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Acoustic measurements believed to reflect glottal characteristics were made on recordings collected
from 21 male speakers. The waveforms and spectra of three nonhigh v@wels, /) were
analyzed to obtain acoustic parameters related to first-formant bandwidth, open quotient, spectral
tilt, and aspiration noise. Comparisons were made with previous results obtained for 22 female
speakergH. M. Hanson, J. Acoust. Soc. AmM01, 466—481(1997]. While there is considerable
overlap across gender, the male data show lower average values and less interspeaker variation for
all measures. In particular, the amplitude of the first harmonic relative to that of the third formant

is 9.6 dB lower for the male speakers than for the female speakers, suggesting that spectral tilt is an
especially significant parameter for differentiating male and female speech. These findings are
consistent with fiberscopic studies which have shown that males tend to have a more complete
glottal closure, leading to less energy loss at the glottis and less spectral tilt. Observations of the
speech waveforms and spectra suggest the presence of a second glottal excitation within a glottal
period for some of the male speakers. Possible causes and acoustic consequences of these second
excitations are discussed. ®099 Acoustical Society of America.

[S0001-496609)06208-9

PACS numbers: 43.70.Gr, 43.70.Aj, 43.72 /]

INTRODUCTION sized male speectKarlsson, 1992a Thus, it would seem
that features of the acoustic sound-pressure waveform other
The work reported in this paper focuses on individualthan fundamental frequency and formant frequencies con-
variations in glottal configuration and glottal-source wave-tribute to gender characteristics of speech. Recent studies
form characteristics. This research has relevance for severbhve looked more closely at female speech and the ways in
areas of speech research and applications. It adds to studiesich it differs from male speech, especially in regard to
that seek to establish quantitative ranges of voice-sourceoice-source characteristicsSee, for example, Titze, 1989;
characteristics of normal speakers. Such studies are used kdatt and Klatt, 1990; Karlsson, 1992&Dbservation of the
understand the production of normal voice and to evaluatglottis during phonation has suggested that the presence of a
pathological voice(Holmberget al, 1988. They may also posterior glottal opening that persists throughout a vibratory
be useful for modeling the variation among speakers encoursycle is common for female speakers, but occurs much less
tered by speech recognition and speaker recognition systenfsequently among male speakeiSadersten and Lindestad,
Likewise, it may be necessary to include models of suchl990. Holmberget al. (1988, 1989 have found differences
variations in voice in speech-synthesis systems. in glottal-waveform characteristics that may affect perceived
In addition to individual variations, we address gendervoice quality; for example, female speakers tended to have
differences in voice production. In the past, much of thelarger open quotients and more gradual rises and falls in
literature that described acoustic differences between maglottal flow than male speakers. Klatt and Klét990 and
and female speech concentrated on differences in fundamehlanson(1995h have shown that careful control of glottal
tal frequency and formant frequenciéf®r a review, see characteristics improves the naturalness of synthesized fe-
Karlsson, 1992b These features can be used to automatimale speech. Thus, glottal configuration and its effects on
cally distinguish male speakers from femdf@hilders and voice-source characteristics may play a significant role in the
Wu, 1991. However, it is noteworthy that while most Perception of gender from speech. o
speech-analysis tools and speech applications are also based Quantitative estimates of the characteristics of the glottal
on those features, they are generally more successful fdyavefo_rm are difficult to obtain. _Inverse_ filtering of the
male speech. A particular problem has been synthesis of f@coustic sound pressure or oral-airflow signal are the most

male speech, which tends to sound less natural than synth€@mmon methods of analysis, but both are sensitive to ex-
perimental error, and require strict conditions and special
) - _ equipment during data acquisition. Thus, while voice-source
The work reported in this paper was completed while the authors were b, 3 cteristics may prove useful for improving applications
the M.L.T. Research Laboratory of Electronics, Speech Communication . L.

Group. such as speech synthesis, speech recognition, and speaker

DElectronic mail: hanson@sens.com recognition, analysis techniques that are robust and easily
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automated are necessary in order to make their use practicalte manifested in the speech spectrum or waveform. A set of
One alternative to inverse filtering is to make measure-acoustic descriptors was presented as possible correlates of
ments directly on the acoustic sound-pressure waveform andifferent types of glottal configuration.
spectrum. These measurements require only simple micro- When there is complete glottal closure at some time dur-
phone recordings, and have the potential to be easily autdng a cycle of vibration, the glottal waveform can show sev-
mated. Such measures were described and used in a studyesfl kinds of differences. For example, there can be differ-
22 female speaker@ianson, 1995a, 1997Preliminary evi-  ences in the open quotief®Q, expressed as a percerh
dence based on breathiness ratings and on fiberscopic imagbat case, if all else remains the same, the spectrum of the
collected from a subset of the subjects suggested that thgdottal source is only influenced at the low frequencies. Ex-
acoustic measures could be used to categorize the speak@eximents have shown that changes in the relative amplitudes
by glottal configuration. of the first and second harmonics reflect changes in the
In the current paper, we describe an extension of thelosed quotienfHolmberget al., 1995. (The closed quotient
earlier work (Hanson, 1995a, 19970 include male speak- is 100—0Q)
ers. Acoustic data were collected from 21 males, interpreted When the derivative of the glottal-airflow signal has a
in terms of the theoretical models presented in Hansomliscontinuity at glottal closure, its spectrum drops off at 6 dB
(1995a, 199Y, and compared with the data from females. per octave at high frequenci¢Stevens, 1998 Sometimes,
Based on previous research comparing glottal characteristid®wever, the glottis closes nonsimultaneously; that is, the
of males and femalesee abovg we expected that if these glottal closure begins at the anterior end of the vocal folds
acoustic parameters did represent characteristics of the glatnd proceeds back to the posterior end. This type of closure
tal source, we would find significant differences in the mearleads to a gradual, rather than abrupt, cutoff of glottal air-
values for the two genders. In addition, because the size of #fow, and thus the derivative of the glottal airflow does not
posterior glottal opening can be considered to provide amave a discontinuity. As a result, the high-frequency content
additional degree of variability in the acoustic parametersof the glottal waveform is reduced. If this gradual cutoff is
considered, and females are more likely than males to havapproximated as an exponential, the closing time can be used
these openings, we expected that we might find a smallelo approximate the time constant of the effective low-pass
degree of interspeaker variation among males than amorfiter, and thus the cutoff frequency. According to this model,
females. Note that there can be other factors that lead tthe spectral tilt of the glottal source above the cutoff fre-
variations among members of a gender group, and thereforguency increases from 6 to 12 dB per octave.
gender differences in degree of variation are not necessarily The presence of a posterior glottal openifgjottal
due only to differences in posterior glottal openings. chink) throughout a glottal cycle introduces additional modi-
The outline of the paper is as follows. Section | beginsfications to the spectrum. First, formant bandwidths, particu-
with a brief summary of the theoretical background of thelarly that of the first formant, are increased due to additional
acoustic measures and the results of the previous study. Ernergy loss at the glottis. Given the size of the glottal chink,
pected means, maxima, and minima of some of the acoustiene can estimate the additional bandwidth introduced at the
measurements are then calculated for male speakers. In Sé®quencies of the formantéStevens, 1998 The second
Il we describe the experimental procedure, and the methodsonsequence of the glottal chink is the introduction of addi-
of making the acoustic measures of the speech waveform aritbnal spectral tilt. This additional tilt is due to the fact that
speech spectrum. Section 1l begins by describing the resulthe airflow through the glottal chink cannot undergo a dis-
of our analysis of the male data. The results are then comezontinuous change because of the acoustic mass of the mov-
pared to the female data. ing air in the system. The change in airflow at glottal closure
has a time constant which can be used to calculate the cutoff
frequency of the effective low-pass filter. Above this fre-
|. THEORETICAL BACKGROUND AND PREDICTIONS quency, the spectral tilt increases by 6 dB per octave. The
A. Summary of previous study with female third acoustic consequence of a glottal opening is the gen-
speakers eration of turbulence noise in the vicinity of the glottis.
| When the glottal opening is large, the spectral amplitude of

During vowel production, the configuration of the voca _ .
the noise becomes comparable to the spectral amplitude of

folds may vary in several ways. Four types of glottal con- o . :
figuration were considered by Hans@®95a, 199Y. (1) the the periodic source at high frquenmes. .
arytenoids are approximated and the membranous part of the The following list summarizes the relevant acoustic
folds close abruptly(2) the arytenoids are approximated, but measurements, made directly on the speech spectrum or

the membranous folds close from front to back along thewaveform, that were used by Hans(B95a, 199). These

length of the folds{3) there is a posterior glottal opening at measurements are illustrated by the speech waveforms and

the arytenoids that persists throughout the glottal cycle, anapectrum(collected from female speakgrshown in Fig. 1.

the folds close abruptly(4) a posterior glottal opening ex-
tends into the membranous portion of the folds throughou
the glottal cycle, forcing the folds to close from front to A formant oscillation can be modeled as a damped sinu-
back. Theoretical background was given for the manner irsoid of the forme™ ' cos 2rf; t, wheref; is the frequency of
which these various configurations affect the glottal vibrationthe ith formant and the constant is the exponential decay
pattern and volume-velocity waveform, and how such effectsate. By applying a bandpass filter to the speech waveform

tl. First-formant bandwidth (B1)
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A). It assumes that the first-formant bandwidth is small. This
H2 assumption is valid unless the harmonic frequencies are too
close to the first-formant frequency; that is, less than about

Hl Al A3 100 Hz away.

/ / 3. HI*-A1

] The amplitude of the first harmoni¢i(l) relative to that
/ of the first-formant prominence in the spectral domaii )
j reflects the bandwidth of1, and may also be affected by
40 [’\VA [\ !\A\ source spectral tilt. Hence, this measure is an indication of
V

the presence of a posterior glottal chink. Again, the asterisk
U I indicates that H1 is corrected for the effect of the first for-

) il I \“‘ 4. HI*-A3*
Wi, L e

The amplitude of the first harmoni¢i(l) relative to that

4 5 of the third-formant spectral peakA8) reflects the source
spectral tilt. The mid- to high-frequency components are
mostly influenced by how abruptly the flow is cut off when
the glottis closesH1 is corrected for the effect of the first
formant(see above andA3 is corrected for the contribution
of the first and second formants on the amplitude of the
third-formant prominence. As for the correction kil and
H2, the correction t&3 is particularly important when com-
paring across vowels, for which the first two formant fre-
quencies can vary greatly. This correction factor is given in
Hanson(1997, footnote 6; 1995, Appendix)Alt assumes
that the bandwidths of the first two formants are small, which
is valid as long as the third formant is not too close to the
second. For the vowels considered in this study, the second
and third formants are typically well separated.

FIG. 1. Speech waveforms and a vowel spectrum produced by female

speakers. The acoustic parameters labeled in the spectrum are the amplj: Nojse rating N ,
tudes of the first harmonicH1), second harmonicH2), first formant

(A1), and third formant £43). The top waveformN,,, was obtained by A posterior glottal opening that persists during phona-
bandpass filtering a sound-pressure waveform at the third-formant frequendyon introduces an increase in turbulence noise generated in

rggiqn. The bottom waveform iIIus:trates the dec'ay of the first-formant 0Sthe vicinity of the glottis. The noise becomes prominent at
cilaton, sd 10 calcate an esimaed bandwillh, (Plezse 1ol et 1 i oy oncy range because of s increased ampliude,
together with an increase in spectral tilt. Because the energy
of the first and second formants is relatively strong, evidence
of aspiration noise can usually not be seen when viewing the
vowel waveform. Klatt and Klaft1990 introduced a method
of estimating degree of aspiration noise in a vowel wave-
form. Judgments of waveform irregularity are made on a
four-point scale by viewing the vowel waveform after band-
2. HI*-HZ* pass filtering at the third-formant frequency, where aspira-
The amplitude of the first harmoni¢i() relative to that tion noise should be visible. An example of such a filtered
of the secondKi2) is used as an indication of open quotient waveform is given in Fig. 1.
(OQ), the ratio of the open phase of the glottal cycle to the  Using acoustic models, Hans¢h995a, 199y made es-
total period. The asterisks indicate thdfl andH2 have timates of maximum, minimum, and average values for some
been corrected to remove the amount by which the vocalef the acoustic measures for female speakers. These predic-
tract transfer function, particularly the first formant, tions from models were based in part on analysis of the KL-
“boosts” the amplitudes of these harmonics. The effect of GLOTT88 glottal-source modeKlatt and Klatt, 1990, to-
this correction is that the amplitudes of the harmonics moreether with minimum-airflow data collected during vowel
closely approximate those of the actual source spectrum. It igroduction(Holmberget al, 1988. Data collected from 22
particularly important to make this correction when compar-female speakers were in agreement with the model-based
ing this acoustic measure across vowels, for which the firstestimates, and substantial differences among individual
formant frequency can vary greatly. The correction factorspeakers were found. There were strong correlations between
used is given in Hansof1997, footnote 5; 1995a, Appendix several of the acoustic measures. In particular, the source

MAG (dB)

mant.

T
m—

3
FREQ (kHz)

centered at the first-formant frequendyl() and measuring
the decay rate of the resulting wavefofias shown in the
waveform marked1 in Fig. 1), the bandwidth of 1 can be
approximated.
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TABLE |. Average dimensions of the glottis, trachea, and vocal tract for TABLE Il. Range of glottal chink areasA() and corresponding estima-

male speakers. tions of: glottal contribution to first formant8(); bandwidth of first for-
mant B1); flow through chink U.,); time constantT) of flow cutoff;
Length of vocal tract 17 cm resulting increment in spectral tilt at 2500 KiElt). A subglottal pressure of
Vertical length of glottis 0.4 cm 6300 dynes/ch (6.4 cm HO) (Holmberget al, 1989 is assumed. Other
Length of trachea 12 cm assumed values include: vocal-tract, glottis, and trachea dimensions given in
Cross-sectional area of vocal tract 4%m Table I, first-formant frequency of 500 Hz, and vocal-tract losses of 73 Hz
Cross-sectional area of trachea 2.5%cm for vowel // (House and Stevens, 1958
Ach By B1 20log,B1 Ueh T Tilt

me H H (dB) e/ (msg) dB
spectral tilt indicator H1* —A3*) was found to be highly em (e (em’s e

correlated with that of the first-formant prominence 0-00 0 73 37 0 0 0.0
(H1*-A1) and the noise judgmeni(,). According to the 8'01 ;i 1‘3?1 ig 2(33 8'12 g'g
theoretical models, all three measurements are related to the, o5 46 119 42 100 017 100
existence and size of a glottal chink. Analysis of the acoustic 0.04 62 135 43 133 020 111
measurements suggested that the subjects could be classified.05 7 150 44 166 023 121
into two groups. Speakers having relatively low values of 8-83 122 ig‘i j;‘j) ;gg 852 ﬁ-g
H1* —A3* andHl_* —Al, indicating strong h|gh—freqy§ncy 0.08 124 197 6 S6e 030 1a:
content and prominerit1 spectral peaks, were classified as g o 139 212 47 299 032 152
members of group 1. The noise ratings were also lower for .10 155 228 47 332 035 158

this group, suggesting little aspiration noise in the vowels:
Speakers in this group were hypothesized to have abrupt
glottal closure, with posterior glottal chinks that vary in SizeF1=500 Hz. E2=1500 Hz

., afundamental frequenc
(including zerg. Speakers in group 2 had higher values of d Y

of 100 Hz, and an open quotient of 50%. For this hypotheti-

H1*-A3* and Hl*;Al' lindicatini muhch h_leﬁs hig_h— cal case, the formants are centered on harmonics, and mea-
frequency energy and weakeil peaks. The higher noise o 11_A1 andH1-A3 directly from the synthesized

ratings for these speakers suggested more aspiration nOiseéﬂectra would give us estimates of the minimpwssible

the speech. Therefore, speakers in this group were hypOtr\'/'t';llues. However, because it is often the case that formant

esizgd to have relatively large posterior glottal .chinks ex'frequencies are not centered on harmonics, we estimated the
tending beyond the vocal processes, with n0n5|multaneoq§]inimum expectedzalues by subtracting 3 dB from the am-

glottal cll_os_ure. s of fib o locted fromPtude of AL, and 2 dB from the amplitude @3, to com-
Preliminary results of fiberscopic images collecte rOmpensate. By matching the calculated minimum airflow

four of the 22 subjects supported this hypothdsianson, (Ugp), shown in Table II, with measured minimufdc) air-

1995a. Moreover, a listening test showed that group 2, gata collected by Holmbergt al. (1988 and Perkell

speakers were perceived as having preathier voice qualité(t al. (1994, we estimated the average and maximum ex-
than group 1 speakers, also suggesting that they had relgs, o4 areas of posterior glottal chinka,f). From these

tively large glottal chinks(cf. Scdersten and Lindestad, values, the expected average and maximum first-formant

1990. bandwidths were obtained by calculating the contribution of
the glottal chink to the first-formant bandwidth, using an

B. Current study equation given in Hanso{1997, and then adding that value

0 minimum bandwidths measured experimentalyant,

In the current study, we extended the' earlier experimen 972: House and Stevens, 1958he average and maximum
to male speakers. Based on the theoretical models and the

equations presented in Hans(995a, 1995, we calculated values ofH1—-A1 were estimated using the bandwidth esti-
the contribution of a posterior glottal chink to the spectral tilt mate;. The average and_ maximum valueg-laf—AS. were
and the first-formant bandwidth, for a range of cross-oPtained from Table Il using the average and maximum val-

. . . ues ofA.p,.
sectional areas for the chink. For these calculations, we as- ch . .
Table 1l summarizes these predicted values. Because

sumed a uniform vocal tract having the dimensions given in
Table I. In addition, we assumed a subglottal pressure of
6300 dynes/cﬁ1(6.4 cm HO0), which is the average value TABLE lll. Predicted average, minimum, and maximum values of acoustic
for males found by Holmbergt al. (1988. For each cross- measures for male speakers, assuming @rof 100 Hz, an open quotient of

. . 50 percent, and a uniform vocal tract with resonant frequencies at odd mul-
sectional ar_er of the gIOttaI Chkah ’ We_ also calculated tiples of 500 HzH1—-A1 andH1-A3 are given in dB, an@1 is given in
Uch, the minimum(do) flow. The estimations are summa- Hz. The maximum estimated value 6f1—A3, given in parentheses, is
rized in Table Il. We see, for example, that a glottal chink ofbased on the assumption of simultaneous closure of the vocal folds, and
area 5 mra would result in a first-formant bandwidth in- therefore, measured values could be higher. See Sec. IB of the text for
crease of 77 Hz and an additional tilt of 12 dB at 2500 Hz, additional details of the calculations.

From analysis of the glottal-waveform model H1_-Al H1-A3 B1

KLGLOTT88 (Klatt and Klatt, 1990 and experimentally
measured formant bandwidti&ant, 1972, we estimated Q‘.’e.rage —7.0 137 119
inimum —-11.3 4.7 73

minimum values for the measuré$l—-Al and H1-A3.

: - ) Maximum -2.3 (19.9 205
These calculations assumed a uniform vocal tract for which
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additional spectral tilt due to both a posterior glottal chink2. H1*-HZ*, HI*-A1, H1*-A3*

and nonsimultaneous glottal closure is difficult to estimate,  peasurements were made for all repetitions of the three
our estimate of the maximum value Bf1-A3 assumes a gpels. Spectra were obtained by applying a Hamming win-
simultaneous glottal closure. Therefore, we expected that wga to the speech signals, and computing the 512-point dis-
might see even higher values in the human data. Predictegete Fourier transfornDFT). The length of the Hamming
values for the females tended to be higher than those for thgindow was chosen such that a minimum of two complete
males; the maximum expected values of bdfi and pitch periods of the waveform were covered; it ranged from
H1*—Al were higher, as were both the minimum and maxi-32 to 50 ms, depending on the average pitch of each speaker.
mum values oH1* -A3*. For the vowel &/, the window was centered at the initial part
We next describe experimental data collected from malgy the eight consecutive glottal cycles from which the first-
speakers on which the acoustic measures described in Sggrmant bandwidth was estimated. For the vowelsahd A/,
I A were made. As described in the Introduction, earlier workihe measurements were taken three times throughout each
by other researchers suggests that females are more likely {gxen at 20-ms intervals. Corrections were made to normal-
have posterior glottal chinks than are males. Thereforejze transfer-function effects on the amplitude of the third
theory predicts that there should be significant differenceggrmant. The effects of neighboring formants were removed,

between the average values of the acoustical descriptors fgg, which, on averageA3 was corrected by-7.8 dB for e/,
male and female speakers. It is also possible that males will 4 6 4B for £/, and +2 dB for //. In addition, the ampli-

display a smaller degree of variation than females. tude A3 was further adjusted, because the average third-
formant bandwidth varies by vowel. House and Stevens
Il. EXPERIMENT (1958 measured th&3 bandwidths for the vowelse, a, €/

at 103, 64, and 88 Hz, respectively. Thus, vowelsdnd £/

would, on average, hayeé3 amplitudes that are 4 and 3 dB
We collected data from 21 adult male speakers betweepyer, respectively, than that of the vowal./Because we

the ages of 19 and 71. Most of these speakers were MIFe only interested in source effects on the amplitudg f

ticipating in speech production experiments. The speakergng 3 dB for £/.

appeared to have no signs of voice or hearing problems, and

all were native speakers of American English. The micro-3 nojse rating (N,,)
phone was positioned to be 20 cm from a speaker. Subjects
were instructed to speak in their normal tone of voice, as . _ . )
naturally as was possible. There was otherwise no control qu_ound its averagk 3 frequency_usmg a filter with a band-
intensity. The utterances consisted of three nonhigh vowelé’)"dth 0f 600 Hz. Plots of the filtered waveforms were ar-
/e, €, Al, embedded in the carrier phrase “Say bVd again.” ranged randpmly across vqwe_l and spe_aker, "?md_ were rated
These vowels were chosen because the first formant is well” 2 four-point spale(l) per|o_d|c, no \_”S'ble n0|se(2) be-
separated from the first harmonic, and the first and seconﬁlOdIC but occasional noise intrusiof) weakly periodic,

formants are well separated from each other, thus simplify9 ear evidence of noise excitatiof) little or no periodicity,

ing the acoustic measures. Each utterance was repeatga'Se is predominan(Klatt and Klatt, 1990. The ratings

seven times, with the 21 sentences presented in random ofsre made independently by two judges, who did not know

der. The first and last tokens of each vowel were discardea'}'h'Ch waveforms corresponded to which speaker. Their rat-

The remaining 15 utterances were low-pass filtered at 4 8195 were well corr_elatedr%O.??), and the average differ- .
kHz and digitized with a sampling rate of 10 kHz. ence in the two ratings for each token was only 0.36. Their

two ratings were then averaged to obtain one noise rating for
each token per speaker. Figure 2 shows typical waveforms
corresponding to the four rating levels.

The acoustic measurements described in Sec. | A were Despite the consistency of their ratings, the judges re-
made in the following manner: ported feeling somewhat uncertain about them because some
. . of the waveforms had what appeared to be second pulses
1. First formant bandwidth (B1) appearing about halfway through a pitch period. These extra

Each repetition of the vowekd/ was bandpass filtered puylses gave the appearance of noise, but did not really seem
around its averag&1l frequency using a four-pole digital to be the random noise expected for aspiration. Hence, the
Butterworth filter with a bandwidth of 600 Hz. The first- judges were not convinced that high noise ratings actually
formant bandwidth was estimated from the rate of decay ofeflected large degrees of aspiration noise. This effect is dis-
the resulting waveform as determined by the peak-to-peakyssed further in Sec. 11l B.
amplitude of the first twd-1 oscillations. The vowek¢/ was
chosen because itS1 is usually high enough to allow at ||| RESULTS AND DISCUSSION
least two oscillations to take place during the closed part of
the glottal cycle. Estimates were made on eight consecutive"
pitch periods during a stable section of each token. The 442
estimates were then averaged to obtain a mean value for each The mean values of the acoustic parameters for each
speaker. speaker are summarized by vowel in Tables IV-VI. Mini-

A. Speakers and speech material

Each repetition of the three vowels was bandpass filtered

B. Measurements

Statistical analysis and comparison with predicted
lues
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TABLE IV. Average values of the acoustic parameters for the vowél21

male speakers, whet¢1* —H2*, H1* -Al, andH1* -A3* are given in

dB, N,, is the waveform-based noise judgment, 81dis the bandwidth of

the first formant, given in Hz. Numbers in boldface represent maxima or
minima for each measure across speakers. Parentheses around a noise judg-
J ' ! ' ! ! mentN,, indicate that a speaker was judged to consistently exhibit second-

0 20 (@) 40 ary pulses for the vowelsee Sec. Il B for detai)s The mean value, the
standard deviation, and the average standard deviation per each subject are
also given for each measure.

Subject H1*—H2* H1*-A1l H1*—A3* Nu B1
M1 3.7 7.4 9.0 1.4 102
. ‘ . , , , M2 -0.5 -8.0 6.2 (22 115
0 20 40 M3 0.6 —-6.4 20.6 1.9 103
(b) M4 1.1 -1.2 22 1.9 213
M5 0.4 -2.3 14.6 1.2 65
M6 -0.2 -7.8 14.1 1.6 92
M7 -0.7 -8.6 15.8 (2.6) 101
M8 0.3 -2.3 11.1 1.3 127
M9 -0.3 -8.0 16.3 23 114
. . . . . , M10 -03 -77 12.6 1.7 80
0 20 40 M11 -3.3 -8.7 15.9 1.5 67
(c) M12 0.4 -5.9 215 (2.9 157
M13 -0.9 -55 12.7 1.4 147
M14 -0.9 —-12.5 10.6 1.7 104
M15 -0.4 -10.3 16.6 1.5 178
i A R A M16 -1.3 -5.6 17.6 (2.9 58
M17 -1.2 =55 15.2 1.6 245
M18 1.8 04 24.1 (32 160
0 ! 20 ! 40 ! M19 4.0 —-5.2 22.2 2.1 121
M20 -0.6 -16.1 11.1 1.8 63
(d) M21 ~0.6 —23 166 (22 230
TIME (ms) Mean 0.0 —-6.5 15.5 19 126
s.d. 1.6 3.8 4.7 0.4 55
FIG. 2. Examples of the degree of aspiration noise ratiNgs, The speech Mean s.d. 13 14 25 0.4 20.5

waveforms(vowel /x/) have been bandpass filtered in the third-formant
region, and their amplitudes have been scaled to fill the full available range.
Ratings were made by two judges and averaged. Each example is from a
different male speakera) N,,~1; periodic, little evidence of nois&b) relatively large third-formant bandwidth because it is pro-
Ny~2; periodic, occa_sional intrusioq of noige) NW§3;_ Weakly periodi_c, duced with a larger degree of mouth opening, it is possible
leegtraggfence of noisdd) N,,~4; litte or no periodicity, strong noise . these speakers have particularly large third-formant
' bandwidths for this vowel. Although we attempted to remove
filter effects, this result indicates that the measure might be
mum and maximum values for each measure are given isensitive to variations in articulation among speakers. How-
boldface, and mean values across speaker are shown at tbeer, given that the difference among vowels is due to a
bottom of each table. The standard deviations of the meanmminority of speakers, and that compared with the total range
are also given. To get some idea of the consistency of eadbf the measure, the difference is small, we do not consider
speaker, standard deviations across token were computed feach vowel separately in the following analysis.
each measure. The average standard deviations across The means, maxima, minima, and ranges of the mea-
speaker are given at the bottom of Tables IV-VI. Comparingsures are summarized in Table VIII, and compared with es-
those with the range of values across speaker observed ftimated values from Sec. | B where appropriate. As can be
each parameter, we can say that most speakers were genseen, there is considerable subject-to-subject variability in
ally quite consistent. However, there are only five tokens foithe measurements. For the most part, the measured values
each vowel, and it is not clear to what extent these measurese quite close to the estimated values, in several cases
of variability represent a larger sample size. within less than 1 decibel.

All measurements were subjected to repeated-measures The minimum value oH1* —A1l is about 5 dB less than
analysis of variancdANOVA) with vowel /e, A, ¢/ as a that predicted, but this relatively large difference is only due
within-subject factofTable VII). Only H1* —A3* showed a to one speakefM20) who has an unusually low first-
significant difference among vowel$F(2,40)=11, p harmonic amplitudeH1). It is likely that this speaker has
<0.01]. Reference to Tables IV-VI shows that the mean foran open quotient that is significantly lower than the 50%
this measure is about 3.5 dB greater for the vowsglthan  which was assumed for calculation of the predicted value.
for the other two vowels. Upon closer inspection, we foundThe prediction may also have been too conservative because
that for eight speakersd 1* —A3* is significantly larger for we assumed that the first formant does not usually center on
/el than for £/ or /a/, while for the remaining speakers there a harmonic, and therefore we reduced the estimated ampli-
is little difference among the vowels. Recalling that has a  tude of the first-formant peakAl) by 3 dB. In retrospect,
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TABLE V. Average values of the acoustic parameters for the vow/gRL TABLE VI. Average values of the acoustic parameters for the vow/gP/L

male speakers, wheté1* —-H2*, H1*-Al, andH1* —-A3* are given in male speakers, whet¢1* —H2*, H1* -Al, andH1* -A3* are given in

dB, andN,, is the waveform-based noise judgment. Numbers in boldfacedB, andN,, is the waveform-based noise judgment. Numbers in boldface
represent maxima or minima for each measure across speakers. Parenthesgsesent maxima or minima for each measure across speakers. Parentheses
around a noise judgmem,, indicate that a speaker was judged to consis- around a noise judgmem,, indicate that a speaker was judged to consis-
tently exhibit secondary pulses for the vowsée Sec. Il B for details The tently exhibit secondary pulses for the vowsée Sec. 11l B for detai)s The

mean value, the standard deviation, and the average standard deviation peean value, the standard deviation, and the average standard deviation per

each subject are also given for each measure. each subject are also given for each measure.

Subject H1* -H2* H1*-Al H1* —-A3* Ny Subject H1*-H2* H1*-A1l H1*-A3* N
M1 4.2 -4.9 10.3 15 M1 3.8 -4.9 10.5 1.4
M2 -0.2 -9.8 4.8 15 M2 1.2 -9.9 5.7 1.6
M3 1.9 -6.5 17.0 2.0 M3 0.8 -7.2 17.2 1.8
M4 0.8 -39 22.8 2.2 M4 -0.8 -5.9 18.8 2.1
M5 25 -2.9 13.0 15 M5 2.2 -3.7 135 14
M6 -2.3 -9.8 111 1.7 M6 -2.3 -11.9 12.0 15
M7 -0.1 -5.7 18.1 2.3 M7 -0.1 -7.0 12.7 1.8
M8 0.4 -5.7 11.3 14 M8 -0.2 -6.2 12.5 1.3
M9 -1.8 -11.1 8.8 2.3 M9 -2.1 -12.3 7.8 (2.7
M10 -2.3 -6.1 11.2 1.8 M10 -2.3 -6.7 9.7 15
M11 -2.7 -9.4 14.8 2.0 M11 -3.2 -9.6 11.7 1.7
M12 0.3 —6.6 15.4 23 M12 1.4 -5.1 23.1 (3.0
M13 -1.8 -35 10.7 14 M13 -0.7 -6.5 7.5 14
M14 -1.4 -11.2 9.7 1.3 M14 -1.8 -12.7 8.2 1.8
M15 0.4 -6.0 15.4 1.6 M15 0.1 -7.3 15.6 1.7
M16 -1.9 -25 18.8 (2.5 M16 -15 -2.3 19.2 (2.8
M17 1.2 -7.0 9.6 12 mM17 2.6 -6.8 11.2 1.6
M18 2.0 -2.2 154 (2.5 M18 35 -1.2 17.1 (3.0
M19 -0.1 -85 18.4 2.9 M19 31 -5.0 20.7 2.1
M20 -2.3 —-14.9 7.9 1.4 M20 -2.3 —14.0 6.4 15
M21 -1.0 =75 10.9 15 M21 -0.7 -6.8 9.9 1.5
Mean -0.2 -6.9 13.1 1.8 Mean 0.0 -7.3 12.9 1.9
s.d. 1.9 3.3 4.4 0.3 s.d. 2.1 34 4.9 0.4
Mean s.d. 0.8 1.4 2.4 0.4 Mean s.d. 1.0 1.6 25 0.3

In Fig. 3 we compare spectra from two speakers, illus-
considering that the harmonics are closely spaced for mostating the variability among male speakers. Subject M20, in
male speakers, perhaps we should not have made this adjugiie upper panel, has strong harmonic structure at all frequen-
ment. cies, and sharp formant peaks. He has relatively little energy

The total range oH1*—A3* is about 19 dB; that is, in the region of the first two harmonics. Subject M18, in the
some speakers have strong high-frequency content in thgwer panel, has good harmonic structure only up to about 2
vowel, while others do not. The maximum measured value Of(Hz; above that frequency, the spectrum appears noisy_ His
H1*-A3* was 24.1 dB, about 4 dB larger than that ex-formant peaks are less well defined, especially the first. En-
pected for abrupt glottal closure, suggesting that some speakrgy in the region of the first and second harmonics is quite
ers may have nonsimultaneous glOttal closure or r6|ative|£trong_ The amp”tudes of the formant peaks fall off more
wide third-formant bandwidths. rapidly for M18 than for M20.

The first-formant bandwidtiB1, as estimated from the Table IX shows Pearson product moment correlation co-
speech waveform, ranges widely from a minimum of 58 Hzefficients for the various measures. The correlations are mod-
to a maximum of 245 Hz, with an average of 126 Hz. Theerate (0.49r<0.60, N=63). One would expect that be-
noise judgments ranged from 1.2 to 3.2, indicating that SOM@ause degree of Spectra| tilt, high_frequency noise, and
of the speakers show little noise at high frequencies, whilg41* _A1 are related to the presence and size of a posterior
others show significant noise. This result is somewhat Surg|otta| opening, h|gher correlations should be observed

prising because in Klatt and Klatt'$1990 male data, among these parameters. The correlation betwtEh—A1
stressed syllables were not given noise ratings higher than

2.0. We discuss this result in more detail in the next sectionTABLE viI. Results of repeated measures analyses of varidAbOVA)

H1* -H2* has a total range of about 7.5 dB. Holmberg performed to examine differences in the acoustic parameters across vowels.
et al. (1988 found that the open quotient for a group of 25 An asterisk(*) in the third column indicates statistical significance.
male subjects ranged from 46% to 77%. According to the

. Measure F(2,40) p
KLGLOTT88 model(Klatt and Klatt, 1990, this range cor-
responds to an 8.6-dB change in the meaddilé —H2* H1"-H2* 0.4 >0.1
assuming thatFO is 100 Hz. Therefore, the range of :i*iﬁé* 11'3 zglcln*
H1*-H2* found in the current experiment seems reason- pgise 08 ~01
able.
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TABLE VIIl. Mean, minimum, and maximum values of the measufktas) acoustic parameters, compared,
where appropriate, with the values estima(st) in Sec. | BH1* —-H2*, H1* A1, andH1* —A3* are given

in dB, andB1 is given in Hz. The estimated maximumtdfi* —A3* is given in parentheses to indicate that it
is a lower bound on the maximufsee the text and the caption for Table IlI for details

H1*-Al H1* -A3* B1
H1*-H2* Ny -
Meas. Meas. Est. Meas. Est. Meas. Meas. Est.
Mean 0 —-6.9 -7.0 13.8 13.7 1.8 126 119
Minimum -3.3 -16.1 -11.3 4.8 4.7 1.2 58 73
Maximum 4.2 0.4 -2.3 24.1 (19.7 3.2 245 205
Range 7.5 16.5 13.6 19.3 15 2 187 132
s.d. 1.8 35 n.a. 4.8 n.a. 0.4 43 n.a.

and B1 is also low ¢=0.44, N=21), given that Al is observed in the speech waveform. Such second pulses were
mostly influenced by its bandwidth. However, other factorsrarely seen for the female subjects of Han$b®95a, 199Y.
do influence Al, including decay rate during glottal openingFigure 4a) and(c) show vowel waveforms from subjects M9
and source spectral tilt. In addition, as we describe in theand M16, in which examples of such pulses are indicated
next section, the method of approximating #& bandwidth  with arrows. As can be seen in Fig( and(d), the pulses
might have been inaccurate because of interference from @e more easily identified in the signals on which the noise
second excitation pulse. judgments were made; that is, the speech waveform band-
pass filtered at the third formant.
Given that the initial deflection for these pulses is in the
same direction as the pulses at the beginning of a period, and
The analyses of the data were complicated by two factnat it occurs about halfway through a period, it is likely that
tors not observed for female speakers. First, for a number qf js the result of excitation of the vocal tract at the time of
the male speakers, a second pulse during a glottal period Wagottal opening(Note that the change in the derivative of the
glottal waveform is positive following both glottal opening
and closurg. As a rough approximation, then, we can con-
sider a second pulse to be a delayed, attenuated replica of the
M20 main pulse. By Fourier analysis, these second pulses should
A result in an attenuation of certain harmonics in the speech
40 4 ’ \fl. | spectrum. The delay of the second excitation relative to the
‘ U\ \ main excitation determines which harmonics are affected,
i ' A \ with the effect being strongest when the second excitation is
sz \I | m ﬂﬂhn I ) delayed by about 50% of the glottal cycle. Figure 5 is the
1L ' V' I (\ fll m spectrum of the waveform shown in Fig(a where the
i i ' !\v VVM\ second excitations occur about halfway between the main
pulses. As the model predicts, the amplitude of almost every
other harmonic appears to be attenuated, resulting in a noisy-
FREQ (kHz) looking or irregular spectrum. Preliminary experiments with
speech synthesis show similar changes in the speech spec-
trum. Note also that multipulse excitation has been found to

B. Complicating factors

60

MAG (dB)

60

‘\ improve the quality of speech synthesized according to the
) M18 linear predictive coding(LPC) model (Atal and Remde,
{‘ AMN\ A 1982. Therefore, our hypothesis that the secondary pulses
s % V '" are caused by excitation at glottal opening seems reasonable.
2 \ ﬂ V {\1\/ \/\ . In Fig. 4(b) and(d), we see that the extra pulses interfere
(O] . . . .
< | v f \ | /J with the perceived regularity of the waveforms, and, in fact,
S
20 L]
TABLE IX. Pearson product moment correlation coefficients for the acous-
! tic parameters for the three vowels,/a, ¢/ combined. The notation n.s.
0 indicates that a correlation was not significaNt= 63, except for correla-
tions with B1, for whichN=21.
0 1 3 4 5
FREQ (kHz)
H1*-H2* H1*-Al H1*-A3* N,, Bl (/=/)
FIG. 3. lllustration of the range of spectral characteristics related to glottal H1*—H2* 1
configuration observed in male subjects. The vowetfisThe spectrum for H1*-Al 0.49 1
subject M18(below) has greater spectral tilt, less well-defined formant H1*-A3* n.s. 0.55 1
peaks, a greater degree of noise at high frequencies, and a higher relativeN,, n.s. n.s. 0.60 1
amplitude of the first harmonic, compared to the spectrum for subject M20 B1 (/x/) n.s. 0.44 0.33 n.s. 1
(above.
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FIG. 4. Speech waveforms showing evidence of a sec-
ond glottal excitation{a) Speech waveform for vowel
leel, subject M9. The arrow indicates an example of a
second pulsep) The waveform ofa), following band-
pass filtering in the=3 region. The second pulses are
more easily seen(c) Speech waveform for the vowel
/el, subject M16;(d) The waveform of(c), following
bandpass filtering in thE3 region. The second pulses
show greater variation in amplitude than those of the
waveform in (b), making this waveform appear rela-
tively noisy.

amplitude (mV)

L L

100 200 300 400 500 600

(d) time (ms)

we mentioned in Sec. IIB that these pulses hampered thexplanation is that the lower fundamental frequency of males
confidence of the judges in their noise ratings. To study thigllows a longer time for the third formant to decay before
effect, the bandpass-filtered waveforms used for the noisglottal opening occurs, and thus a second excitation would
judgments were presented to a third judge for evaluation obe easier to see. It could also be that females are less likely to
the existence of a second excitation. If extra pulses werbave second excitations for physiological reasons, such as
consistently observed, that is, a second pulse was presentless surface tension of the folds.
almost every glottal period in the waveform with the same  Details of the causes and consequences of these extra
amount of delay, the vowel token was judged to have a seaxcitations will require further investigation. However, it is
ond excitation. If at least three out of the five tokens for aclear that this second excitation and its effects on the speech
given vowel were found to have a second excitation, thatvaveform and spectrum could have consequences for studies
vowel was labeled as having a second pulse; the remainingf male speech. As we have seen, the high-frequency noise
vowels were labeled as not having a second pulse. A plot gludgments become more difficult, because the existence of
noise judgmentN,,) vs H1* —A3* is shown in Fig. 6. The the second pulses may make the filtered waveforms seem
open circles represent vowel data judged to have a secondore irregular, as shown in Fig.(#) and (d). Spectrum-
excitation. Nearly all the vowel tokens given a noise ratingbased noise measures could also be affe(fagl 5).
much above 2 were also judged to show evidence of second A difficulty also arose for the estimation of tiel band-
pulses. Given that the male subjects of Klatt and KIB890  width. For some speakers, the decay offfieoscillation did
did not have noise ratings greater than 2 for stressed syhot appear to be exponential as expected. Some waveforms
lables, this result suggests that for the group of data in queshowed signs of an increase in the amplitude of the formant
tion, the noise ratings do not accurately reflect the degree afscillation, possibly due to a second glottal excitation. In
aspiration noise in the signal. Although the ratings for thisother cases, formant decay was truncated due to the opening
group of data are questionable, they are included in Tablegf the glottis. Therefore, the accuracy of the bandwidth mea-
IV-VI because this finding is the result pbst hocanalysis
and our hypothesis is not conclusive. The noise ratings that
are in doubt are given in parentheses in those tables. 80
The question arises as to why we do not observe this 70
phenomenon for all of the data. One possibility is that not
every speaker has a second excitation at glottal opening. & 60 i
However, only three speakers were found to have second E 50
pulses in all three vowels, while one speaker had second =

pulses in two vowels and three showed second pulses only ¢ 40 |
. — ]

for /e/. It seems unlikely that a speaker would have second

pulses only for certain vowels. Hence, it is possible that ex- 30 TR L "

citation at glottal opening is common, but obvious only for 20 ] ] U

vowel tokens in which the third-formant oscillations die out I !

quickly. Evidence for the latter is that/ usually has a rela- 10 ;

tively wide third-formant bandwidth ande/ tokens were

much more likely to be judged to have a second pulse than 1 2 3 4 5
FREQ (kHz)

the other two vowels.

One can also question why this problem arose for thex g, 5. spectrum of the speech waveform in Figa)4The effect of the
male speakers and not for the female speakers. A possibfecond pulse is evident in the attenuation of the alternating harmonics.
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surements is uncertain, which perhaps explains the low comwith previous data that females have a wider range of open
relation between the measurdd* —-A1 andB1. quotient(Holmberget al, 1988. The histogram in Fig. (&)

The complications described in this section suggest thathows that the male and female data are fairly well sepa-
the F1 bandwidth estimates and the waveform-based noisgated, with only about a 4-dB overlap.

ratings must be interpreted with care for male speakers. There is a highly significant difference between genders
for H1* —A3*. The female speakers have an average of 23.4
C. Comparison with female data dB, while the male speakers have an average of 13.8 dB,

) indicating that female speakers tend to have much weaker
The acoustic measurements for male speakers wefgq frequency content in the speech signal. This result is in
compared with the female data collected by Hangfi95a, agreement with the finding by Perkedit al. (1994 that

1997. The maxima, minima, means, ranges, and averag ales have a higher maximum flow declination r@f#-DR)
standard deviations of the acoustic parameters for male ar#1 an females. A 10-dB change in tilt is easily perceived

female speakers are given in Table X. Histograms for eac . . . ;
measure, illustrating the contrast between male and femalsuggestmg that spectral tilt may be an important parameter in
speech é\re shown in Fig. 7 &fferentiating male voice quality from female. In the histo-

' e gram, Fig. 7c), the female data are seen to be rather evenly

There are considerable differences between the me . .
values for female and male data for all measurements. Th%pread throughout their range, while the male data are clus-

averageH 1* —H2* for male and female speakers differs by tered around 8 to 12 dB. .

about 3 dB. Previous studies which measured the relative FOF the measuréil*—Al, the average difference be-
amplitudes oH1 andH2 for both male and female speakers tWeen genders is around 3 dB, |nd|cat|.ng that female speak-
found somewhat greater differences. Klatt and Ki{a890  €rs. on average, have a weaketr amplitude. In Fig. ),
found a difference of 5.7 dB between the genders, and Herihe data are seen to be less well separated than those for
ton and Blador(1985 also found thaH1-H2 was about 6 H1*—H2* andH1*-A3*. Out of a total range of 20 dB,
dB greater for female speakers. However, the general trend Bignificant overlap of the genders is about 10 dB. In Fig.
in agreement that female speakers have, on average, largéd), we see that females tend to have wider first-formant
relative amplitudes of the first harmonic, suggesting that theypandwidths than males, as was found experimentally by
have larger open quotients, as has been observed by Holrhujimura and Lindqvist(1971). The male data are more
berget al. (1988. Note that the range and standard deviationtightly clustered than the female data.

are also slightly larger for the female speakers, in agreement The amount of aspiration noise is another acoustic cor-

TABLE X. Comparison of mean, maximum, and minimum values, and standard deviations of the acoustic
parameters for male and female speakers. The meaddresH2*, H1* —Al, andH1* —A3* are given in dB

and B1 is given in Hz.N,, is the waveform-based noise judgment. M indicates male data and F indicates
female.[Female data from Hansdi1995a, 199Y]

H1*—-H2* H1*-A1l H1*-A3* Ny B1 (/=/)

M F M F M F M F M F
Mean 0.0 3.1 -6.9 -3.9 13.8 23.4 1.9 2.3 126 165
Minimum -3.3 -2.6 -16.1 -124 4.8 8.6 1.2 11 53 53
Maximum 4.2 6.9 0.4 3.9 24.1 35.0 3.2 3.8 245 280
Range 7.5 9.5 16.5 16.3 19.3 26.4 2.0 2.7 192 227
s.d. 1.8 2.0 3.5 4.3 4.8 6.6 0.5 0.7 54 61
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FIG. 7. Histograms of the acoustic measures for male and female speakers.

relate of the degree of breathiness of a vowel. Comparing th&he gender differences discussed above are evident in these
noise ratings of female and male speakers, we see that fepectra: the female subjeatpper ploj has less well-defined
male speakers display more noise, on average, than malermants, steeper spectral tilt, more high-frequency noise,
speakers, in the frequency range of the third formant. Al-and a larger relative amplitude of the first harmonic.
though the average difference is not very latg® for males Figure 9 plots the noise judgments against the measure
vs 2.3 for females as we discussed in Sec. llIB it is likely H1*—-A3* for both male and female speakers. The data for
that most male tokens given ratings of 2 or higher appearethe female speakers are divided in the two groups, group 1
to be noisy due to a second glottal excitation rather than tand group 2, described in Sec. | A. The data of the male
aspiration noise. In that case, the likelihood of females taspeakers are divided to indicate which tokens were judged to
have stronger aspiration noise than males is greater than show evidence of having been produced with a second exci-
indicated by the data in Fig.(@ and Table X. tation. Most of the male data, with the exception of those
Figure 8 compares vowel spectra from male and femalgiven relatively higher noise ratings due to the second exci-
subjects having average values of the acoustic parametetstion, fall in the same range as the group 1 female data. This
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1 formants, the amplitudes of the peaks in the frequency re-
female sponse should remain the same. While that assumption is not
_ entirely true, it is probably safe to assume that gender differ-
At ences in formant frequencies have minimal effect on the
acoustic measures considered here.

To analyze the effects of fundamental frequency differ-
\ ences, we consider the derivative of the glottal waveform,

60

40

because that is the effective excitation; for simplicity we re-
\f\ U\ fer to this derivative as the source wavefoluft). Let us
[ {\ A A V A first assume that the male source wavefasig(t) is simply
vU\I W\ﬁ V V \‘]\ . the female source waveforbh(t) scaled in time, and there-
0
3
FREQ (kHz)

20

MAG (dB)
[ T —=

fore open quotient and waveform amplitude remain the
same. On average, the pitch period of males is about twice
that of females, and consequently we scale in time by a fac-
¥ tor of 2, that is, Uy (t)=Ug(t/2). In the frequency domain,
male Uu(w)=2Ug(2w). There are two effects, then: a compres-
sion along the frequency axis and a scaling of spectrum am-
plitude. The compression in frequency and scaling in ampli-
tude mean that a harmonic at 2500 Hz in the male spectrum
va V I \ ’\ will have the same amplitude as a harmonic at 5000 Hz in
' I ) i the female spectrum, plus 6 dB. At very low frequencies,

' W I\{W i where the source spectrum is relatively flat, the spectrum
20 1Ant A \,\ Nv

60

MAG (dB)

magnitude will be raised by 6 dB. At higher frequencies, the
magnitude of the female spectrum falls off at 6 dB per oc-
tave; thus, at a given frequenay

FREQ (kHz)

FIG. 8. Comparison of spectra of the vowe! for average female and male =6 dB+20 |0910| U,:(w)| —6 dB.

subjects. The female spectrutapper ploj has greater spectral tilt, less . . .
well-defined formant peaks, a greater degree of noise at high frequencied,N€ net effect of a simple waveform scaling, then, is that the

and a higher relative amplitude of the first harmonic, compared to the malédower-frequency harmonics increase in amplitude by 6 dB,
speaker's vowel spectrufiower plog. but the amplitudes of the higher-frequency harmonics are
unchanged. Therefore, all else being the same, the measure

result is not surprising if we recall that group 1 females wereH1* —H2* should be the same for males and females, but
hypothesized to have abrupt glottal closure with relativelyH1* —A1l andH1* —A3* should be 6 dB greater for males.
small posterior glottal chinkéSec. | A. The male data that Our data suggest, however, that this model is not appro-
were marked by second excitations do not follow the trencpriate, and therefore the gender differences observed in our
set by the female data, providing further evidence that thelata are most likely due to details of the glottal configuration
high noise ratings for these vowel tokens do not truly reflecand waveform, and to vocal-tract losses, rather than to fun-
degree of aspiration noise. damental frequency and formant differences. In fact, we

Figure 10 shows the relationship between the measurdegiow from other experimental data that the male source
H1*-Al andH1*-A3*. Most of the male data overlap waveform is not simply a time-scaled version of the female
with the group 1 female data. There is very little overlap ofwaveform. In particular, for male speakers the open quotient
male data with the group 2 female data. This result agreeis smaller and the maximum flow declination ré¢FDR) is
with the previous studies that the presence of a posteriogreater than for femalegHolmberg et al, 1988; Perkell
glottal chink that persists throughout a glottal cycle is com-et al, 1994. Typical open quotients for males and females
mon for female speakers, while occurring much less freare 50% and 60%, respectively, leading to a gender differ-
guently, or to a lesser degree, among male spededer-  ence of about 3 dB for the relative amplitudes of the first two
sten and Lindestad, 199MNote also that, contrary to Fig. 9, harmonics, based on the KLGLOTT88 model of the glottal
the vowels judged to have been produced with a second exvaveform (Klatt and Klatt, 1990. This difference is about
citation do not stand out in any way, but instead follow thethe same as that found for our male and females subjects.
trend set by the female data. This observation is further evi- It is primarily the first harmonic that is affected by
dence that the noise judgments for these speakers are nghianges in open quotient, and therefore the predicted values
representative of their glottal configurations. of H1* —Al1 andH 1* —A3* for males relative to females are

It is well known that adult male speakers tend to havealso reduced by about 3 dB. The MFDR, or negative peak of
lower fundamental frequencies and formant frequencies thathe flow derivative, mainly affects the spectrum well above
females. It is fair to ask how significantly these differencesthe first harmonigFant, 199%. The higher MFDR of males
contributed to the gender differences reported. If the malshould boost the amplitude of their formants, relative to
formant frequencies are simply scaled versions of the femalthose of females. Data reported in Perletlial. (1994 pre-
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FIG. 9. Relation between noise judgmeht,, andH1* —A3* for the male and female data combined. Open trian@lesrepresent group 1 female data,
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dict that the difference will be about 5.3 dBor normal to attribute the remaining 4.3-dB difference in the measure
voice). The combination of the open quotient and MFDR H1* —A3* to the greater tendency for females to have pos-
effects with the time scaling, then, predicts that the measuretrior glottal chinks. Thus, we have shown that the observed
H1* —Al andH1* —A3* will be about 2.3 dB less for males gender differences are largely due to details of the glottal
than for females. configuration and source waveform characteristics.

Our data shoviH1* —A1 to be, on average, 3 dB less for
males, andH1* —A3* to be 9.6 dB less. Our first-formant
bandwidth estimate$which include both glottal-chink and
vocal-tract loss@swould lead us to expect th#&1 will be Vowel data were collected for 21 male speakers, and
2.3 dB higher for males than for females, in addition to thewere analyzed using acoustic measures believed to reflect
MFDR effect. The net effect is thad1* —A1 should be 4.6 glottal configuration. Significant variations among the speak-
dB lower for males than for females, consistent with ourers were observed for all of the acoustic measures. The data
finding. Third-formant bandwidth differences could increasewere compared with female data collected in an earlier study.
the gender difference iA3* by 3 dB or so. It is reasonable In agreement with predictions based on theoretical models

IV. SUMMARY
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(O) represent group 2 female data, filled trianglds represent male data showing little evidence of second glottal excitations, and adferisisresent
male data showing significant evidence of second glottal excitations.
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