e.,
the glottis can be inferred to be slightly more spread, in un-
stressed syllables and toward the end of a breath group.

TABLE VI. Degree of periodicity versus noise excitation of F3 for [ha]
reiterant imitations of sentence S2, “The debate hurt Bob.” The four-point
subjective scale ranges from: (1) periodic, no visible noise, (2) periodic but
occasional noise intrusion, (3) weakly periodic, clear evidence of noise exci-
tation, and (4) little or no periodicity, noise is prominent.

Females F3 Sylll  Sylt2  Syll3  Sylld  Sylis Av
KK 2500 2 1 2 1 1 1.4
LK 2900 4 3 2 4 3 32
CB 3000 2 4 2 2 3 2.6
LG 2600 3 3 3 3 2 28
SS 2750 3 4 2 3 3 3.0
LL 2550 2 3 2 2 2 22
ND 2500 1 4 2 2 2 22
SH 2450 1 2 1 1 1 1.2
CE 2700 4 4 2 3 3 32
W 2800 3 ) 3 3 2 28
Av 2.5 31 2.1 24 22 2.5

Males

-KS 2700 1 1 1 1 1 1.0
MR 2100 4 3 2 3 2 2.8
JIG 2750 1 3 2 3 4 2.6
JP 2400 2 2 2 1 2 1.8
MP 2500 2 1 1 1 1 1.2
™ 2250 2 3 3 3 4 30
Av 20 22 1.8 2.0 23 2.1
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D. Results Ill: Tracheal coupling

The acoustic effects of tracheal coupling on the normal
transfer function of the vocal tract for a vowel include (1)
possible addition of poles and zeros associated with the tra-
cheal and lung system below the glottis and (2) increased
losses at the glottal termination, which primarily affect the
first-formant bandwidth. It is difficult to objectively quanti-
fy the extent to which these potential perturbations are pres-
ent in the data from our 16 speakers. Therefore, we will pres-
ent as much of the primary data as possible when describing
our interpretations of the data in the following analysis.

1. Extra poles and zeros

The best way to get an idea of possible locations of tra-
cheal poles and zeros is to choose a speech sound in which
the glottis is as open as possible, subject to the constraint that
there is still sound generation at the larynx. Therefore, aspir-
ation spectra during the production of the [h] portions of
the {ha] reiterant sentence “Steve eats candy cane” were
obtained and analyzed. An example of the analysis process is
shown in Fig. 5. Aspiration spectra were produced using a
51.2-ms rectangular window in order to obtain a stable esti-
mate of the spectrum of a random process (Shadle, 1987).
Note the extra pole at about 2100 Hz in Fig. 5, which is
prominent in the aspiration noise spectrum and is visibleas a
local spectral maximum between F2 and F'3 in the harmonic
spectrum of the following vowel.

Samples of individual [h] noise data are presented in
Fig. 6, which summarize spectra of the [ h] aspiration before
the second vowel of the [ha] reiterant imitation of “Steve
eats candy cane.” Peaks associated with F2 and F3 of the
following vowel are identified in the figure. A clear F'1 peak
is usually not visible due to increased losses and the falloff in
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FIG. 5. A tracheal resonance at 2100 Hz is identified in an aspiration spec-
trum (top) and in the initial portion of the following vowel (bottom).
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FIG. 6. Fifty-ms dft magnitude spectra of [ h] aspiration noise from 16 speakers, as obtained just prior to the second vowel in [ho] reiterant imitations of the

sentence '‘Steve eats candy cane.”

aspiration source spectral energy at low frequencies. An ap-
preciation for the importance of cross-speaker variability in
developing an understanding of speech perception can be
obtained by study of the figure. For example, a single spec-
tral template representative of [h] before [a] is unlikely to
be able to account for the presumed perceptual similarity
between these spectra even if powerful normalization proce-
dures are applied to the spectral data prior to comparison
with the idealized template.

Examination of aspiration spectra has revealed extra
poles and zeros that often creep into adjacent vowel spectra
whenever the glottis is partially spread and tracheal pole-
zero coupling is possible. Therefore, as a second step in the
analysis, each vowel following [h] was examined for evi-
dence of extra poles and zeros. A 25-ms windowed dft spec-
trum obtained at [a] vowel midpoint following the [h] is
plotted for each subject in Fig. 7. The figure indicates that it
is sometimes possible to see an extra formantlike peak at
about 2000 Hz. When present, this peak could easily be con-
fused with a normal formant. Other expected peaks at lower
frequencies were not as easy to detect, perhaps due to the
presence of close-by formants, as well as the fact that the
high f, of females provides relatively few harmonics from
which to determine spectral shape of the vocal-tract transfer
function. At vowel midpoint, the effects of tracheal coupling

833 J. Acoust. Soc. Am., Vol. 87, No. 2, February 1990

are not great for most speakers, but during the initial and
final parts of the vowel, greater departures from normal all-
pole spectra were more frequently seen.

Peaks in the aspiration spectrum were compared with
peaks in the spectrum of the following vowel; any peak that
could not be associated with a formant of a normal [a] vow-
el was assumed to be a tracheal resonance.'” These extra
resonances are listed in Table VII for each speaker. Also
listed are the locations of prominent dips in the aspiration
spectrum, which are presumably caused by tracheal zeros.
Extra peaks and dips of uncertain status (either weak or
present in only one or two of the five [h] tokens analyzed in
the reiterant sentence) are indicated in the table by a paren-
theses notation. In general, the results are fairly consistent
across speakers. If a pole or zero is visible, it tends to be at
about the same frequency location for each speaker. An
average (median) calculation across speakers of each sex
yields clear poles at 1650 and 2350 Hz, as well as weak indi-
cations of poles at 750 and 3150 Hz for the females. These
values are consistent with results published previously on
the frequency locations of tracheal poles (Ishizaka et al.,
1976; Cranen and Boves, 1987). Values for our male speak-
ers are slightly lower in frequency, as would be expected
given the larger body size of males. The frequency locations
of zeros associated with tracheal coupling are usually close
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FIG. 7. Twenty-five-ms dft magnitude spectra of [a] obtained from 16 speakers. Spectra were sampled at the midpoint of the vowel in the first syllable in
(ha] reiterant imitations of the sentence “Steve eats candy cane.” The smooth curve was produced by averaging dft energy over a eritical band.

TABLE VIL Frequency locations of extra (tracheal) poles and zeros in aspiration spectra for ten female and six male talkers. Values in parentheses are of
uncertain status. See text.

Females Poles P1 P2 P3 P4 Zeros 21 22 23 74
KK (750) 1800 2650 (3150) (900) 1550 2100 2900
LK 700 (1650) (2500) 850 (1800) 2100 3200
CB 1700 (2600) 900 (1850) 2200
LG 750 (1600) 3100 850 1800 (2300)

Ss 1650 2350 900 1950 2400

LL 700 1650 2400 3250 850 (1800) 2200 3050

ND 750 (900)

SH 1800 2600 1550 2500 3200

CE 800 (1650) 2300 2600 950 1750 2700

w 1700 2400 900 2200 3100
Median: (750) 1650 2350 (3150) 900 1200 2200 (3100)

Males

KS 1500 2000 1300 1750 2400

MR 1500 3400 1800 3200

JG 1400 1700 3250 2100 3050

P 1650 2550 (3300) 1800 (2050) (3000)

MP (1600) (2200) (1300) (2050)

™ 1600 2800 (3200) (1400) 1900 2400
Median: 1550 2200 3275 1800 2050 3000
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to an observed extra pole; the average frequency locations
for females are 900, 1800, 2200, and 3100 Hz."* Data for
males are similar.

In summary, extra tracheal poles often distort vowel
spectra to varying degrees. A pole at about 2100 Hz is fre-
quently seen in the [a] vowel for our ten female talkers.
When present, tracheal resonances tend to be located at fre-
quencies consistent with previous measurements of pole lo-
cations.

2. Bandwidth of F1

The bandwidth of the first formant of the vocal-tract
transfer function determines several aspects of the acoustic
output. It determines the width of the resonance peak, and it
determines the relative strength or prominence of the first-
formant peak. An extreme example of the effect of increased
B1 on the spectrum of a vowel in our corpus is shown in Fig.
8. There is virtually no indication of the presence of F 1 in the
spectrum for the example of [a] in the right panel. In an
attempt to quantify the variation in prominence of the F'1
spectral peak across speakers of our database, we have de-
fined two measures. The first is the amplitude of the F 1 peak
relative to some reference amplitude. The second is a subjec-
tive estimate of how easy it is to see the location of F 1 in the
spectrum. Both measures were applied to the spectrum sam-
pled at the midpoint of the first vowel in [ha] reiterant imi-
tations of *‘Steve eats candy cane” (sentence S1). Al,,, isan
indirect estimate of first-formant bandwidth, as indicated by
the amplitude in dB of the first formant, relative to ampli-
tude of second formant, as measured at the beginning, mid-
dle, and end of the first vowel in [ha] reiterant imitations of
sentence S1. F 1 is an indirect estimate of the first-formant
bandwidth, as indicated by the visibility of a local F'1 maxi-
mum in spectrum: 2 = obvious local spectral maximum,
1 = inflection point in smoothed spectrum, 0 = no evidence
of F1 peak. F 1 is the sum of this measure at the beginning,
middle, and end of the first vowel in [ha] reiterant imita-
tions of S1.

Results of this analysis are presented in Table VIIL. Due
to natural variability in the levels of formants, it appears that
Al,., is not a particularly useful measure of the distinctive-
ness of the F'1 peak. In any case, there is no difference be-
tween the genders in this measure. It also appears that we
might have been better off looking at a short unstressed vow-
el, because it is more likely to be influenced by glottal open-
ing for adjacent consonants and thus havea less distinct first-
formant peak.

TABLE VIII1. Two measures of the prominence of the F1 peak in vowel
spectra adjacent to [h): the amplitude of the first formant relative to the
amplitude of the second formant, and the subjective visibility of F1 as a
distinct local spectral maximum.

Speaker Al Fl,,
KK -10 5
LK -20 6
CB —13 5
LG -33 5
LL — 8.0 5
SS : —-6.0 2
ND —40 6
SH 3.7 6
CE -23 6
w —-03 3
Av —25 5
KS 0.7 6
MR —4.0 5
IG —-03 6
IP —30 6
MP — 5.1 5
™ —33 5
Av —-27 5.5

Hawkins and Stevens (1985) have shown that vowel
nasalization can have a similar flattening effect on the spec-
trum of F 1, due to increased losses in the nasal tract and due
to the splitting up of F 1 into a pole—zero—pole complex. Thus
it is not clear what perceptual attributes to assign to the
change in the spectrum associated with an increase in Bl
(breathiness or nasality). We will return to this issue in the
design of a perceptual experiment.

In summary, the partially open glottis of a breathy vow-
el can cause the first-formant bandwidth to increase, some-
times obliterating the spectral peak at F 1 entirely. This effect
and the appearance of extra tracheal pole-zero pairs can
cause serious problems for formant trackers and for models
of perception that presuppose a formantlike representation
of speech sounds for men, women, and children.

E. Correlation analysis of acoustic and perceptual data

A listening test was prepared in which reiterant imita-
tions of “Steve eats candy cane” for the 16 speakers were
randomized and played to a panel of eight listeners who rat-
ed the breathiness of the speakers’ vowels on a seven-point
scale. The scale is defined at the top in Table IX. Judgments
were obtained for reiterant imitations using both [?a] and
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TABLE IX. Average ratings of perceived breathiness in vowel portions of
the [?a] and [ha] reiterant imitation of ““Steve eats candy cane,” using the
7-point scale defined below. The rightmost column indicates average
breathiness ratings for a vowel excised from the [ha] imitation.

Rating Description

1 not breathy

2

3 slight breathiness for some or all syllables

4

5 moderate breathiness for some or all syllables

6

7 strongly breathy

Speaker [?a] sentence [ha] sentence Excised vowel

KK 2.6 2.7 36
LK 5.2 5.0 4.6
CB 5.5 5.8 6.0
LG 3.8 5.1 5.0
LL 3.1 43 3.5
SS 2.1 3.7 2.8
ND 3.6 4.0 38
SH 18 2.7 29
CE 4.6 6.0 37
w 46 5.4 3.2
Av 1.7 44 39
KS 2.7 3.5 2.7
MR 20 50 23
3G 30 4.7 30
P 3.1 34 2.8
MP 22 20 2.3
™ 40 4.9 5.3
Av 2.8 39 31

[ha] syllables; average results based on four separate rando-
mizations of each black of 16 trials are presented in the Ta-
ble.

As general trends, it can be seen that females are judged,
on average, to be slightly more breathy than males, and that
sentences involving the {ha] syllable are perceived to be
more breathy than sentences involving [?a] (even though
instructions to the subjects were to rate the breathiness of the
vowel portions of the utterances). Subjects judged to be most
breathy include females CE, CB, JW, LG, and LK, and
males TW, MR, and JG.

The perceptual judgment data may be contaminated by
several factors not directly related to the breathiness of indi-
vidual vowels. For example, the level of the aspiration noise
could influence vowel judgments, as could the details of
transitions between voicing and voicelessness. For this rea-
son, we performed a second listening test in which the first
vowel was excised from the [ha] reiterant imitation of
“Steve eats candy cane.” The first three glottal pulses and
the last three pulses were deleted from the vowel and the
remaining vowel had its onset and offset modified by a 10-ms
half-Hanning window. A panel of three listeners produced
four judgments of breathiness for each speaker. The averages
are shown in the last column of Table IX.

The pattern of breathiness rankings for subjects changes
a bit in this new test; CE, CW, and MR are not perceived to
be as breathy as before. The correlation between the two sets
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of perceptual data in columns 2 and 3 of Table IX is only
0.55. Informal inspection of the acoustic data suggests that
the level of the aspiration noise may well account for the
perceptual difference.

Correlations between subjective breathiness ratings and
anumber of acoustic measures are presented in Table X. It is
impossible to determine causation from such an analysis, but
the few correlations reaching significance are easily inter-
preted in familiar terms. The acoustic measures are defined
below:

PRC, : group results of breathiness judgments for the
first vowel excised from {ha] reiterant imitation of S1;

PRC: group results of breathiness judgments for [ha]
reiterant imitation of S1;

FO0,_,4: fundamental frequency in Hz, as measured at the
midpoint of the first vowel in [ ha] reiterant imitation of S1;

H1,,, : amplitude of first harmonic, in dB, at first vowel
midpoint in [ha] reiterant imitation of S1, relative to sec-
ond-harmonic amplitude, offset by 10 dB to make positive;

NOIS, : degree of breathiness noise visually present in
F 3 waveform, judged by DK in first vowel of [ ha] reiterant
imitation of S1;

NOIS; : degree of breathiness noise visually present in
F 3 waveform, judged by DK, average of all five vowels of
[ha] reiterant imitation of S1;

ASP, : rms level, in dB, of aspiration noise during the
[h] preceding the first vowel, relative to overall rms level of
the first vowel, as measured at vowel midpoint, in the [ha]
reiterant imitation of S1;

ASP,: rms level, in dB, of aspiration noise during the
[h] preceding the second vowel, relative to overall rms level
of the second vowel, as measured at vowel midpoint, in the
[ha] reiterant imitation of S1;

Al : indirect estimate of first-formant bandwidth, as
indicated by the amplitude in dB of the first formant, relative
to amplitude of second formant, as measured at the begin-
ning, middle, and end of the first vowel in [ha] reiterant
imitation of S1, average, in dB;

F1,,: another indirect estimate of the first-formant
bandwidth, as indicated by the visibility of a local F 1 maxi-
mum in spectrum: 2 = obvious local spectral maximum,
1 = inflection point in smoothed spectrum, 0 = no evidence
of F'1 peak; sum of measurements at beginning, middle, and
end of first vowel in [ha] reiterant imitation of S1;

A3,,,: estimate of general spectral tilt above 1 kHz, as
indicated by the amplitude of the third formant, in dB, rela-
tive to the amplitude of the second formant, average of mea-
surements at beginning, middle, and end of the first vowel in
{ha] reiterant imitation of S1;

AS,.,: another estimate of general spectral tilt above 1
kHz, as indicated by the amplitude of the third, fourth, or
fifth formant (whichever is the greatest), in dB, relative to
the amplitude of the second formant, average of measure-
ments at beginning, middle, and end of the first vowel in
[ha] reiterant imitation of S1.

Only two correlations with the perceptual judgments
reach statistical significance: The amplitude of the first har-
monic relative to H2 (H1,.;) is closely tied to subjective
breathiness of the isolated first vowel (PRC, ), and the
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TABLE X. Selected acoustic correlates of breathiness for ten female and six male talkers (top), and correlation coefficients between twa subjective measures

of perceived breathiness and these acoustic measurements (bottom).

SPKR PRC, PRC, FO,, Hl,, NOIS, NOIS; ASP, ASP, 10Al, F1,, A3, AS,.,
KK 3.6 217 207 13.0 1 1.4 —14 —19 —10 5 -13 ~13
LK 46 5.0 228 12.6 3 34 —-23 —14 —20 6 -1 ~11
CB 5.9 5.8 225 17.1 2 3.0 —15 -7 -13 5 —6 —6
LG 49 5.1 199 12.6 3 2.8 -8 -5 -33 5 —-13 —-13
LL 35 43 199 10.3 2 3.0 —23 —-17 — 80 5 —15 —15
SS 2.8 3.7 263 94 1 1.6 —14 —18 — 60 2 —13 —-13
ND 38 40 199 11.9 2 3.0 -8 —15 —40 6 —15 — 14
SH 2.9 3.7 219 8.4 2 2.0 —19 —19 37 6 -8 -8
CE 3.7 6.0 235 12.5 3 32 —14 12 —23 6 -9 -9
w 32 5.4 219 11.8 3 34 -1 —10 -3 3 —14 —14
Av: 39 —15 —14 -25 5 —12 —-12
KS 2.7 3.5 130 5.8 1 12 -7 -9 7 6 —14 —8
MR 23 5.0 138 5.3 1 1.8 -1 —8 —40 5 -8 -7
IG 3.0 4.7 115 4.6 1 22 —12 -9 -3 6 -9 —4
P 2.8 33 128 49 1 1.2 —26 -23 —30 6 —-21 ~21
MP 2.3 2.0 149 6.0 1 1.0 —24 —20 —57 5 17 —-17
™ 53 49 143 9.7 1 2.4 -9 —13 -33 5 —20 —15
Av: 31 —14 —14 —27 5.5 —15 —-12

PRC, PRC, FO,, Hl,,, NOIS, NOIS, ASP, ASP, Al,_, F1,, A3, A5,
PRC, 0.55 0.30 0.83 0.41 0.59 0.14 0.39 0.01 0.08 0.09 0.07
PRC, 0.28 0.57 0.63 0.81 0.35 012 011 —001 0.47 045
FO,., “e- 0.50 0.60 050 —010 —006 —003 —043 0.36 0.03
H1,, e 0.54 0.66 0.24 045 008 —0.03 0.35 023
NOIS, .- 084 —0.03 0.34 0.12 0.03 0.30 0.06
NOIS; 0.11 045 —001 0.00 0.31 0.18
ASP, 0.70 019 —0.12 0.22 0.44
ASP, 0.19 0.00 0.49 0.63
Al,, 0.33 0.40 0.50
F1,, .- 0.07 0.20
A3, . 0.88
Asr:l ot

amount of noise replacing harmonics in the F 3 region of the
spectrum for the five vowels of the [ha] reiterant imitation
of S1 (NOIS; ) is closely tied with subjective breathiness of
the entire [ha] reiterant imitation of S1 (PRC;, ).

Low correlations with £, in spite.of a known tendency
for females to be heard as more breathy than males, must
mean that, within each gender, £, is a poor predictor. Low
correlations with NOIS, , the estimate of noise in F3 for the
first vowel of the sentence, may be due, in part, to the highly
quantized nature of the data; for example, all males were
assigned a value of 1 (periodic with no evidence of noise).
Stronger correlations with NOIS;, the average over five
vowels of the same measure, support this conjecture. Low
correlations with ASP,, the level of aspiration noise in the
[h] preceding the first vowel, appear to indicate that this
level is highly variable and not at all predictive of the noise
level at the middle of the first vowel (NOIS, ). The correla-
tion of NOIS, with ASP,, the level of the aspiration noise in
the [h] preceding the second vowel, is somewhat higher,
reinforcing a general observation that the first consonant of
an utterance varies more in level than do utterance-internal
consonants.

The correlations suggest that both (1) the relative am-
plitude of the first harmonic and (2) the presence of noise
during voicing affect judgments of breathiness, but we can-
not conclude that these are the only factors involved. In-
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stead, we will use a speech synthesis experiment to establish
the perceptual importance of manipulations to a large set of
variables.

We turn next to a description of a new speech synthesiz-
er that was developed on the basis of recent research on
source mechanisms in speech production. Perceptual experi-
ments using this synthesizer will then be described.

il. SOURCE MODELS FOR SPEECH SYNTHESIS

As indicated in Fig. 9, the effective sound source during
vowel production is the glottal volume velocity waveform,
U, (). This waveform acts as the input to the vocal-tract
transfer function, which introduces resonant structure to the
output lip volume velocity. Sound pressure measured some
distance from the lips is then proportional to the temporal
derivative of lip volume velocity (Fant, 1960).

Recent efforts to characterize the essential features of
the voicing source waveform U, (¢) for different male and

AAYNGEAL
SOUND SOURCES
[VOICING, ASPIRATION)

VOCAL TRACT
TRANSFER FUNCTION
HCASCADE MODEL)

GLOTTAL w AADIATED
VOLUME VOLUME. SOUND
VELOCITY VELOCITY PRESSURE

FIG. 9. Block diagram illustrating the acoustic theory of speech produc-
tion.
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female voices have led to several new parametric models of
glottal output (Ananthapadmanabha, 1984; Fant, 1979,
1982b; Titze, 1984; Fant et al., 1985; Allen and Strong, 1985;
Fujisaki and Ljungqvist, 1986; Klatt, 1987b; Rosenberg,
1971, 1975).

In an updated version of a laboratory formant synthesiz-
er (which we have called KLSYNS8S8, to distinguish it from
the older version KLSYN), two different new models of the
glottal source have been incorporated. One of these is a
slightly modified version of the Liljencrants—Fant (LF)
model (Fant et al., 1985). The other model, which has some
characteristics in common with the LF model but incorpo-
rates some additional features, is called KLGLOTTSS.

In the models, the characteristics of the waveform are
described by conventional parameters such as FO, the funda-
mental frequency of voicing, and AV, the peak amplitude of
the glottal pulse, as well as new parameters: (1) OQ, the
open quotient—or ratio of open time to total period duration
and (2) TL, spectral tilt—or the additional spectral change
associated with “‘corner rounding” in which closure is nonsi-
multaneous along the length of the vocal folds.

A. The modified LF model

The LF model was chosen over other candidates be-
cause both Fant et al. (1985) and Fujisaki and Ljungqvist
(1986) have shown it to be superior to other models of the
same complexity when the objective is to model natural
speech with minimum rms error. The model was originally
formulated in terms of a set of times of waveform events, but
it can easily be recast in terms of familiar parameters AV
(amplitude of voicing), FO (fundamental frequency), OQ
(open quotient), SQ (speed quotient), and TL (spectral
tilt).'*

The LF model does not consider the possible impor-
tance of turbulence noise generation at the glottis due to a
constant flow leakage between partially spread arytenoid
cartilages. Data from Holmberg et al. (1988) indicate that
dc flows are very common for male and female speakers of
English in the environment of aspirated stops. If the dc flow
component causes the generation of simultaneous aspiration
noise at the glottis, as is very likely, then the modeling of
U, () should include provisions for introduction of aspira-
tion noise (Pandit, 1957; Fujimura, 1968; Dolansky and
Tjernlund, 1968; Rothenberg, 1974; Rothenberg et al., 1975;
Ladefoged and Antorianzas-Barroso, 1985; Klatt, 1986b,
1987b; Hunt, 1987). Voicing source models have been de-
vised for a formant synthesizer that are intended to increase
the naturalness of the output speech by permitting a mixture
of an impulse train and noise as the source waveform (Kato
etal., 1967; Holmes, 1973). The strategy is to specify a cutoff
frequency below which the source consists of harmonics,
and above which the source is flat-spectrum noise. Similar
strategies for mixed-excitation synthesis have been described
by Rothenberget al. (1975) and Makhoul et al. (1978). The
KLGLOTTS88 voicing source model, to be described next,
includes a parameter, AH, which controls the amplitude of
aspiration noise that can be added to the U, (¢) waveform.
The aspiration noise has a spectrum that falls off at about 6
dB/oct of frequency increase, but, when the radiation char-
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acteristic is folded into the source models, the result is a
relatively flat spectrum. Thus, as noise is added to the voic-
ing source, it is most noticeable at high frequencies where the
harmonic spectrum of voicing is weaker. If the glottis is par-
tially spread, as in a breathy vowel, TL and AH will be in-
creased, and higher harmonics of the source spectrum will be
replaced by aspiration noise.

B. The KLGLOTT88 vaicing source model for KLSYN388

A block diagram of the new voicing source model for the
synthesizer originally described in Klatt (1980) is presented
in Fig. 10. In order to distinguish it from its predecessor, the
new model will be called the KLGLOTT88 model. Source
control parameters identified in the figure include: AV, am-
plitude of voicing, in dB; F0, voicing fundamental frequen-
cy, in tenths of a Hz; OQ, open quotient of the glottal wave-
form, in percent of a full period; TL, tilt of the voicing source
spectrum, in dB down at 3 kHz; FL, period-to-period flutter
(quasirandom fluctuations) in f,, in percent of maximum,;
DI, degree of diplophonic double-pulsing irregularity in £,
in percent of maximum; and AH, amplitude of aspiration
(breathiness) noise, in dB.

During the open phase of a glottal cycle, the volume
velocity waveform has been parametrized to obey a relation-
ship first proposed by Rosenberg (1971); ie.,
U, () = at? — bt*>, where a and b are constants whose val-
ues depend on the amplitude of voicing and the duration of
the open period. The spectral consequences of varying open
quotient, spectral tilt, and aspiration level are shown in Fig.
11. The aspiration source provides noise energy with a rela-
tively flat spectrum, as indicated in the last panel of the fig-
ure. The behavior of the remaining control parameters of the
KLGLOTT88 voicing source will be explicated in the next
few sections.

Current acoustic models of the U, (#) waveform are
rather simple, capturing only the first-order shapes and
spectral aspects of observed natural glottal waveforms. It is
hoped that, for speech synthesis purposes, the models will
turn out to be useful. However, the following qualifications
suggest that several additional modeling complications may
be necessary to achieve high-quality synthesis of male and
female voices.

BASIC VOICING WAVEFORM
aT2-p713
MAX AVXTO a,b:1(av,00xT0)
LOW-PASS
RESONATOR,
Q) F.BW=0(T|
f— 00nTO—y L
e
TME, T
BREATHINESS
NOISE
SOURCE,
2aaP-1(0Q)

NEW VOICING SOURCE

FIG. 10. Block diagram of the voicing source for the KLSYN88 formant
synthesizer. The effects of the radiation characteristic have also been folded
into the source models, resulting in a voicing source spectral output (Fig.
11) that falls off at about 6 dB/oct [ corresponding to U  (#)] and an aspira-
tion source spectrum that is essentially flat over the frequency range of in-
terest.
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1. Complications I: Glottal pulse timing irregularities

The waveshape of successive periods of U, (¢) in a sus-
tained vowel need not be identical. The literature includes
terms such as “jitter,” the period-to-period random fluctu-
ations in period durations (Horii, 1979), “shimmer,” the
period-to-period random fluctuations in glottal-pulse ampli-
tude (Horii, 1980), and “diplophonic double pulsing,” the
tendency for a voice to sometimes vibrate in a mode where
pairs of glottal pulses move toward one another, with the
first often being attenuated in amplitude (Timke et al,
1959). We consider each of these deviations from perfect
periodicity in turn. The discussion then shifts to acoustic
interactions between the source and vocal tract that may
contribute to naturalness.

a. Jitter and shimmer. It is well known that a constant f
is to be avoided in speech synthesis because the result is a
peculiarly mechanical sound quality. An example of an anal-
ysis of fundamental frequency of a female subject attempting
to hold a constant pitch is shown in Fig. 12. While the waver-
ing nature of the f; trace may in small part be due to analysis
artifacts,'® it is known that normal physiological mecha-
nisms can impart these kinds of fluctuations. In an insightful
correlational analysis of f; and EMG data, Baer (1978) was
able to show that a single muscle fiber twitch in the cricoth-
yroid causes a predictable not-insignificant local increase in
fo,and that normal statistical variations in fiber firing can be
expected to produce fluctuations in f;, not unlike those ob-
served in the figure.

The mechanical quality of synthesis at constant £, can
be reduced or eliminated simply by introducing a normal
intonation contour to the synthesis (Rosenberg, 1968), but
there are often time intervals where the f}, is nearly constant,
and some sort of simulation of the f,, flutter or jitter seen in
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4
FREQ (kHz)

(d) EFFECT OF CHANGING THE AMPLITUDE OF ASPIRATION

Fig. 12 would be desirable. Jitter, defined as the period-to-
period variability in f,, has been measured in sustained vow-
els for both normal and pathological voices (Lieberman,
1961, 1963; Horii, 1979, 1980; Hollien et al., 1973; Askenfelt
and Hammarberg, 1981, 1986). If the appropriate param-
eter to characterize jitter and shimmer is the standard devia-
tions of a presumed Gaussian distribution of periods or pulse
amplitudes, respectively, then normal voices sustaining the
vowel [a] contain a jitter of about 0.5% to 1.0% (Hollien et
al., 1973). This is slightly less than the detectability thresh-
old—perceptual data indicate a detectability threshold for
jitter of about 2% and for shimmer of about 10% or 1 dB
(Pollack, 1971)—-calling into question the utility of adding
this kind of Gaussian jitter to synthesis. It is also likely that
the jitter and especially shimmer measured by these tech-
niques is, in part, a measurement artifact due to superposi-
tion effects (Milenkovic, 1987).

The nature of a better random component for the syn-
thesis of jitter has been a subject of debate, since most efforts
to introduce audible random jitter to the pitch period in syn-
thesis have led to a harsh voice quality (Rozsypal and Mil-
lar, 1979). The KLGLOTT88 voicing source model in-
cludes a mechanism for introducing a slow quasirandom
drift to the f, contour through the FL flutter control param-
eter (shimmer is not modeled). The term “flutter’” has been
adopted since jitter has a well-defined meaning that differs
from our synthesis strategy. Instead of using a random pro-
cess to simulate jitter, we add to the nominal f;, a quasiran-
dom component that is, in fact, the sum of three slowly vary-

"ing sine waves:

Afy = (FL/50) (F0/100) [sin(2712.7t)

+ sin(277.1¢) + sin(274.7¢) | Hz. n
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FIG. 12. Examples of deviations from perfect pe-

riodicity: (a) fundamental frequency contour of a

female subject sustaining a vowel at constant

z : = —
0 100 200 300 500
TIME (ms)

(a) VOWEL SUSTAINED AT CONSTANT PITCH, NOTE FO JTTER

1850 1860 1670 1600 1800 1700

pitch (note the waver, or inability to hold pitch
constant) and (b) a speech waveform in which
various degrees of diplophonic double pulsing are
present [normal voicing (¢ = 1580 to 1660) sud-
denly changes to a vibration mode where the first
of a pair of periods is delayed and reduced in am-
plitude (2 = 1660 to 1710) and the first pulse may
disappear entirely (= 1710 to 1720)]. (Diplo-
phonic example extracted from the final syllable
of female speaker LK [ha] imitation of “Steve
cats candy cane.”)

1710 1720

() EXAMPLE OF DIPLOPHONIC DOUBLE PULSING

Sine-wave frequencies of 12.7, 7.1, and 4.7 Hz were cho-
sen so as to ensure a long period before repetition of the
perturbation that is introduced. A value of FL = 25% re-
sults in synthetic vowels with a quite realistic deviation from
constant pitch. It is unlikely that this slowly varying flutter
component is the only deviation from constant pitch in nor-
mal voicing, but it appears to be sufficient for synthesis pur-
poses.

b. Diplophonic double pulsing. An example of diplo-
phonic double pulsing is shown in Fig. 12(b). In the ex-
treme, the alternate pulses may actually disappear, in which
case f, is halved. Obvious examples of double pulsing were
observed sporadically, usually near the termination of an
utterance, for more than a quarter of the speakers that we
have examined. Less extreme diplophonia may occur more
often. The KLGLOTT88 voicing source model includes a
mechanism for simulating double pulsing using the DI (di-
plophonic double pulsing) control parameter. Alternate

" pulses are modified whenever DI is greater than zero. A
modified pulse is delayed in time and attenuated in ampli-
tude by an amount that is specified in terms of the maximum
allowed in percent, where the maximum delay is such as to
time the closure of the first pulse to be simultaneous with the
opening of the next unaltered pulse, and the amplitude at-
tenuation goes from one to zero on a linear scale as DI ranges
from 0%-100%. For example, if OQ is at 509, setting DI to
a value of 50% results in a first pulse of each pair that is
delayed by a quarter of a period and is attenuated by half
(—6dB).
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2. Complications lI: Source-tract interactions

According to the original classical formulation of the
acoustic theory of speech production (Fant, 1960; Flanagan,
1972), the voicing source can be characterized as a “‘current
source” because the volume velocity waveform Ug (1) was
said to depend very little on the shape or impedance of the
vocal tract, at least for vowels. Similarly, the vocal-tract
transfer function was assumed to be modeled well by a
(succession of) time-invariant linear filter(s) because the
terminating impedance at the glottis, while varying over a
period, is nonetheless high compared with the vocal-tract
impedance. These assumptions are illustrated in Fig. 13(a).

Recent work by Fant and his associates suggests that
some of the original simplifying assumptions of the classical
theory are not really valid. First of all, the presumed direct
relationship between glottal area and glottal flow is per-
turbed by standing wave-pressure fluctuations in the phar-
ynx, which invalidate an assumed constant transglottal pres-
sure over a cycle. The pharyngeal pressure variations cause
the glottal source flow waveform to take on ripple compo-
nents at the frequency of F 1, and may even be large enough
to have a direct influence on the mechanical behavior of the
vocal folds (Fant, 1985). Furthermore, as the glottis opens
and closes, the vocal-tract transfer function undergoes rapid
changes over a single period that may be of perceptual im-
portance. The essential characteristics of an “interactive
source-filter model” that takes into account these complica-
tions are shown in Fig. 13(b). Four phenomena not satisfac-
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(b) COMPLICATIONS: INTERACTIVE SOURCE-FILTER MODEL

FIG. 13. The simplifications implicit in the classical acoustic theory of
speech production, which constitute a noninteractive source-filter model
shown in the top part of the figure, are contrasted with an interactive model
in which voicing source glottal volume velocity U, () is influenced by pres-

sure fluctuations above the glottis, and the vocal-tract transfer function
changes over a period due to the time-varying glottal impedance.

torily modeled by conventional formant synthesizers can be
identified from examination of the interactive source-filter
model: The first two affect the source waveform U, (¢), and
the second pair of phenomena affect the vocal-tract transfer
function.

a. FI ripple in the source waveform. The transglottal
pressure is an important variable in determining glottal vol-
ume velocity from the time variation in glottal area. How-
ever, transglottal pressureis not constant over a period as
was originally assumed, but rather varies due to pressure
fluctuations associated with the F 1 standing wave in the low-
er pharyngeal portion of the vocal tract (Fant, 1982b; Fant
et al., 1985). The interaction is nonlinear in that volume
velocity through an orifice is proportional to square root of
the pressure drop (Stevens, 1971). Assuming a constant
glottal area function from period to period, the noninterac-
tive model predicts a succession of smooth identical volume
velocity pulses, whereas the interactive model predicts a
buildup of “F 1 ripple” interaction as a standing wave is de-
veloped in the vocal tract. The resulting U, (¢) waveform
includes significant “ripples” associated with the F'1 stand-
ing wave, and the source waveform actually changes over the
first two to three periods of voicing onset (Fant and Lin,
1987).

These effects, which Fant calls nonlinear superposition
effects, result in an overall boost in the spectral amplitude of
F 1 relative to other formants because an F 1 component is
contained in the source waveform. They are of unknown
perceptual importance, but presumably could be crudely ap-
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proximated by first-formant bandwidth changes and per-
haps an increase in the source spectral tilt using the
KLGLOTTS88 voicing source model. As is the case with
most synthesis parameters, it is the change in parameter over
time rather than its static value that has the greatest percep-
tual importance for improving naturalness. Thus, to mimic
the buildup of an F 1 ripple over the first few periods at voic-
ing onset, a simultaneous decrease of B1, and increase in
spectral tilt TL, might be performed. Such a change in rela-
tive formant amplitudes has been observed for laryngealized
voicing onsets (Klatt, 1986b), but, in a transition between a
voiceless consonant and a following vowel, the observed
change is typically in the opposite direction, calling into
question the generality and/or perceptual importance of this
effect.

b. Nonlinear FI-f, interaction. The pharyngeal pressure
standing waves may actually influence the mechanical be-
havior of the vocal folds. One nonlinear effect that could be
associated with acoustical-to-mechanical coupling is an in-
crease in glottal source strength whenever F 1 is near an inte-
gral multiple of f; (Fant and Martony, 1963; Fant and An-
anthapadmanabha, 1982). Perhaps the pressure changes as-
sociated with the F 1 standing wave induce a stronger closure
if the phase is favorable (Rothenberg, 1985), and this occurs
whenever F 1 = n X f,. It should be possible to simulate the
essential characteristics of this type of interaction by causing
AV to increase whenever a harmonic is close to the frequen-
cy of F 1. However, informal attempts to replicate this phe-
nomenon with two speakers have been unsuccessful. Per-
haps the interaction occurs only under some glottal
conditions and not others.

In addition to the F 1 standing wave induced in the vocal
tract, it is possible that the increased impedance of a con-
stricted vocal tract could influence source characteristics.
The effect of a vocal-tract constriction on the vibratory be-
havior of the larynx has been studied by Bickley and Stevens
(1986). Using both spectral analysis of natural speech pro-
duced under conditions of various suddenly applied oral
constrictions and a subsequent modeling simulation, the au-
thors found little change in source spectral characteristics
until the constriction size became comparable to or smaller
than that of a typical fricative. In this case, the glottal open
time increased slightly, as did the bandwidth of the first for-

" mant, both being evidence of an increased average opening at

the glottis. The authors conclude that, during the produc-
tion of vowels and sonorant consonants, the effect of changes
to oral constriction size on the mode of vibration of the lar-
ynx is probably negligible.

c. Truncation of the F1 damped sinusoid. The time-vary-
ing glottal impedance affects the vocal-tract transfer func-
tion primarily by causing losses at low frequencies to in-
crease when the glottis is open. The first-formant bandwidth
may increase substantially, leading to a truncation of the
damped sinusoid corresponding to F 1 during the open por-
tion of the period (Fant and Ananthapadmanabha, 1982).
Effects of time-varying formant bandwidths can be approxi-
mated in a formant synthesizer either by employing a per-
ceptually equivalent constant bandwidth, or by varying
bandwidth over a period. Perceptual data indicate that it is
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difficult but not impossible to hear the difference between a“

time-varying first-formant bandwidth and an appropriately
chosen constant bandwidth (Nord et al., 1986). Some time
variation in formant frequencies may also be desirable; F'1
has been observed to increase by as much as 10% during the
open phase of a glottal cycle. A method for changing first-
formant bandwidth and first-formant frequency pitch-
synchronously is included in KLSYNSS.

The variables DF1, “delta frequency of F 1,” the incre-
mental increase in first-formant frequency during the open
portion of each period, and DB1, “delta bandwidth of F1,”
the incremental increase in first-formant bandwidth during
the open portion of each period, have been created in order
to allow pitch-synchronous changes to F1 and Bl in
KLGLOTTS88. The change to first-formant frequency and
bandwidth occurs in *“‘square-wave” fashion, increasing at
the instant of glottal opening, and decreasing at the instant of
‘glottal closure, as determined by the open quotient. For ex-
ample, to have F1 = 500 Hz during the closed phase and 550
Hz during the open phase of each period, one would set
F1 = 500 and DF1 = 50. In a low vowel, the time variation
in first-formant bandwidth might be approximated by set-
ting B1 = 50 and DB1 = 400. A perceptually nearly equiva-
lent constant first-formant bandwidth (equal spectral level
of F1) corresponds to a first-formant bandwidth setting of
about 90 Hz. The default values for the DF1 and DB1 incre-
mental parameters are set to zero because most users will not
need to resort to this kind of detail during synthesis.

d. Tracheal poles and zeros. Tracheal resonances may
show up as additional pole-zero pairs in the vocal-tract
transfer function, especially for breathy phonation where the
glottis is presumably open over its posterior portion
throughout the glottal cycle (Fant et al., 1972; Klatt,
1986b). An example has been shown in Fig. 5. Effects of
tracheal coupling can be modeled in a formant synthesizer
by adding one or more paired pole-zero resonators to the
vocal-tract transfer function (Fant et al., 1972; Ishizaka et
al., 1976; Cranen and Boves, 1987). Berg (1960) originally
observed a lowest tracheal resonance of 300 Hz. Ishizaka et
al. (1976) found a much higher value of 640 Hz. Cranen and
Boves (1987) measured values of the lowest three tracheal
resonances of 510, 1350, and 2290 Hz from one male
speaker. Fant et al. (1972) concluded from a modeling study
that the latter estimates were more reasonable. The recent
modeling work of Ananthapadmanabha and Fant (1982)
and Rothenberg (1985) indicates that the actual effect on
the vocal-tract transfer function of tracheal resonances is a
complex function of the glottal configuration over time. A
tracheal pole-zero pair has been added to the cascade model
of the vocal-tract transfer function of the new KLSYNG88
synthesizer in order to improve the synthesis of breathy vow-
els. . :

The variable FTP, “frequency of the tracheal pole,” in
consort with the variable FIZ, “frequency of the tracheal
zero,” can mimic the primary spectral effects of tracheal
coupling in breathy vowels. A cascaded pole-zero pair is pro-
vided in the cascade branch of the synthesizer to mimic the
addition of a “spurious” resonant peak due to this tracheal
coupling interaction. Tracheal resonances are often seen in
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breathy vowels at frequencies of about 550, 1300, and/or
2100 Hz (slightly higher for female voices). The best synthe-
sis strategy is to pick the most prominent one for synthesis
(or use the nasal pole-zero pair to simulate a second'® ).

Normally, the spectral dip or zero corresponding to the
selected tracheal resonance is immediately below it in fre-
quency. Tracheal coupling usually begins and ends gradual-
ly as the glottis is opened or closed, which suggests a synthe-
sis strategy in which both the tracheal pole and zero are
usually moved together to the frequency location of an ob-
served tracheal pole, and then the frequency of the tracheal
zero FTZ. is gradually moved down over perhaps 50 ms prior
to glottal abduction to an appropriate value, as revealed by
spectral analysis of the breathy interval.

The variables BTP, “bandwidth of the tracheal pole,”
and BTZ, “bandwidth of the tracheal zero,” have default
values of 180 Hz. It is difficult to determine appropriate syn-
thesis bandwidths for individual tracheal resonances, but,
fortunately, one can achieve good synthesis results without
changing these default values in most cases. If the location of
a tracheal zero is not clear from analysis of a breathy vowel,
one possible synthesis strategy is to leave the frequencies of
the tracheal pole and zero overlapped and simply increase
the bandwidth of the zero (and/or decrease the bandwidth
of the pole) in order to reveal the presence of the tracheal
pole as a resonance peak in the synthesis. Each doubling of
zero bandwidth will increase the strength of the tracheal
resonance by about 6 dB.

C. Summary

In summary, the old cascade/parallel formant synthe-
sizer, KLSYN (Klatt, 1980), has been modified to incorpo-
rate: (1) a version of the Liljencrants-Fant (LF) model of
the glottal source; (2) a new voicing source model having
flexible control of open quotient, spectral tilt, aspiration
noise of breathiness, flutter to the timing of individual glottal
pulses, and diplophonic double pulsing; (3) an extra pole-
zero pair for simulating the introduction of a tracheal reso-
nance in the vocal-tract transfer function; and (4) an ability
to change the first-formant bandwidth pitch-synchronously
to simulate one of the interactions between source and vocal
tract identified by Fant.

The resulting KLSYNS88 synthesizer, summarized in
Fig. 14, consists of circuits to generate voicing, aspiration
and/or frication, and circuits to approximate the sound
source filtering performed by the vocal tract. The radiation
characteristic has been folded into the sound sources for
computational efficiency. There is a cascade formant model
of the vocal-tract transfer function for laryngeal sound
sources, and a parallel formant model with formant ampli-
tude controls for frication excitation. A third vocal-tract
model in which the vocal-tract transfer function for laryn-
geal sound sources is approximated by formants configured
in parallel is useful for some specialized synthesis applica-
tions, but is normally not used. As was the case in the origi-
nal formant synthesizer, the aspiration and frication noise
sources are amplitude modulated, to simulate the effect of
vocal-fold vibration, if AV is nonzero.
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FIG. 14. Block diagram of the KLSYN88 formant synthesizer. Three voicing source models are available: (1) the old KLSYN impulsive source, (2) the
KLGLOTTS88 model (the default), and (3) the modified LF model. Also added are a tracheal pole-zero pair and control parameters allowing the first-

formant frequency and bandwidth to vary over a fundamental period.

Control parameters are identified above each block in
Fig. 14. Some control parameter names have been changed
slightly from Klatt (1980) in order to accommodate the new
components and to be more mnemonic. There are, in addi-
tion, several constants that the user can modify; a complete
list of synthesizer control parameters is identified in Tables
XI and XII. New constant control parameters RS and SB
permit the selection of a particular noise sample with a maxi-
mally flat spectrum, and duplication of that spectrum at ev-
ery noise onset if desired. The parameters GV, GH, and GF
are used to set scale factors for the individual sources, as
indicated.

In the synthesis and perception experiments to be de-
scribed below, some sentence-length reiterant utterances
were generated using the KLSYN88 synthesizer. Various
parameters of the synthesizer were manipulated to produce
the stimuli, and the KLGLOTT88 source model was used in
all of these experiments.

843 J. Acoust. Soc. Am., Vol. 87, No. 2, February 1990

HIl. SYNTHESIS OF REITERANT UTTERANCES

One way to determine whether the acoustic correlates of
breathiness identified in this study are perceptually impor-
tant and sufficient cues to signal various voice qualities is to
define a speech synthesizer that can manipulate these acous-
tic variables, and then attempt to mimic in detail some of the
voices observed. Reiterant speech provides a significant ad-
vantage in these circumstances because one does not have to
spend an inordinate amount of time attempting to deduce
variations in the vocal-tract transfer function over each sen-
tence to be synthesized. A tape recording played at the fall
1987 Meeting of the Acoustical Society of America demon-
strated our success in this endeavor in that the synthesized
and natural versions of [?a] and [ha] reiterant sentences
from several female speakers are virtually indistinguishable.

In this section, strategies are presented for selecting op-
timal values over time for each glottal source synthesizer
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TABLE XI. Constant control parameters for the KLSYN88 synthesizer configuration. Each control parameter is assigned a two-letter name, an indication
of whether it is a constant or can be made to vary over time, 2 minimum value, a default value that appliesif the user makes no changes, a maximum value, and

an English description of its effect on the synthesis.

SYM v/C MIN VAL MAX Description

DU C 30 500 5000 duration of the utterance, in ms
Ul C 1 5 20 update interval for parameter reset, in ms
SR C 5000 10000 20000 output sampling rate, in samples/s

NF C 1 5 6 number of formants in cascade branch:
SS C 1 2 3 source switch (1 = impulse, 2 = natural, 3 = LF model)
RS C 1 8 8191 random seed (initial value of random number generator)
SB C 0 1 1 same noise burst, reset RS if AF = 0and AH =0 (0 =no, | = yes)
CpP C 0 0 1 0 implies Cascade, 1 implies Parallel tract excitation by AV
oS C 0 0 20 output selector (0 = normal, 1 = voicing source, ...)

GV C 0 60 80 overall gain scale factor for AV, indB

GH C 0 60 80 overall gain scale factor for AH, in dB

GF C 0 60 80 overall gain scale factor for AF, in dB

control parameter on the basis of spectral comparisons be-
tween synthesis and a natural recording. Finally, generaliza-
tions are made concerning typical synthesis parameter val-
ues for breathy and glottalized onsets and offsets.

A. Copying reiterant utterances

Application of the procedures described in this section
to two female utterances resulted in the control parameter
values that are shown in Figs. 15 and 16. The first utterance
is a [?a] reiterant imitation of the five-syllable sentence
“Steve eats candy cane” spoken by female LK. The second is
a [ha] reiterant imitation of the same sentence by LK. The
new voicing source has seven control parameters that must
be specified:

FO0 fundamental frequency,

AV amplitude of voicing,

0OQ open quotient (ratio of open period to total peri-
od),

TL extra spectral tilt of the source (dB down at 3
kHz),

AH amplitude of turbulent aspiration noise added to
voicing,

FL flutter (slowly varying statistical fluctuations to
the fundamental period),

DI
plitude of alternate periods).

1. Step 1: Set I, contour

The fundamental frequency parameter F0 is used to re-
set the fundamental period 7°0 at the beginning of each pitch
period."” A harmonic sieve-pitch-tracking algorithm (Duif-
huis et al., 1982), employing a 25-ms Hamming window,
was used to determine f;, every 10 ms in the original record-
ing. The analysis data were transferred to the FQ synthesis
parameter track as the very first step in synthesis specifica-
tion. Some trial and error adjustment based on comparison
of synthesis and natural waveforms was necessary to match
the irregular periods of glottalized attacks and offsets. A
good match to the f, contour facilitates spectral compari-
sons needed to optimize other synthesis parameters since
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double pulsing (temporal offset and reduced am- ‘

natural and synthesis spectra then have the same harmonic
locations.

2. Step 2: Set AV, the amplitude of voicing

The amplitude of voicing AV, in dB, controls the height
of each glottal pulse. Initial values for AV were determined
from a plot of overall rms energy in the waveform, as esti-
mated every 10 ms'® using a 25-ms Hamming window, com-
bined with a knowledge of when voicing was present in the
waveform. Incremental adjustments were then made to the
AV parameter track on the basis of trial and error compari-
son of synthesis and natural spectral levels until there was a
good match (within about 1 to 2 dB) in spectra sampled
about every 30 ms. This adjustment was done several times,
the last being after all other synthesis parameters had been
optimized.

3. Step 3: Set formant frequencies and bandwidths

Formant-frequency locations were estimated from spec-
tra sampled at regular 30-ms time intervals throughout the
vocalic portions of the utterance. An attempt was made to
find a single constant value for each formant that would be a
satisfactory approximation to the (possibly time varying)
formant position. It is likely that slightly better synthesis
matches could have been achieved by varying formant fre-
quencies over time, but we wished to concentrate efforts on
the glottal source parameter behavior, and we wanted to be
sure that we were not covering up possible deficiencies in
source flexibility by substituting unrealistic formant-fre-
quency changes over time. After specifying formant frequen-
cies, formant bandwidth values were then adjusted so as to
give the appropriate level and shape to each spectral peak.
Formant bandwidths were generally set to constants for this
synthesis so as to minimize possible bandwidth compensa-
tion for source deficiencies (bandwidths were increased
when the glottis was open for [h]).

4. Step 4: Set 0Q, the open quotient

The open quotient OQ, in percent of the total period,
determines the time during which the waveform is nonzero.
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TABLE XII. Control parameters that can be varied over time in the KLSYN88 synthesizer configuration. Each control parameter is assigned a name, an
indication of whether it is a constant or can be made to vary over time, a minimum value, a default value that applies if the user makes no changes, a maximum

value, and an English description of its effect on the synthesis.

SYM v/C MIN VAL MAX Description
FO v 0 1000 5000 fundamental frequency, in tenths of an Hz
AV v 0 60 80 amplitude of voicing, in dB
0oQ v 10 50 99 open quotient (voicing open-time/period), in %
SQ v 100 200 500 speed quotient (rise/fall time of open period, LF model
only), in %
TL v 0 0 41 extra tilt of voicing spectrum, dB down @ 3 kHz
FL v 0 0 100 flutter (random fluct in £0), in % of maximum
DI v 0 0 100 diplophonia (pairs of periods migrate together), in % of
max
AH v 0 0 80 amplitude of aspiration, in dB
AF v 0 0 80 amplitude of frication, in dB
F1 v 180 500 1300 frequency of the st formant, in Hz
Bl v 30 60 1000 bandwidth of the 1st formant, in Hz
DF1 v 0 0 100 change in F'1 during open portion of a period, in Hz
DBI1 v 0 0 400 change in B1 during open portion of a period, in Hz
F2 v 550 1500 3000 frequency of the 2nd formant, in Hz
B2 v 40 90 1000 bandwidth of the 2nd formant, in Hz
F3 v 1200 2500 4800 frequency of the 3rd formant, in Hz
B3 v 60 150 1000 bandwidth of the 3rd formant, in Hz
F4 v 2400 3250 4990 frequency of the 4th formant, in Hz
B4 v 100 200 1000 bandwidth of the 4th formant, in Hz
FS v 3000 3700 4990 frequency of the Sth formant, in Hz
BS v 100 200 1500 bandwidth of the 5th formant, in Hz
Fé v 3000 4990 4990 frequency of the 6th formant, in Hz (frication excited,
or if NF = 6)
Bé6 v 100 500 4000 bandwidth of the 6th formant in Hz (only applies if
NF = 6)
FNP v 180 280 500 frequency of the nasal pole, in Hz
BNP v 40 90 1000 bandwidth of the nasal pole, in Hz
FNZ v 180 280 800 frequency of the nasal zero, in Hz
BNZ v 40 90 1000 bandwidth of the nasal zero, in Hz
FTP v 300 2150 3000 frequency of the tracheal pole, in Hz
BTP v 40 180 1000 bandwidth of the tracheal pole, in Hz
FTZ v 300 2150 3000 frequency of the tracheal zero, in Hz
BTZ \% 40 180 2000 bandwidth of the tracheal zero, in Hz
A2F v 0 0 80 amplitude of frication-excited parallel 2nd formant, in
dB
A3F v 0 0 80 amplitude of frication-excited parallel 3rd formant, in
dB
A4F v 0 0 80 amplitude of frication-excited parallel 4th formant, in
dB
ASF v 0 0 80 amplitude of frication-excited parallel 5th formant, in
dB
A6F v 0 0 80 amplitude of frication-excited parallel 6th formant, in
dB
AB v 0 0 80 amplitude of frication-excited parallel bypass path, in
dB
B2F v 40 250 1000 bandwidth of frication-excited parallel 2nd formant, in
Hz
B3F v 60 320 1000 bandwidth of frication-excited parallel 3rd formant, in
Hz
B4F v 100 350 1000 bandwidth of frication-excited parallel 4th formant, in
Hz
BSF v 100 500 1500 bandwidth of frication-excited parallel 5th formant, in
Hz
B6F v 100 1500 4000 bandwidth of frication-excited parallel 6th formant, in
Hz
ANV v 0 0 80 amplitude of voicing-excited parallel nasal formant, in
dB
AlV v 0 60 80 amplitude of voicing-excited parallel 1st formant, in dB
A2V v 0 60 80 amplitude of voicing-excited parallel 2nd formant, in dB
A3V v 0 60 8O amplitude of voicing-excited parallel 3rd formant, in dB
A4V v 0 60 80 amplitude of voicing-excited parallel 4th formant, in dB
ATV v 0 0 80 amplitude of voicing-excited parallel tracheal formant,

indB

845

J. Acoust. Soc. Am., Vol. 87, No. 2, February 1990

D. H. Klatt and L. C. Klatt: Voice quality 845



This waveform is later filtered by the “tilt” low-pass filter,
which may increase the effective open time by rounding the
waveform corner at closure. An appropriate value for OQ is
very difficult to determine directly from spectral or wave-
form characteristics, so a typical default value of 50% for a
male voice or 60% for a female voice 1s usually chosen as a
departure point. The primary acoustic effect of changes in
open time is to increase and decrease the amplitude of the
first harmonic relative to adjacent harmonics. Thus trial and
error adjustment of OQ to match first-harmonic amplitude
was attempted. In some cases, locations of spectral zeros can
be used to confirm the correct value for this parameter, but
spectral zeros were not evident at low frequencies in the data
of LK. Matching of first-harmonic amplitude by adjust-
ments to OQ was generally successful and resulted in phys-
iologically reasonable values for OQ over most of the utter-
ance. As would be expected, OQ had to be decreased for
glottalization, and increased for breathiness associated with
adjacent voiceless consonants.There was one problem situa-
tion. Frequently, at the end of a voicing interval followed by
silence, the first harmonic gained a large relative prominence
that could not be matched only by changes to OQ; it was
necessary to also increase spectral tilt TL, increase AV, and
increase the bandwidths of the lower formants.

5. Step 5: Set TL, the spectral tilt

The spectral tilt TL, in dB, determines the amount of
extra attenuation of higher harmonics of the voicing source
spectrum. Initial values for the TL parameter were deter-
mined by observing whether the dft spectrum was perfectly
periodic in the frequency region of the third and fourth for-
mants. In cases where the spectrum is essentially periodic,
TL is set to zero, while indications of random aspiration
noise in place of harmonics implies a TL value of about 20
dB. Transitions between these two states can be gradual, but
are sometimes quite abrupt. Simultaneous trial and error
matching of both TL and AH may be necessary to get the
right balance of harmonics and aspiration noise in each part
of the spectrum.

6. Step 6: Setl AH, the amplitude of aspiration noise

The amplitude of aspiration noise, AH in dB, that is
used to generate [h] and the aspiration of [p,t,k] is also used
to add breathiness noise to voiced portions of utterances.
Initial values for the AH parameter were obtained on a trial
and error basis by matching levels of £ 3 and F 4 excitation in
spectra that were clearly inharmonic (after the TL param-
eter had been optimized so as to attenuate higher harmon-
ics). The process is complicated by the statistical variability
of noise processes, but if one averages visually over several
25-ms windowed spectra, the results are more stable and
reliable. An appropriate value for AH in an essentially per-
fectly harmonic vowel is either zero, or perhaps some value
about 10 dB lower than in a clearly breathy vowel (i.e., some
small degree of aspiration noise may be present even if no
visible manifestation appears in the spectrum).
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7. Step 7: Set DI, waveform of diplophonic double
pulsing

The double-pulsing parameter is provided in order to be
able to mimic a special form of laryngealization that is occa-
sionally seen for some talkers—alternate periods are delayed
and attenuated [recall Fig. 12(b)]. The DI parameter is
calibrated in percent such that 100% means that the first of
two pulses is delayed maximally and is attenuated to zero,
while 50% would delay only half as much and attenuate to
half its unperturbed amplitude. For speaker LK, several off-
sets were laryngealized in this way, as indicated by the DI
parameter in Figs. 15 and 16. Appropriate initial values for
DI were determined by studying the natural waveform for
obvious examples of doubling pulsing. Refined estimates of
appropriate synthesis values for DI were obtained by com-
paring waveforms of synthetic and natural speech.

In summary, the seven steps enumerated above provide
a reasonably straightforward procedure for synthesizing a
close imitation for reiterant [hV] or [*V] versions of any
sentence. Several female and male voices have been success-
fully imitated by this process. It may even be possible to
automate parts of the analysis (Ananthapadmanabha, 1984;
Fujisaki and Ljungqvist, 1986).

B. Synthesis generalizations concerning breathiness
and laryngealization

The two reiterant sentences synthesized using values
shown in Figs. 15 and 16 are representative of the larger
corpus of speakers in that, in general, breathiness noise in-
creased toward the end of a vowel (see Fig. 15) and near
voiceless consonants (see Fig. 16), and was greater in un-
stressed syllables and in the final syllable of a sentence. Simi-
lar results have recently been described by Chasaide and
Gobl (1987). Typical voicing source parameter values for
normal voicing and breathy voicing for this speaker were:

Par Normal Breathy
AY 60 60
0Q 60 80
TL 8 24
AH 040 52
DI 0 0
FL 25 25

It is clear from listening, and from the TL value for the nor-
mal voice, that LK has a somewhat breathy version of nor-
mal phonation, but it is also clear from the time variation in
Figs. 15and 16 that her voice becomes more breathy in speci-
fied predictable circumstances.

In order to match the reiterant spectra of the [?a] and
[ha] utterances of LK, it was also necessary to make some
modifications to the vocal-tract transfer function. The for-
mant frequencies were left roughly constant (exactly con-
stantin the [?a] sentence and constant except for a slight rise
during the [h]’s of the [ha] sentence). Formant band-
widths B1 and B2 were increased whenever formant spectral
peaks were flattened; these times corresponded very well
with times at which source parameters indicated that the
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SYNTHESIS PARAMETER VALUES TO MATCH FEMALE SUBJECT LK,
(?a] REITERANT IMITATION OF "STEVE EATS CANDY CANE"

FIG. 15. Synthesis parameter values as a function of time for the [?a] reiterant imitation of “‘Steve eats candy cane™ by female speaker LK. Bold data points

indicate time intervals when voicing is on.

glottal opening was significantly increased. For example,
there were many cases of vowel terminations where the first-
formant peak essentially disappeared from the spectrum,
and the first-formant bandwidth had to be increased sub-
stantially. For this speaker, acoustic coupling to the reson-
ances of the trachea during breathy vowels and aspiration
was minimal, so no use was made of the synthesis parameters
available to introduce tracheal pole and zero pairs into the
vocal-tract transfer function.

The reiterant speech data also reveal changes to a typi-
cal vowel induced by a glottal-stop onset or offset. There is a
rapid (30 ms) fall in f,, accompanying a glottalized onset or
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offset, and the amplitude of voicing AV is reduced by about 6
dB when f, is at its lowest. In a glottalized onset, the primary
waveshape-controlling parameter to be affected is the open
quotient, OQ, which is reduced to perhaps 30% in the vicini-
ty of the glottal stop. It is likely that AH will be reduced and
TL reduced in this interval if the vowel is otherwise some-
what breathy. Similar changes occur at a glottalized offset,
but there is less of a reduction in breathiness correlates.
There were three examples of temporally offset glottal
pulses (double pulsing) in the two sentences from LK. At
these times, it was observed that the TL and AH parameters
were not changed as much as for other vowel offsets, suggest-
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SYNTHESIS PARAMETER VALUES TO MATCH FEMALE SUBJECT LK,
[ha] REITERANT IMITATION OF “STEVE EATS CANDY CANE"

FIG. 16. Synthesis parameter values as a function of time for the [ha] reiterant imitation of ‘“‘Steve eats candy cane” by female speaker LK.

ing a possible distinction between a laryngealized offset ac-
companied by double pulsing, and a more typical “breathy
falling-pitch offset.” It is not known whether the ability to
mimic details of the sort exemplified by a few periods of
double pulsing at voicin'g offset has much perceptual impor-
tance, but it is clear that there exist some voices that display a
degree of double pulsing most of the time (Lieberman,
1963). For these voices, it is very likely that the parameter is
of perceptual importance.

In summary, during breathy voicing, several of the voic-
ing source parameters change together in such a way as to:
(1) increase the relative strength of the first harmonic (by
increasing the open quotient OQ), (2) reduce the strength
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of higher harmonics (by increasing spectral tilt TL), and
(3) add in some aspiration noise at mid and high frequencies
(by increasing the amplitude of turbulent aspiration noise
AH). In addition, the partial abduction of the vocal folds
associated with breathiness has effects on the vocal-tract
transfer function; the bandwidths of lower formants, espe-
cially F1, are increased due to increased glottal losses, and
additional formantlike spectral peaks and valleys may be
introduced into the transfer function due to acoustic cou-
pling to the trachea. These five acoustic effects can be ob-
served not only in a breathy vowel, but also in transitions
between normal vowels and voiceless consonants such as
[h], or at the offset of a vowel into silence. There are regular
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TABLE XIII. Values for synthesis constants that differ from default values
for the reference stimulus used in the breathiness perception test.

Parameter Value
NF 4
DU 300
oQ 65
TL 3
AH 40

F1 800
Bl 200
F2 1300
B2 110
F3 2850
B3 180
F4 3700
B4 250

acoustic manifestations of breathiness and laryngealization
that occur in predictable locations over the course of typical
English sentences. These manifestations have been parame-
trized and mimicked using a simple synthesis model. Utiliza-
tion of these types of voice quality cues in speech synthesis by
rule should enhance the naturalness of the speech so pro-
duced, especially for female voices.

iV. BREATHINESS PERCEPTION TEST USING
SYNTHESIS

The stimuli used in the breathiness perception test in-
cluded 12 synthetic vowels: a reference stimulus and a set of
11 modified stimuli. The reference stimulus was generated
by using the default values in Tables XI and XII, except for
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FIG. 17. Values for time-varying parameters for the reference synthetic
stimulus used in the breathiness perception test.
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TABLE XIV. Synthesis parameters that have been changed for each of the
stimuli contrasted with the reference vowel in the breathiness perception
test. GO is the overall gain scale factor, in dB.

(1) Fundamental component FTP and FTZ follow £,

boosted 6 dB BTP = 50, BTZ = 100
(2) Fundamental component FTP and FTZ follow f,,
boosted 10 dB BTP = 50, BTZ = 150

(3) Fundamental frequency Jfo down 10 Hz over first 100 ms
lowered initially

(4) Formant bandwidths B1 =500,B2=170

increased
(5) Spectral tilt down 15 dB TL =15, GO =65
at 3 kHz
(6) Spectral tilt down 25 dB TL = 25, GO = 67
at3kHz
(7) Aspiration noise of 54 dB AH =54
added
(8) Aspiration noise of 60 dB AH =60
added
(9) Spectral tilt of 15 dB and TL =15, GO =65, AH =55
aspiration of 55 dB
(10) Spectral tilt of 20 dB and TL =20, GO =67,AH =50
aspiration of 50 dB

TL = 15, GO =65, AH = 55,
B1=400,B2=170,0Q=175

(11) Ditto, plus bandwidth
widening and OQ increase

the constant parameters in Table XIII, and the two time-
varying parameters in Fig. 17. The modified stimuli are de-
fined by indicating parameters that change from the refer-
ence values, Table XIV, and by showing spectral cross
sections of each stimulus in Fig. 18. The reference stimulus
was patterned after the LK female voice, but with no cues to
breathiness included. Other stimuli add various individual
breathiness cues (increased first harmonic amplitude, or
bandwidth increases, or added aspiration noise, or spectral
tilt at high frequencies, or tracheal pole-zero added) and
several combinations of such cues (noise plus tilt, all cues
together).

The instructions to the subjects were as follows:

“You will hear pairs of synthetic vowels, in which the
first vowel, the reference, is always the same. The second
vowel of the pair has been modified in some way. Most of the
modifications were intended to increase the perceived
breathiness of the second member of the pair, but we were
clearly not always successful. In fact, some of the changes
result in no change, in a nasalized vowel, or in vowel sound
qualities that would be difficult for a human to produce. We
are interested in two things: (1) the degree to which the
second vowel is perceived to be more breathy than the first,
and (2) whether the change in sound quality is natural
(could be produced by the same human talker who pro-
duced the reference, rather than, for example, by computer
processing). Since these two judgments are more-or-less in-
dependent, we will play the 6-min tape to you twice, first
asking for breathiness judgments, and then for naturalness
judgments. Because some of the changes seem to have made
some of the vowels sound nasalized, during the naturalness
rating process, we would also like you to star any item that
sounds nasalized.

Instructions before first playing: The breathiness scale
will go from Q (no change in breathiness between reference
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FIG. 18. Spectral cross sections (no pre-emphasis) for each of the synthetic stimuli used in the breathiness perception test.

and second vowel) to 5 (maximal increase in breathiness). If
a vowel actually sounds less breathy that the reference, a
negative number, suchas — 1, can be used as a response. Try
not to downgrade ratings of breathiness for unnatural stimu-
li; simply wait until the second playing of the tape to express
dissatisfaction with the stimulus. The first ten trials will be
treated as practice trials in order to allow you to hear the
range of stimuli to be encountered; nevertheless, please re-
spond and write down a practice answer for these trials.
Instructions before second playing: The naturalness rat-
ing scale to be used will go from O to 5, with 5 being perfectly
natural, and zero being very unnatural or machinelike (not
possible for a human to imitate through any natural speech
production process, probably produced by artificial means).
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Remember that we would also like you to star any item that
sounds nasalized.”

Subjects listened over TDH model HD-420 earphones
to a randomized tape recording that included a practice run
of 14 trials to familiarize subjects with the expected range of
breathiness, and five blocks of trials that were scored and
combined to obtain average ratings of breathiness for each
stimulus.

Five subjects participated individually in the perception
test. The results are summarized in Table XV, which gives
the average breathiness rating response of each listener, the
average naturalness rating, and the fraction of times a listen-
er indicated nasality was present. Also included in the table
are group averages. These experienced listeners were re-
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TABLE XV. Listener ratings of: (1) change in breathiness relative to the reference stimulus, (2) naturalness, and (3) nasality for each of the 11 synthetic
stimuli that were contrasted with the reference vowel in the breathiness perception test.

e —————————
B e ——

Change in breathiness ( — 5.0 to 5.0):

Condition CB SH SM SB KS Av
(1) Fundamental component boosted 6 dB 1.2 0.0 1.6 0.4 1.4 0.92
(2) Fundamental component boosted 10 dB 2.0 -07 22 0.2 1.6 1.26
(3) Fundamental frequency lowered initially 0.0 0.0 — 04 0.0 0.6 0.04
(4) Formant bandwidths increased 0.8 —0.1 0.6 0.4 0.6 0.46
(5) Spectral tilt down 15 dB at 3 kHz 1.8 —-12 22 0.2 20 1.00
(6) Spectral tilt down 25 dB at 3 kHz 2.8 - 1.8 2.0 0.6 32 1.36
(7) Aspiration noise of 54 dB added 04 1.3 20 0.0 20 1.14
(8) Aspiration noise of 60 dB added 1.8 2.4 3.0 2.6 4.4 2.88
(9) Spectral tilt of 15 dB and aspiration of 55 dB 34 1.3 32 1.4 42 2.70

(10) Spectral tilt of 20 dB and aspiration of 50 dB N 3.8 14 2.8 0.8 44 2.64
(11) Ditto, plus bandwidth widening and OQ increase 4.6 30 34 30 4.8 3.76

Naturalness (0 to 5.0):

Condition CB SH SM SB KS Av
(1) Fundamental component boosted 6 dB 4.8 5.0 2.8 4.0 2.4 3.80
(2) Fundamental component boosted 10 dB 3.8 5.0 2.6 24 1.6 3.08
(3) Fundamental frequency lowered initially 5.0 5.0 2.6 48 44 4.36
(4) Formant bandwidths increased 2.4 4.2 1.2 5.0 2.8 312
(5) Spectral tilt down 15 dB at 3 kHz 34 5.0 3.6 4.0 34 3.88
(6) Spectral tilt down 25 dB at 3 kHz 1.8 5.0 3.6 32 24 3.20
(7) Aspiration noise of 54 dB added 5.0 5.0 3.8 5.0 38 4.52
(8) Aspiration noise of 60 dB added 40 5.0 42 5.0 24 4.12
(9) Spectral tilt of 15 dB and aspiration of 55 dB 4.4 5.0 4.4 34 4.2 4.28

(10) Spectral tilt of 20 dB and aspiration of 50 dB 34 5.0 4.8 4.6 4.2 4.40
(11) Ditto, plus bandwidth widening and OQ increase 50 5.0 5.0 2.4 3.0 4.08

Nasality (0 to 1.0):

Condition CB SH SM SB KS Av
(1) Fundamental component boosted 6 dB 04 0.8 0.8 0.2 0.6 0.56
(2) Fundamental component boosted 10 dB 0.4 1.0 1.0 0.6 0.6 0.72
(3) Fundamental frequency lowered initially 0.0 0.0 0.2 0.0 0.0 0.04
(4) Formant bandwidths increased 1.0 0.8 1.0 0.2 1.0 0.80
(5) Spectral tilt down 15 dB at 3 kHz 04 0.0 0.2 1.0 0.0 0.32
(6) Spectral tilt down 25 dB at 3 kHz 0.6 0.2 0.0 1.0 0.0 0.36
(7) Aspiration noise of 54 dB added 0.0 0.0 0.0 0.0 0.0 0.00
(8) Aspiration noise of 60 dB added 0.0 0.0 0.2 0.0 0.0 0.04
(9) Spectral tilt of 15 dB and aspiration of 55 dB 0.0 0.0 0.0 0.4 0.0 0.08

(10) Spectral tilt of 20 dB and aspiration of 50 dB 0.6 0.0 0.0 1.0 0.0 0.32
(11) Ditto, plus bandwidth widening and OQ increase 0.0 0.0 0.0 0.4 0.0 0.08

markably self consistent; except for SB, they rarely differed
by more than 1 in assigning an integer to ratings of breathi-
ness and naturalness of five repetitions of each condition.

While there are some intersubject differences, the
pooled results point to aspiration amplitude as the dominant
factor in eliciting judgments of increased breathiness. An
increase in first-harmonic amplitude, by itself, does not in-
duce the sensation of breathiness for most listeners. The rea-
son is probably the high fundamental frequency employed in
the synthesis; an increase in the spectrum at about 200 Hz is
consistent with the appearance of a nasal pole indicative of
nasalization. In fact, nasalization judgments are quite com-
mon for stimuli in which only the fundamental component
has been increased. We tentatively conclude that either
breathiness is signaled differently for men and women, or
that the increases in the first harmonic observed in produc-
tion data from women must be accompanied by other cues to
be interpreted by the listener as cues to breathiness (see be-
low).
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An increase in the first-formant bandwidth, stimulus 4,
is also by itself ineffectual in suggesting breathiness. The
stimulus sounds both nasal and unnatural. Again, it is either
the case that production data (indicative of increased band-
widths for breathy vowels) do not comport with perceptual
strategies, or that the bandwidth increases must be accompa-
nied by certain other cues before they are unambiguously
interpreted as relating to breathiness.

A lowering of f, had no effect on perceived breathiness.
Tilting down the spectrum to reduce the amplitudes of high-
er frequency harmonics increased breathiness judgments a
little bit for some listeners, but was heard as unnatural or as
an increase in nasality for others. By itself, spectral tilt does
not appear to be a strong cue to breathiness, perhaps again
because it does not occur naturally by itself, but rather only
in conjunction with certain other cues to breathiness.

The addition of aspiration noise increases the number of
breathiness judgments significantly for most listeners. If the
harmonic spectrum is also attenuated at high frequencies by

D. H. Klatt and L. C. Klatt: Voice quality 851



tilting the spectrum down (as is observed in natural breathy
vowels), then less noise is required to achieve the same de-
gree of perceived breathiness. Stimuli with aspiration noise
were all judged to be natural.

The stimulus perceived to be most breathy was the one
in which all of the various cues observed in natural stimuli
were present: aspiration noise, spectral tilt, longer open quo-
tient, and increased bandwidths of F 1 and F2. The increase
in first-harmonic amplitude and the increases in bandwidths
that, by themselves, induced the sensation of nasality for
many listeners, did not produce nasality judgments for this
stimulus. It appears that nasality perception is a rather com-
plex function of acoustic properties that are attributed to
breathiness under some circumstances and attributed to na-
sality in others. This outcome is troublesome for many sim-
ple models of speech perception but is in agreement with the
philosophy known as the motor theory of speech perception
(Liberman et al., 1967) and other models that permit learn-
ing of complex cue interactions (Klatt, 1986a, 1989).

V. DISCUSSION AND CONCLUSIONS

The analysis of reiterant speech from ten female and six
male speakers has revealed a number of acoustic cues related
to breathiness. A perception test has established the impor-
tance of aspiration noise as a component of a breathy voice
quality and has shown the complexity of some cue interac-
tion perceptual strategies. Synthesis efforts using a new ver-
sion of the Klatt formant synthesizer, KL.SYN88, which has
anew voicing source model, verify that it is possible to mimic
several female voices with an accuracy that makes it difficult
todistinguish between the original recording and the synthe-
sis. The following sections go into greater detail on each of
these topics and speculate as to the implications of several of
our results.

A. Acoustic analysis

A breathy voice quality is signaled by a surprisingly
large number of diverse acoustic cues, all related to the pre-
sumed posterior glottal opening posture shown in panel
(3A) of Fig. 1. First of all, the posterior opening leadstoadc
flow component and the generation of aspiration noise
throughout a period, with noise intensity perhaps increasing
during the open phase. The open quotient is increased, and
this leads to a relative increase in the amplitude of the first
harmonic, H1, by 6 dB or more. In addition, there is nonsi-
multaneous closure of the folds over their length, with the
posterior portion of the folds making contact somewhat later
than the anterior edges; this pattern of closure leads to a
reduction in the relative amplitudes of higher harmonics in
the source spectrum. As a result of these two factors, aspira-
tion noise tends to replace harmonics at frequencies above
about 1.5 kHzin a breathy vowel. The posterior glottal open-
ing increases low-frequency losses in the vocal-tract transfer
function, resulting in an increased first-formant bandwidth
and a less distinct first-formant peak in the spectrum. The
posterior glottal opening also provides acoustic coupling to
the subglottal system, resulting in the possible appearance of
tracheal poles and zeros in the vocal-tract transfer function.
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The poles tend to appear at predictable frequency loca-
tions—about 600, 1400, and 2200 Hz for a female voice and
somewhat lower for males.

The degree to which an individual vowel takes on the
cues of breathiness can vary considerably over the course of
an utterance. In our data, cues to breathiness tend to increase
for unstressed syllables, for final syllables, and at the mar-
gins of voiceless consonants. In a stressed vowel with a rela-
tively high fundamental frequency, the spectrum may be
perfectly periodic, even for the most breathy of our speakers.
It is almost certainly this time variation that contributes to
naturalness and highlights a breathy voice.

Males and females differ on average in the two perceptu-
ally most important acoustic measures of breathiness—
amount of aspiration noise in the F 3 region of the spectrum
and relative amplitude of the first harmonic. Females are
more breathy than males to a significant degree. However,
within each gender, there is much greater variation in acous-
tic manifestations of breathiness, with some males being
more breathy than many females. In addition, it is likely that
any individual is capable of adopting a fairly wide range of
speaking styles that differ in degree of breathiness. Thus it is
dangerous to make sweeping generalizations with regard to
sex typing, as well as the behavior of particular individuals.

We have discovered evidence for a breathy-laryngea-
lized mode of vibration that i1s employed by many speakers at
the ends of utterances. There is increased noise in the F3
region of the spectrum, but the open quotient does not in-
crease, as it normally would whenever the posterior portions
of the folds are spread in preparation for a voiceless conso-
nant or for breathing. We speculate that the arytenoid carti-
lages are rotated inward to facilitate the maintenance of
voicing in the face of a developing posterior glottal chink, a
lowering subglottal pressure in anticipation of the end of
speaking, and a slack vocal-fold posture appropriate for low
fo- This breathy-laryngealized vibration pattern will have to
be incorporated into representational schemes for the pho-
netic description of speech and may possibly require changes
to the distinctive features used to represent language. For
example, the feature system of Halle and Stevens (1971)
might be revised to allow simultaneous plus values for the
features spread and constricted to represent a breathy-laryn-
gealized voice quality, where spread is redefined to refer to
the posterior interarytenoid separation, and constricted to
refer to the medial compression resulting from rotational
motion of the arytenoids.

A two-mass model of vocal-fold vibrational behavior
was devised by Ishizaka and Matsudaira (1968) in order to
better explain the transfer of energy from static lung pres-
sure to dynamic vibratory motions of the vocal folds. While
successful in these terms (Stevens, 1977), the model does
not have the flexibility to generate output volume velocity
waveforms with corner rounding associated with nonsimul-
taneous closure. Neither does the model permit a static pos-
terior glottal opening necessary to simulate breathy voicing,
Therefore, use of the model in synthesis of speech (Flanagan
et al., 1975) is likely to lead to suboptimal synthetic imita-
tions of female voices until such time as these features of
laryngeal behavior are incorporated.
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A new measure of the amount of aspiration noise in a
voiced sound has been proposed. By filtering out a region of
the spectrum in the vicinity of F3, it is possible to isolate a
waveform that can be visually interpreted in terms of
whether the source is periodic or random. While we have
used subjective rating scales to quantify this judgment,
further research, such as quantifying the peak-to-valley ratio
in the energy contour over a period, may make it possible to
automate its measurement and thereby remove the subjec-
tive component.

Formant-frequency measurement can be very difficult
in a breathy vowel, particularly in a voice with a high funda-
mental frequency. The strong first harmonic can be confused
with a formant; the first-formant bandwidth increase can
make it difficult to detect a local maximum in the spectrum
corresponding to F 1, and the tracheal coupling can cause
extra peaks in the spectrum that are easily confused with
formants. When harmonics are widely spaced in the spec-
trum, each of these complications becomes more difficult to
deal with because the vocal-tract transfer function is essen-
tially sampled only at harmonic locations. The remarkable
ability of the human perceptual system to deal with these
problems calls into question the degree to which formants
are actually perceptual dimensions (Bladon, 1982). Alter-
natives include whole-spectrum template-matching ap-
proaches (Klatt, 1982), and complex “spectrum-interpre-
tive” strategies, a discussion of which goes beyond the scope
of the present paper.

Vowels in natural utterances are rarely perfectly period-
ic. But it has been difficult to characterize exactly how indi-
vidual periods differ from perfect periodicity. A popular the-
ory has been that there is a jitter component, or Gaussian
random fluctuation in individual periods, but efforts to turn
this into an effective synthesis strategy have failed. Such jit-
ter is either imperceptible if added in amount corresponding
to prior literature on the measurement of jitter, or sounds
like a harsh pathological voice quality when jitter is in-
creased. Our observations on deviations from perfect period-
icity in this database suggest two new methods of synthesiz-
ing natural deviations: (1) a slowly varying “pseudorandom
flutter” consisting of a sum of sine waves and (2) an optional

diplophonic double pulsing that occurs in certain fairly pre-

dictable situations. The perceptual importance of temporal
variability and the success of our proposed synthesis strategy
have yet to be established. Also, in order to better account
for diplophonia in terms of the physics of larynx behavior, a
more complex physiological model may be required in
which the three-dimensional nature of the vibration pattern
is considered (Titze, 1974; Titze and Talkin, 1979).

Our results must be qualified by the limited scope and
artificial nature of the data base. We have analyzed only one
vowel in a sample of reiterant speech approximating two
sentences. The speech is read with regular pauses between
utterances. In the future, other vowels should be employed,
and the analysis techniques should be extended to more nat-
ural databases of spontaneous speech.

B. Perception of breathiness

The perception test using natural speech samples edited

from the reiterant sentences revealed that females, on aver-
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age, are perceived to be slightly more breathy than males.
The perception data also are in agreement with the acoustic
data in showing wide variation within each gender; two fe-
males are judged less breathy than the male average, and one
male is judged more breathy than the female average. A cor-
relation analysis with ten acoustic parameters related to
breathiness revealed only two statistically significant corre-
lations with the perceptual responses—one with the degree
of aspiration noise seen in the F 3 region of the spectrum, and
one with the relative strength of the first harmonic H1.

The second type of perception test used synthetic speech
in order to be able to determine the perceptual importance of
individual acoustic cues in isolation and in combination.
This test was somewhat unusual in that the standard com-
parison stimulus was patterned after a female voice rather
than using a male voice as has been the practice so often in
the past. Stimuli were judged as to degree of breathiness,
naturalness, and nasality. The strongest single cue to breath-
iness was found to be the amplitude of the aspiration noise
added to the spectrum. However, the stimulus that was most
preferred in terms of breathiness and naturalness was one in
which all cues (add aspiration noise, increase spectral tilt,
increase open quotient to increase H1, and widen first-for-
mant bandwidth) were present. It is as if the perceiver is
aware of all of the systematic changes that go into breathy
phonation and uses these expectations during perception in
such a way that no single cue is as effective as all in combina-
tion.

When only the first-harmonic amplitude was increased,
some subjects heard an increase in breathiness, but many
others heard an increase in nasality. While this result has
never been reported in previous perceptual studies of H1, it
may well be due to the fact that we simulated a female voice
in which the first harmonic, on average, was about 200 Hz.
This is close to the frequency of the lowest pole in the trans-
fer function of a nasalized vowel. The same increase in am-
plitude of the first harmonic, if accompanied by aspiration
noise, is never heard as nasalized. The implication is prob-
ably not that different perceptual strategies are employed for
male and female voices. Rather, it is more likely that single-
cue manipulations can create somewhat unnatural stimuli
that result in perceptual ambiguities. This is also observed
for first-formant bandwidth increases, which by themselves
increase the nasality of a stimulus, but taken in conjunction
with other cues to breathiness are not heard as nasalized.

It is interesting to speculate on the detailed nature of
perceptual strategies, given the ambiguity introduced by a
strong first-harmonic amplitude. Is first-harmonic ampli-
tude a perceptual cue whose interpretation involves a com-
plex interaction with other perceptual cues such as the de-
gree of periodicity at high frequencies, or are spectra
interpreted in a wholistic fashion against templates repre-
senting nasalized or breathy versions of various speech
sounds? Neither alternative is very compelling to us as a
perceptual strategy. The first option seems undesirable be-
cause, from our perspective, speech perception ought to be
simple and direct at the lowest levels, with little if any cogni-
tive processing. The second option involving a template ap-
proach may not be workable for various reasons having to do
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with natural variability within and across speakers (Klatt,
1986a, 1989).

C. Synthesis of a female voice

The standard acoustic theory of speech production has
been reviewed in light of several source-tract interactive
phenomena that have been identified by Gunnar Fant and
his co-workers. Based on this theoretical background and
the experimental data presented here, we conclude that the
old cascade/parallel formant synthesizer model described in
Klatt (1980), while still useful for most perception experi-
ments involving cues to various consonant and vowel dis-
tinctions, is not capable of mimicking a female voice very
accurately. In this paper, we have identified certain cues re-
lated to a breathy voice quality that must be modeled in
order to closely mimic most female voices. The new version
of the Klatt cascade/parallel synthesizer, described here,
has been augmented with: (1) a new voicing source model
that has control parameters F0, AV, 0Q, TL, AH, FL, DI,
(2) an ability to change first-formant bandwidth dynamical-
ly over a period, using DB1 to simulate the rapid change in
glottal losses as the glottis opens and closes, and (3) an addi-
tional tracheal pole-zero pair with control parameters FTP,
FTZ, BTP, and BTZ. This new version, KLSYN88, has
been used to copy reiterant utterances from several female
and male speakers with very good perceptual fidelity.

Experience with the new model suggests that the ability
to make dynamic changes to the degree of aspiration noise
intruding in the F 3 region of the spectrum through use of the
AH and TL parameters is the most important aspect of the
model for improving the quality of female voice synthesis,
but that all of the new parameters are useful in optimizing
the match to individual spectra. If analysis by synthesis is
used, and a good initial match to the f;, contour is achieved,
then successful matching of spectra sampled throughout an
utterance has always resulted in perceptually successful syn-
thesis using the new model. General rules for synthesizing
breathiness variations over a sentence have been proposed
based on the voice analysis and voice-matching efforts re-
ported on here. Cues to breathiness are strongest at the end
of an utterance, in unstressed syllables, and at the margins of
voiceless consonants. Utilization of these rules may lead to
improved naturalness of both male and female voices in syn-
thesis-by-rule programs for text-to-speech devices such as
DECtalk.

Variation in the timing of glottal pulses, using the new
voicing source control parameters FL and DI may also in-
crease the naturalness of synthetic speech, but at this point,
we have not conducted the appropriate perceptual experi-
ments to determine the importance of the timing variation
informally observed in the reiterant corpus. Another ran-
dom variation that might be added to synthesis by rule is a
small random change in successive values of the TL param-
eter to simulate the observed tendency for rapid period-to-
period variation in harmonic strengths above 2 kHz, even in
spectra that do not have a strong noise component in this
frequency region.

The KLSYN88 cascade/parallel formant synthesizer
has been programmed in floating point in C on a Digital
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Equipment Corporation Microvax-1II. This software will be
made available to the speech community at cost.' It is
hoped that the synthesizer can serve as a standard in prepar-
ing stimuli for perceptual experiments, and the fact that the
algorithms are documented here will make it easier for re-
searchers to replicate and extend the findings of others.
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! Unfortunately, there is at present no standard terminology or agreement
on the meaning of many of these terms.

2Should creak be defined to begin at a higher threshold for females, say 1.7
times 60 Hz, or about 100 Hz, and, if so, would they show as much creak as
males? The decision depends on whether the definition of creak is percep-
tual (such as “picket fence” percept) or physiological (so much below
normal pitch). In this paper, we will assume that creak refers to the abso-
lutely low pitch sensation where individual pulses are audible, and laryn-
gealization, on the other hand, occurs at some percentage change below a
speaker’s normal £, range (or perhaps when the glottal pulse becomes very
narrow such that H1 is reduced in amplitude).

3 The amplitude of the strongest harmonic near F 1 was used to define A1,
the level of F 1, for reference purposes. This definition may underestimate
the level of the vocal-tract transfer function at F 1 by as much as 6 to 9 dB
when two harmonics straddle F1 (Klatt, 1986a).

*1In order to be able to compare breathiness of vowels with different phonet-
ic quality, and thus different F 1 values, the authors decided to abandon the
use of Al, the level of F, as a reference, in spite of the fact that it should
tend to somewhat accentuate the difference between breathy and non-
breathy phonation due to the increase in first-formant bandwidth associat-
ed with a partially open glottis.

5 There are two problems with the noise measure chosen: (1) Lower for-
mants dominate waveform characteristics because they are more intense,
but aspiration noise, whose presence is to be detected, tends to be restricted
to higher formants and (2) when sampling speech, frequency components
near the high-frequency sampling limit are represented by only a few sam-
ple points per cycle so that, if the fundamental frequency is not an exact
multiple of the sampling interval, even a perfectly periodic waveform will
appear to be different from period to period, and thus contaminated with
noise according to this measure. The first problem could be solved by high-
pass filtering at about 1.5 kHz, but the second problem is lessamenable toa
straightforward solution other than to significantly increase the sampling
rate and thus decrease the granularity with which one compares periods.

%The analysis data that we will present suggest that aspiration noise might
be a much more effective perceptual cue if the higher harmonics are simul-
taneously attenuated, as occurs for nonsimultaneous closure of the vocal
folds along their length.

1In a spectrogram, the vertical striations indicative of periodic excitation
would be replaced by a more random pattern if the excitation were exclu-
sively turbulence noise. However, for relatively high-pitched female
voices, the vertical striations are not as evident as for a male voice even
when excitation is completely periodic.

8 The amplitude of the second harmonic depends, in part, on locations of
zeroes in the source spectrum and thus is not entirely satisfactory for refer-
ence purposes. However, the problems with the other alternatives seem
more serious. The amplitude of the first formant (i.e., the peak in the un-
derlying vocal-tract transfer function) is hard 1o determine from a har-
monic spectrum because measured values depend 10 a considerable extent
on whether a harmonic is centered on the formant frequency or two har-
monics straddle the formant (Klatt, 1986a). Since the overall rms ampli-
tude depends primarily on first-formant amplitude, it too suffers from this
source of unpredictable variability, which can be up to 6-9 dB.

Extreme changes to the amplitude of the fundamental component may be
due to factors other than simply the open quotient. For example, a general
reduction in the tilt of the spectrum would result if the vocal-fold closure
event became nonsimultaneous due to glottal abduction. This effect can be
simulated in a speech synthesizer by either the spectral tilt parameter TL
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or the open quotient parameter OQ, as will be discussed in Section 11 be-
low.

1°Other measures described below will rate TW as even more breathy.

"' Alternatively, one might use a two-pole inverse filter, but this requires
fairly precise detection of the frequency and bandwidth of the third for-
mant versus time. Such precision is not as critical when employing a 600-
Hz bandwidth bandpass filter.

2 Fant and Lin (1987) have attributed the extra pole between F2and F3to
nonlinear superposition effects, but it seems to us to be more likely that
the pole is due to tracheal resonance coupling, especially since it is seen
both in aspiration and voiced excitation.

'3 Theoretically, the tracheal poles and zeros should come in pairs, where
the zero is lower in frequency than the corresponding pole. However, it is
difficult to detect evidence of a zero below the first tracheal pole due to the
rapid falloff in energy at low frequencies.

' Detailed documentation of the characteristics of this source will not be
given here since it was not used in the experiments to be described later in
Secs. 111 and IV. The characteristics of the LF source are described in
documentation available in the Speech Communication Group, Research
Laboratory of Electronics, Massachusetts Institute of Technology.

'“The fundamental frequency extraction algorithm that was employed to
produce this contour is of the harmonic sieve type, which probably aver-
ages out some rapid period-to-period changes within the 25-ms analysis
window rather than accentuating them.

'% In an analogous fashion, one can use the newly defined tracheal pole-zero
pair to simulate any observed second nasal resonance in a nasalized vow-
el.

'""The f, is specified in tenths of a hertz in order to minimize perceptual
“staircase” effects for slowly changing fundamental frequency contours.
The period that is computed is quantized into quarter-of-a-sample incre-
ments, again to avoid “staircase” effects; this is accomplished by running
the glottal source code at four times the regular sampling rate of 10 000
samples per second, and then low-pass filtering and downsampling the
resulting voicing waveform.

18 For these utierances, the update interval was set to 10 ms, but internal to
the synthesizer, AV is reset only at the beginning of each pitch period so as
to avoid waveform discontinuities.

' Information about the availability of this software can be obtained from
Kenneth Stevens, Room 36-517, Massachusetts Institute of Technology,
Cambridge, MA 02139.
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