


The sound pressure at the medial end of the ear canal is
always greater than the sound pressurenear the outer edge of
the obliquely oriented tympanic membrane,
than the maximum sound pressure in the standing wave pat-
tern within the ear canal lateral to the tympanic membrane.
Furthermore, if the source drives a coupler that has a larger
diameter than the ear canal and the sound pressure is mea-
sured at the wall of the coupler, then a still greater discrepan-
Cy is obtained between the sound pressure at the medial end
of the ear canal and the “coupler” sound pressure, Thus it is

not unexpected that calibration procedures involving direct
measurements of sound pressure in the ear canal or measure-
ments with couplers that are too large or are not suitably
terminated will lead to threshold sound pressures that are
lower than those found in the present study.

Our experience in this research has highlighted the diffi-
culties in delivering known sound pressures to the medial
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end of some ear canals for frequ_encies at the upper end of the
range 8-20 kHz. The cross dimensions near the entrance to
Some ear canals are sufficiently great that sound propagation
within the ear canal in the principal mode cannot be guaran-
teed. The existence of higher modes in the ear canal pre-
cludes the accurate determination of the sound pressure at
the tympanic membrane whether the sound is delivered
througha coupling tube, as in the present study, or through a
more conventional headphone. Consequently, there willbe a
substantial number of subjects for whom threshold determi-

nations at the higher frequencies are. likely to be in €error,
possibly by 10dB or more. One way to circumvent this prob-

that in air, into the ear

canal and the coupling tube, The
greater velocity of sound

propagation would
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INTRODUCTION

Individual speakers of any language may u:;’br;z:ll;)j
and creaky phonation types in addition to “normal !I: tvpes
tion. Certain languages also employ t.hese phonatloh él;n_
distinctively. In recent years, phoneticians and speech s nd
tists have been interested in detefmir,ling. the acmllfuc :ion
physiological properties that are dist;nctlve fqr p °“:u od
types. Two interrelated lines of research are being purs t' s
One is concerned with identifying distinctive characteris 1c-
of phonation types which might be compared across sll)ggls .
18 and languages (Fischer-Jérgensen, 1967; _Laver, ascer:
Bickley, 1982; Ladefoged, 1983). The other aims tt? hona-
tain the best means of quantifying different aspects O pF r-
tion, from vocal-fold vibration to the acoustic signal (. ou
cin, 1974, 1981; Rothenberg, 1981; Javkin and Maddmz:i
1983; Kirk ef al., 1984). Data on movement of lary e
Structures are not easily obtained because the laryn’f s t
cateand somewhat inaccessible. However, there are lI-ldutelfe:
indicators of laryngeal behavior, an impqrtant one belgfﬁ e
glottal airfiow. The present study examines glottal ak ot
Properties of phonation types in Hmong, a Sout.heaftl ar-
laﬂgllage which uses breathy and normal PhonaFlon' P he
ticular, we will focus on measures of 81°fta1 airflow 111nt}:e
time and frequency domains and will consider how wef llov{'
distinguish Hmong phonation types. In this way, we 10 till
both lines of inquiry: We add another language to the s
"mall database of linguistically significant phonation b
ad we quantify properties of an interface between p Yttal
:;)gical and acoustic models of phonation, namely, glo

ow,
Our time domain measures of glottal flow were chost;:i
With an eye 1o their possible physiological correlates. Ro N
enberg (1981) reports, for example, that physiological prop
etties such as vocal-fold closing speed and closure duration
arereflected in the glottal flow waveform. Thus variations 11
\

; . tie
9 Portiong of this paper were presented at the 111th Meeting 02;1‘(‘ IAQ‘S";")‘;
al Society of America [J. Acoust. Soc. Am. Suppl. 179, §
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these properties can be inferred from measures of the glottal
ese

orm. What differences of this type might we expect

:;atve:en breathy and normal phonation? Van den Berg
W

8) described the basic aerodyna.\mic ‘and physnolog;c;:ll
: 195' ) s necessary for vocal-fold vibration. These gen y
wnqltIOHS I: have since been elaborated som'ewhat' [Broa
l'equll'emef(ll sStevens' (1977) provide useful dxscussmns],hzfs
o rre s models of the vocal folds discuss.ed by Ishi-
in e twO-I:'limtssudaira (1968, 1972). The e§sent1al acrci::ly-
zaka_ - i ament for vocal-fold vibration is that‘ therebea
inabl reqmmre drop across the glottis. Given tl-ns pressure
pi pl‘eS§;1 ble adduction of the vocal folds, v1§ratlon xsil a
oD B e 21’ the differences in air pressure agtmg o:.t ae:
00::;%1:‘6::3 inferior sections of the vocal folds, in combin:
su|

: two sec-
. ; upling between these
tion with the mechanical coup i which tends to restore

; d

: stiffness of the fol .

t;:)ns, tﬁ:)ntcli1 ;-l:-ei;ﬁtial position from the extremes of the vibra
them

ycle. Breathy voice is generally considered to be gener-
tory cycle.

r and less closely adducted
ated by voos f:{d:otil;:.t g;:eaxtzssue stiffness is one of t:e
thas & n(')rmto move the vocal folds inward dunlr:lg tnei
factc.>rs actll'lgn of the vibratory cycle, la)fer fo}ds cou. < co! -
clf)smg pomlo s abrupt closure. In additlgn, if the_ f9 s ar ;
:’n:t‘lll:' ::;:rte:han they are for normal voice, then it is posst
0

f the folds will make contact at

er portion O *
b}e ttlllrzt :::(llilcl:ingpz shorter closed phase. Furthermore,
closure,

be no closure at all.

‘ far apart, there may

the folds ari:;g’ﬁes of the glottal flow .waveform r;po.rtle:llx
Soncll:rp conditions in which we believe these physiologi

vary umn

cal factors to be varying. Bickley (1982) observes, for exam-
a

e w y vowel
ple, that in Gujarati, glottal flo pulses of breathy vowels
]

e more symmetrical dur-
have S CII(:sed It)ll:::es a}::gea;ulses of qormally voiceg
ing the 0= l:;l:lt;c,f:’losm'f: duration is indicative of vgcal-fol
o gon In addition, the pulse symmetry dlﬁ'efre;;rce-
clPSure dlm;d .a have its physiological counterpa‘rt in y

Bickley not. mdz'w of breathy and normal phonation suc
those g:}gos\::cin (1974), who reports that although vocal-
as
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fold closure is always more rapid than release, the difference
between clpsure and release is less in breathy voice than in
normgl voice. Javkin and Maddieson (1983) discuss some
quantitative measures for these properties of glottal flow
waveforms and apply them to phonation contrasts in Bur.
mese. Among other measures, they characterized flow uls;
shap.e Py determining the slope of lines between endpoirl:ts f
the rising and falling branches of the glottal pulse. They r(e)-
:;:1: tha.t creaky and normal-voice tokens of Burmese were
g rr:rezgmshed by the “slope” of the rising branch of the pulse.
e sn:: ::1:] :r‘x;li:;a:;: m;lasure of the falling branch of
fication of glottal flow wave:‘;m::i:)v:; v Tt
mal phomacion . 0 the b_reathy versus nor-
e phon dum:%:t'rast in Hmong, including also a measure
Our frequency domain measures were chosen
felaetxl}ll ta :pgtral measures of phonation type which ;1011\?: IaI;-
o recordj':e s\:;cess in analyscs of normal audio (pres-
o, oo 3398 veral investigators (Fischer-Jérgensen
1967 Bickley, 1982; Ladefoged, 1983; Kirk e al, 1984)
. at measures 9f the amplitude of some higher
spectral o mpon.en.t in .relatlon to the amplitude of the funda-
mental ;s a d.nstmct:vc acoustic difference between con-
o Guar o::.atmn types. For example, Fischer-Jérgensen
or thi t :h i ;pwels) and Ladefoged (for 1X66 vowels)
pondt forme ifference in intensity of the fundamental and
s fo la:nt or lower harmonics is a fairly reliable corr:
(198 co:ﬁr:ne::lhy/nomal' phonation contrast. Bickl: .
percontio e hitlme findings and presented results ofi
perception thisw ch support the notion that listeners
sort of spectral bal o

s . : balance when they j
grees of breathiness. Finally, Kirk et al.’s (1984) s);l;':ll)(rl %:‘

the three-way phonation isti
. type distinction in
:ound:t;mt the relative difference between theJ:::;l o Mazatec
g‘:ul'lshi ental and the first formant was successf?xlns ilr:y c?ft.he
Howe::egr ctf:\lg]’; tt::;al (normal), and breathy v?)‘vitelln:
‘ » th measures are taken as indi '
gﬁ::;c:o: mgealg!l)ehavior, they are vﬂnl;‘:lt(:?::;s i::f
upraglottal cavi )
son and Ladefoged (1985) rep:l o that 1y aple, Maddi-

on the second harmonic of hj i

~pit

enoug_h tha.t the relation of ha:gml?ol:li: hamed ;’i::v; fs was s.tr ong
opposite direction of what we P © went in the

i : . would .
l(zlﬂ‘erem.:e in amplitude of the fun damezl;lect' That is, the
armonic was greater for the t and the second

vowel. To quantify spectral ense vowel than for the moda]

diff;
types of speakers or languag erences across phonation

. speal , we clearl '

wlhlch minimize suf:h supraglottal interfez'e?leczd XJ ?Slfr&
place to look, then, is in frequency characteristi . D
plac cteristics of glottal

Discussions of glottal spectra oft
wav i i i -

descc:;’g;mt;s; their starting point. Thus van den Ber. (19
properties of the glottal spectrum g 58)
ence to glottal pulse shape. Although he is mSnm er
ﬁ:)ﬂ;fllces' in mode of singing voice or changes in int i
: voice, rather than addressing the topic of hensnty «
ypes, his comments are still helpful in predicting gh:;xatlon
; ~ e Whal spec-

take thc glottal ﬂOW
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tral differences to expect for different voi qualities.
den Berg says that a “weak and relatively blrc:ad puff ™ ( e
p.hase) of the glottis, characteristic of falsetto and low vy
sity qormal voice, will produce higher harmonics of-::
axgphtude than those of normal voice. He contrasts this with
?n ) stn.)tng and relatively short puff,” characteristic of high-

ensity normal voi i i
miensit ce, which produces stronger higher har-
Fant (1980) makes similar claims about the relation of
spectral properties to glottal pulse shape. The voice source
quel d'escribed there was developed to parametrize the re
lationships between glottal spectra and glottal pulse shapes
o'b:ﬁlerved for normal phonation produced at different intes-
sities. He notes that pulses which have a less sharp closing
akin to van den Berg’s “weak puff,” will have spectra domi-
nated by the fundamental, with weak higher harmonics. In
contrast, pulses with proportionately sharper closing phascs
will have weaker low harmonics and stronger higher fre-
1?uency harmonics. If glottal pulses of breathy-voice vowels
ave a less sharp closing phase as proposed earlier, we pre-
dict that the glottal spectrum will be comparable to that of
:’:ln d;n Berg’s “broad puffs,” with a prominent fundames-
- :: v;'ew strong higher harmonics compared to

spect;a (e);vxl} employ two measures to characterize glottal
spectra. 0 ¢ is a local comparison of the amplitudes of the
spectral tilarmomcs; the other is a more general measure o
spectralt t. The results of our waveform and spectrum mes-
e :in t%gether suggest that measures of g!ottal flow
oy gnificant differences between phonation type
ermore, we suggest that these quantities might be I

corporated into existin ot .
. g descriptions of phonation based 08
normal voicing. P p

I. METHODS AND PROCEDURES

tion ?;I:dymg voice quality in Hmong requires some atte?"
tic voiceone patterns. Syllables in Hmong have a characteris
seven suqll:ah ty and a particular pitch. In Hmong, thereare
“tones ”% somp lexes, which will be referred to here
labeleci h able I“mus“ ates this seven-way contrast, The 08¢
have a ere as “checked” is reported by Lyman (1974 t0
seen mglg;tahzed or creaky quality. However, a3 be
tone’ gi: ta collected here support the description of ﬂns
voice qu:;{tby Smalley (1976), who attributes 10 S
ened and 1y to It, describing vowels with this tone 8s short-
terminated by a glottal stop.” Both Lyman **

Small . “
in Tal:l}; 1fp(’rt 'a breathy-voice quality for the seventh

TAB | ' -
cate tI;EeIi,T‘-he seven-way tonal contrast in Hmong. The number pairsind
eight and contour, where 5 is high and 1is low.

_—
Pi .
teh (quality) Word, tone transcription, and gloss .
High (normalj -
1Qt t. 55 “mum kln” "
ﬁllsclln(g nf)normal) t::“ . “fo daI:nup (water)
mal) 3 €, % N
Crecgeah s obeshl
Fal?fnkgd {Bormal) tau®*! “hean”
Fy e a2
: ‘W( reathy) : tau? . “to follow” gl
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0. 1. Schematic diagram of the airflow recording system.

" Because we can best draw conclusions about phonatory
dfferences from measures of glottal flow properties which
reflect only phonation type differences, we chose to compare
“Weathy” and normal voiced syllables of similar pitch range
‘dmm“f. Consultation with a native speaker revealed
ﬁ.“bfﬂlhng and low normal voice tones would be appro-
poate for comparison with the low breathy (henceforth
m)').mne and the checked tone, the latter included be-
Qe of ts supposed creaky quality. A word list was devel--
%ed combining each of the four tones with three syllable
pes of the forms /pa/, /tau/, and /taw/.’ Three male
eakers of Hmong between the ages of 16 and 18 were re-

Commfimg each of these words twice.

speaker bgned oral é.md nasal airflow was recorded for each -
abery (‘;"91;!8 a special mask of the type described by Roth-
frumeata] g)» m C.Onj\mction with the UCLA Portable In-

chare honetics Station, the relevant components of
inverse represented in Fig. 1. The flow recording was then
tered, as described below. The FM recording sys-
aérequency response flat ( + 3 dB) from dcto 2000

vas noy ca;_qllency response of the flow recording system
alibrated, but, as the transducer itself has a flat

s Tesponse up to at least 2000 Hz, the overall re-

magk ‘Rof;w:?ably limited by the characteristics of the
of th:n erg _( 1973) reports that the frequency re-

s Si‘:::lascll(i;s flat to about 1000 Hz.

o ording, the signal from the mask was senttoa
ml:;e;’ then through an FM system, and into a Nagra
maded“ﬂngoﬁlflef- For each speaker, a test sample was
8%, and wag g, ch the FM signal was recorded on the Na-
Prison wigh then displayed on the chart recorder for com-
Thug the recOrZiunmod\ﬂated signal from the preamplifier.
Seaker, 1o ng and playback system was checked for
Wotem, A oo ensure a minimum of distortion by the FM
the Tecordip, tte tape recording was also made of most of
¢ ana]yiiseSSIon’ to facilitate identification of tokens
theingey eréné: A ﬁnal_ audio recording was made without
IWeresm dﬁceog’themask‘ At this time, the words in Table
: ice by each of the speakers, and recorded onto
g a Sennheiser condenser microphone.
in analysis was digitization of the recorded
pling with an LSI 11/23 computer. After

Ban A A B i 5 Eakeriary 108F

demodulation, the recorded signal was passed through a
low-pass Bessel filter with rolloff beginning at about 3 kHz
and reaching attenuation of — 25 dB at 9000 Hz, and then
digitally sampled into the computer at a rate of 18 000 sam-
ples per second. Individual words were then identified and
stored separately for further analysis. Another preliminary
step was production of wide- and narrow-band spectro-
grams, and power spectra, from the airflow recording of
each vowel token, using a Kay digital sonagraph. Wideband

spectrograms were used to determine vowel duration and to

observe the general formant properties of the vowel tokens.
y-state portions identified

Power spectra, taken during stead .
on the wideband spectrograms, also offered insight into for-

mant structure. Narrow-band spectrograms were used for

pitch measurements.

In measuring duration from the wideband spectro-
grams, the beginning of the vowel was taken to be the mo-
ment of voice onset after release of the (unaspirated) stops.
The end of the vowel was judged as the last point at which
there was energy in two of the first three formants. To ascer-

tain pitch from the narrow-band spectrograms, measure-

ments of the highest well-defined harmonic (usually the

fourth or the sixth) were made at vowel onset, midpoint, and
offset for each token. Fundamental frequency was then cal-

culated from these values.

As mentioned earlier, a major goal of the analysis was
recovery of the glottal flow waveform from the airflow re-
cording. The technique of inverse filtering was used, employ-
ing a computer program developed at UCLA;. for a more
detailed description of the procedure see Javkin et al. (in
press). The general method of inverse filtering aims to re-

move the resonance effects of the vocal tract and radiation at

the lips in order to determine characteristics of the a.cousti.c
signal that can be attributed to the glottal source. Lip radi-
ation effects present in oral pressure waveforms are not a
factor in volume velocity measured with the Rothenberg
mask. Thus, in the present study, only the resonance effects
of the vocal tract needed to be filtered out. o
The inverse filtering program applies nine zeros within
the frequency range 0-9000 Hz. There are four zeros below
4500 Hz; these were specified by the experimenter fqr each
vowel analyzed. The zeros applied at highef fre:quenf:les had
fixed values, set at intervals of 1000 Hz beginning with 4§00
and subsequent low-pass filtering

_Damping by the mask ow- .
e . ion made it unlikely that significant differ-

during digitizatt .
encwgbetWeen tokens would be present at' hlghferrfreiquen-
cies. LPC formant analysis was used primarily to identify the
' he spectrum where the lowest

i he poles in t
f‘;ixqruze;'(::ssl?ixfld bi applied. To facilitate Qeteminatign of
these formants by LPC analysis, the flow signal was differ-
enced twice. This resultedina pree.mphasxs of 12dB/oct, the
negative of the rolloff characteristic commqnly reported for

 the glottal source. This procedure has very little effect on the

determination of the frequ::n}clle; of glv;g?tl‘e:, although it will
ination of the ban .
affect the deter coefficients were computed for

Next, linear prediction -
each vowel token at 10-ms intervals, using a 25.6-:31s Ham-
ming window. Trial analyses calculating formants via 14and
16 coefficients proved unable to consistently separate the
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first four formants as estimated from the wi
grams anq power spectra mentioned earlier, csl;tf)';: ?hse:(:;g
i8 coefﬁglems were calculated and corresponding formant
frequencies and bandwidths were derived by solving for the
roots of the LPC polynomial. Spurious formant values gen
erated by LPC analysis were corrected, and values forgfor-
mants higher than the fourth were deleted so that the fil ‘
could serve as input to the inverse filtering program. ®
wav;g;;eswaswconsxdcrable variation in the smoothness of
The multiplirity‘:)(;‘egcgﬁr;h:ﬂ’gﬁnpas: Of:alinverse oo
subglottal pressure, vocal-fold mass,gtesn(;ti:m iz:;—oral .y
::a::});: :e f:;—;;:e:s;t;s to ex(;i)«sc}tl gross variatio:;n 1:? :ltg:
ipe & ers and phonation t
flow oscillations during the course of any si e ot sl
However, inverse filtering should remgvs mﬁg o Plflse-
tions attributable to resonances of the voialI:e g 0301113"
was pos§ible to determine the significance of w:/cn et
;;21;1;:, it was necessary. to determine whether ?rsll;f:p‘{::;
A porton of ash v
A each vowel token was selected
:ir;:l)‘::: ;hte location within Fhe vowels of the cgz:ﬁr;};f
thon w th;cx;lrated by properties of the inverse filtering pro-
e ef’fect ich ;\ssumes that tl'xe vocal tract has relatively
ot cffect oc:1 .t e glottal flow, i.e., that there is no coupling
e voca th::act resonapces and vibration of the vocal
o 1S assumption, when the first-formant fre-
th simaion ofthe st ormeru e e icne requency
: 1s influenced by th i-
f::;aomf et'}:tealfutrlxldza\m?ntal. In the case of a higlf—anfpalriltlsge
ably o » the estimated first-formant frequency is
. prob-
. For the Hmong vowels, this proble: . avoi
::ﬁléo:,:v]v:‘l: with fairly high ﬁrsl: forml:ln::?snaa‘xlr?;?;dtzy
oo diphtho:::‘[)::]t}z:ig[g t'a:"]x ;m: tltle r(lionfront low c’mse:
o - A steady-state i
toyl;( egl:o;tai fuls.es was selected in the midd);e of e:;:ti’?)n of
by LPC);n alarrgmatlon. of formant frequency values deriweii
o2 }:rsxs, and, in some cases, spectrograms as welle
e oot : trl:wnophthongs, the selected portion was n‘ .
tion e of e vowel; _for the diphthongs, the stead -
Fiore 2+ }l;l(t) v(::e;til:;ﬁ (;f th; duration of the vow);lpo -
w . imple of a glottal flow '
e glpa;g:\;ivlst ;z;rkx;g os0§11at10ns possibly attribu:;:: ?filn,
o o bte lterin g. For this and other tokens, the frequ "
o oach o cillations were measured from the glottal e,
. these frequencies corresponded to fo, t oo
:;(:lirelc(:zsn fo; etéxe token,. then it was assumed that tlll.:en fa e
o thanc;eﬁ | out by inverse filtering was of greateroarﬁa?t
o e ihan o ginally allowed for by the bandwidths cal ot
y formant analysis. These original banc?v:':izl;lt;

10 ms

FIG. 2. Glottal flow waveform with resid

incomplete filtering. ual oscillations possibly due to
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from LPC analysis of the airflow data were on th
120-200Hz for F 1, 130-300 H ik
-y O e z for F2, 300-580 Hzfor F3,
Mask losses are surely responsible for i
therefore greater bandwidths, I;n the highee:t:‘::)nrrlxl'xaatlllot::ﬂni
qther factor in bandwidth determination is that LPC analy-
sis was done within windows that included complete glottal
cy'cles. Consequently, LPC-derived bandwidths represented
nelthex.' strictly open- nor closed-phase vocal tract acoustics,
but a time average. Since the amount of glottal opening has
be‘en ob.served to increase formant damping [ Fujimura and
Ll.ndqv1st (1971) ], inclusion of the open phase in LPC anal-
ysis would be expected to increase bandwidths somewhat.
l-‘fltch-synchronous closed-phase LPC analysis was not pos-
sible because, while normal-voice tokens could be assumed
to paye a closed phase, we could not make this assumptiona
priori .for the breathy tokens. On the relation of formant
damping to glottal opening, it is interesting to note that
;ﬂaﬂy of t}}e largest F 1 bandwidths in our data occur in
T eathY-VOIQc tokens, which would be expected to have more
tgllliiteai opinmg than normal-voice tokens. For two of the
ihree. peakers, breathy-voice tokens have the largest band-
1dths, while there are no systematic differences among the
nonbreathy tokens.
. To attempt to provide for more complete cancellation of
ormants, the bandwidths to be used for inverse filtering
K;se :et;reased, and the sample was inverse filtered again.
b reyc et :cfl' varying bandwidths and inverse filtering again
ot tlI::ab with Yanoqs‘amounts of bandwidth reduction,
e est filtering with the least possible bandwidth re-
frequencWa§> achieved, as judged by the least residual high-
This roy l;pple in 'the c.losed phase of the glottal waveforn-
o clI;s e<c:le v;lxre of judging quality of filtering by flatness of
ore] htg ase [ adopted by Rothenberg (1973) and otl-
phase bgan ; ¢ considered a post hoc approximation to closed-
e widths. In general, for the first and second for-
10_50, I; ec.tn.ze bandwidth reduction was on the order of
Ha and nglzvmg bandwidths for inverse filtering of 70-1%
fortants 90 Hz, respectively. For the third and fourth
ing in b : ;ed,“ctlon was on the order of 100200 Hz, result
e c;m widths of 100-480 Hz and 100-540 Hz, resp
ﬁlter);d na few occasions, examination of an incompletely
via chs:lgnal suggested that the frequency values Calc‘}la
high In t;llnalyms for F1 or F2 might be centered slightly
20_4-0 & ese cases, lowering the first or second formant by
Z improved the output of inverse filtering.

Il. RESULTS
A. Duration angd pitch

needlzzf(c);e e-):iamining'the results of the inverse filtering ¥
Duration nst ef the duration and pitch of the vowel tokel{s-
Signalin tlli of mteres:c because it might be playing a I ole In
cerna gh € phonemic contrasts in question. The $a0° con-
physi (ﬁg es to pitch. Another reason to examine pitchis ﬂ“‘h
changes gical adjustments made to bring about pite
our o easclim affect the glottal flow, and hence also influence
" Figur er ;3 ;f Properties of the glottal waveform.
the four shows average duration of vowels spok
mong tones of interest to this study. Data

en with
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difference in duration between checked and falling tones or
between low, falling, and breathy tones. (Unless stated oth-

foad erwise, the significance level is at least 0.01, determined us-
ing Tukey’s studentized range test, which controls for the

o experimentwise error rate for multiple comparisons.)
§ Therefore, we conclude that checked tones are usually

b shorter than the other tones, but duration is not a sufficient

cue to the tone differences.

Ly Figure 4 shows average onset, midpoint, and offset val-
ues of FO for each tone type, for each of the three speakers.

b Each data point thus represents the mean of six measure-
ments. For all speakers, the falling, breathy, and checked
¢ T tones are often similar in pitch at either the onset or offset,
t values at the other endpoint,

Low Checked Falling Breathy

FiG. 3. Mean vowel duration for each of the four tones, pooled across the

i geakers.

poked for the three speakers. As was noted by Lyman
(1974), t!le checked vowels are shorter than the normal
(ow, falling) and breathy ones. Notice also that among
these latter three tones, the low tone is on average longer
than both the breathy and falling tones. An analysis of vari-
ance on the pooled data found that of the four tones studied
mﬁ“ checked tone had a significantly different duration

the low and breathy tones; there was no significant

but they usually have differen
and often, at the midpoint as we
below those of the other three
slightly, it generally
others. The exception is spe
pitch differences between the
and checked tones have very ¢
noted that the tonal contour specifi

tones in Table I are only very genera

facts in Fig. 4. There is a consi

variation, both in frequency range

gree of similarit

In summary,

11. The low tone has its onset
tones, but in falling only
ends with a final value higher than the
aker 2, who generally has less
se four tones and whose low
lose offset values. It should be
cations given for these
1 representations of the
derable amount of speaker
employed, and in the de-

y between tonal contours.
the mean duration of the checked tone is

* Speaker 1 speaker 2
U Hz
240~
wd
220+~
2004
200+~
1804
X 180=
1504
160+ :
1404
140=
N —_
004 1204 %
100«
‘
FIG.‘ 4. The FO contours for individual
speakers, measured at vowel onset, mid-
point, and offset.
L ) Speaker 3
oy
204
TONE MARKER
2004 ) :
. Low x,.-——x
| ) Checked L Ll
o —— Falling OO
Lo Breathy et
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often fugn'lﬂcamly shorter than that of the other tones, but its
duration is not consistently distinctive. Also, while i;1divid-
ual onset, offset, and midpoint values of the four tones are
somctlm'es very similar, the pitch contours represented b
these points are generally different for the four tones. If ou)li
measures ef glottal airflow are able to characterize : hon
tion type differences regardless of vowel pitch, then tlﬁzy 0:1;

be considered that m
. uch more effective indi
tion type distinctions. cators of phona-

B. Inverse fiitering

The output of the inverse filteri
toft tering procedure is a wave-
g(;rvrvn rcpr;scntmg airflow through the glottis. Sample glot‘t:l
waveforms are shown in Fig. 5. In the Introduction

outlined ways of characterizi . :
waveforms. The followin rizing differences in glottal f

analyses of glottal waves
Hmong vowel tokens.

we
: ‘ ow
g two sections present results of
hape and spectral properties of the

1. Waveshape properties

consi‘:’:: :xammmg glot_tal flow in the time domain
pidered v:to measures likely to reflect glottal waves}’l
o ierences :d ::t?}?:eru:' ph?n:tion contrasts. The
atio of the duration of th
gll::;e pc;t;l t:: ilottal flow pulse to the total duratiofl ((:)lf? :;2
P oan ,rt en:eferth th.e closure duration ratio, Bickle
oot apsz o: t at in Gujarati normal-voiced vowels thi
od b hase o cupies abeut one-third of the total pitch ;)eri
o e o ey vl Th o
waveform measurement, name;]y, (:h: gl\:?ntltyl()ften weedin
The second measure conside et

we

ape
first

types. Ideally, then, we
R . n, would want to com i
k:-:na;}; i;)p;:s .for different phonation types. Hol:vazs e
addieson (1983) report that amplitude va:ira;t.'lav-
ions

within tokens interfered wi

with the effecti heir n

. ectiveness of t i

b_ anch sll;olpe measpre. Therefore, to control for dieﬁ“efalnll esg

1n flow pulse amplitude, we used the s]ope ratio. Witrlf t;'
. 1S

Normal

Breathy

10 ms

FIG. 5. Sample glottal flow waveforms from normal.

vowels of speaker 2. and br mt1>1y-voice

500
J. Acoust. Soc. Am., Vo, 81, No. 2, February 1987

105 } RiSE

—fail—!

FIG. 6. Sample glottal flow i i
_ ; pulse illustrating the closed )
ing and falling branches of the open phase; after Javkin :th:luz i:lnd p'!:)ﬂ'

tx.nez.zsure, a hxgl?er value (greater than 1) indicated a sharper
alling than rising branch slope. As was mentioned earlier,
?pen-phaee symmetry is a property of glottal flow wave-
orms whlch.has been reported to vary with the breathy/nor-
mal ’phonatlon contrast (Bickley, 1982). Furthermore,
Fant’s ( 1980).voice source model treats symmetry as a ps-
lrlameter_ contributing to differences in prominence of low
armonics, one spectral property reported to differ between
breathy and normal phonation.

+ C(iilottal flow waveforms were measured with the aid of
he Glotta program developed at UCLA [see Javkin ef ol
i(!:n press) for more discussion]. First, the opening and clos
stfa gomtts of the glottal pulse were identified for the six
o y als ate pulses chosen earlier. Figure 6 illustrates typical
ervals for a normal-voice vowel. Next, the Glotta pro-
tg;:r;l ;:l?lculated eeveral parameters, including the slopes of
dura?i ng and rising branches of the open phase, and the
fura ons of the closec.l phase, the rising interval, and the
mineg ;nterval. The rising and falling slopes were deter-
brahche;(mfl‘ the slopes of tangents to the rising and falling
pemnche of the flow 'pulee’. These tangents were estimated
ofthge rise average derivative over seven points in the midf“c
i (;nti branch anq falling branch. The closure duratiod
o and e slope ratio were calculated for five pulses of
9 ong token. From these values, mean duration and

Op; Tatios were computed for each token.
dosur;gn;re 7 shows means and standard deviations of the
o Thuratlon ratios pooled across speakers for all _f°“f
closeci- he nonbree.nthy tones are very close in value, with
prosed Phase duration at about 409 of the pitch period. The
Y tone, on the other hand, has a closure duration of

54

24

.14
T

o
Low Checked Falling Breathy

FIG. 7, .
period) xean closure duration ratio (closed phase duration/ t0tal pitch
r each tone, pooled across speakers. :
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Low Checked Falling Breathy

FIG. 8. Mean slope ratio (falling slope/rising slope) for each tone, pooled
xrom speakers.

shout half of this, or slightly less than 20% of the pitch peri-
°¢. Analysis of variance found the closed-phase duration
tltloto be a significant indicator of differences between
Mﬂ types. Thus, while none of the nonbreathy tones
"dlStl_ngl.lishable from each other on this measure, all had
'““C{ significantly different from the breathy tone. The
sume is true for speakers 2 and 3 taken individually. For
weaker 1, while the nonbreathy tones were not distinguished
.fmmh other on this measure, only the checked and fall-
23:‘ had closure durations significantly different from
thy tone.
! Tlle.1'2“10 of falling to rising slopes was less effective as a
Ostic of phonation differences. Figure 8 shows mean
) :::k standard deviations for each tone, across the
r1be etrl:‘ C.ontrary to e.xpectations, the breathy tone
nonb::that 13 only mafg@ally more symmetrical than
Were noty ‘ton.es. Analyels of variance showed that the
Reasure The lmgmﬁca.ntly different from each other on this
Bavy Slope-ratio measure is equally ineffective when
eakers anda:‘lllable in analyses of variance for individual
. tcn'on’ - us fewer tokens. Using the same significance
di;tin lfohspeaker did the ratio of falling to rising
tmfull]s any of the four tones.
o ght these results tell us about physiological pa-
open pﬁaonatlon contrasts? Symmetry of the glottal
se as measured here was not significantly dif-
ek of ¢ g:;il the breathy and nonbreathy tones. The same
5 28 eci?n; differences was evident for individual
f‘,’ld‘:losing Spee;i nsofar as pulse symmetry reflects vocal-
: cantly g » 1t would appear that this parameter is not
Hinong, N, . erent for breathy and normal voice in
s iy pitcle; %‘:‘ this measure also does not refiect differ-
Voice 11 gang 1cause it does not distinguish the normal-
2 the pojng at OW tones, which are quite different in pitch
takep Wwhich the samples for inverse filtering were

On ¢

. du::ig;h;r. hand, the ratio of closed-to-total glottal

Bishing Hmono been shown to be successful in distin-

Yure, the measng breathy and nonbreathy vowels. By its na-

butey ¢ the ure controls for several other linguistic attri-
Pend enﬂﬁvof‘vv els that a speaker could have varied

Lo OF phonation type such as vowel quality,

Acoust. Soc. Am., Vol. 81, No. 2, February 1987

pitch, and duration. As with other measures of the inverse
filtered waveforms, differences in vowel formants are as-
sumed to have been removed. Pitch differences as reflected
in duration of the total pitch period are controlled for by the
fact that the measure is a ratio, of closed to total duration.
Furthermore, overall vowel duration differences are irrele-
vant to this measure.

To the extent that flow pulse closure corresponds to vo-
cal-fold closure, the success of the duration ratio measure is
interesting because the differences between phonation types
are too small to be controlled directly. Recall that the ratio of
closed-to-total duration was about 0.40 for normal voice and
0.20 for breathy voice. At a low fundamental frequency of

100 Hz, this would mean a difference in closure duration of
approximately 2 ms. According to van den Berg ( 1958),
about 5 ms are required for a complete chain of motor and
sensory impulses to pass between the brain and the larynx.
Clearly, a speaker cannot be controlling the duration of the

closed phase directly. However, a speaker could be control-

ling one or more physiological variables which would pro-
duce this effect. As was mentioned earlier, changes in glottal

aperture or vocal-fold tension could contribute to such dif-

ferences in closure duration of the vocal folds.
It should be noted further that the Hmong checked tone

was not distinguished from the other three tones by either
the pulse symmetry measure Or the closure duration ratio.
With respect to these measures, the checked tone acts like
the other nonbreathy tones, which are produced with nor-
mal voice. In addition to this fact, there is spectrographic
evidence that we are justified in considering the checked tone
to be produced with normal phonation. Examination of
wideband spectrograms reveals that checked-tone syllables
have final glottalization. Recall that Smalley (1976) de-
scribed the checked tone as ending in a glottal stop. This
leads us to expect the first part of the vowel to have normal
voice quality, with only the end of the vowel being glot-
talized, i.e., characterized by low-frequency, often irregular
taps of the vocal folds as they come together for the glottal
stop. This is, in fact, how the checked tone sounds in the ‘
pronunciations of our three speakers. Spectrograms ofthe 18
checked-tone tokens show 14 of them ending with 2 to 6
glottalized pulses, where “glottalized” describes the widely
and often irregularly spaced voicing striations. In eontrast,
only 4 of the 54 nonchecked tokens showed even slight glet-
talization, of 1 or 2 pulses at the end of the vowel. T}.ms, in
the following, the checked tone will be copsidered with the
nonbreathy tones, without further discusston. :

2. Spectral properties
In previous sections, we have discussed how degree of
glottal stricture might affect glottal closure duration and
sharpness of the glottal closing gesture. In addition, we ar-
gued that sharpness of the glottal closing gesture should be
reflected in the glottal flow spectrum. I-f Hmong breathy and
nonbreathy vowels differ in glottal stricture, then we woul.d
expect differences in spectral balance to be detectable in their
glottal spectra. In particular, we would predict that, com-
breathy-voice tokens would have a

to normal voice, ‘ .
more prominent fundamental and weaker higher harmonics.
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FIG.9.§
pectra of the normal and breathy glottal flow waveforms in Fig. §

window over the pulses so a

X S t inimi; .
the amplitude of the signal O minimize the difference in

: . at the beginnj
window (i.e., to minimize ginning and end of the

discontinuities ;
pulses). Because of differe ntinuities in the series of

nces in fundam,
the number of pulses analyzed varied from :E::i ?:g' uerll:‘cy’
1x. Fig-

ure 9 shows sample s
token. pié spectra of a normal- and a breathy-voice

Our general spectral
bet _measure refers t .
: rvveen 0 and 2000 Hz. Given the low range °f spectral tilt
Y response of the Rothenberg ge of flat frequen-

mask. it ic g
tral shape determined for freq ne itis unlikely that Spec-

. uencies m
can be considered accurate. A lin ueh above 2000 Hz

used to fit lines to harmoni
. : IC peaks within t
;r;fr;/;lsssf:hosen. Since the literature (for ::a:% b
, ; van den Berg, 1958; Fant, 1980) suggels)t: ,tlfl : nl? -
at the

spectrum of the glottal sourc ibi

li : ¢ exhibits logarithmi

ines fitted to harmonic peaks were calculafed giirlllli‘rf olloff,
equen-

50,
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dB

Low Checked Failing Breathy

FIG. 10. M i
ot €an difference between F0 and H 2 for each tone, pooled acros

3; ::1 a logantl.lmic scale. For comparison, the regression
test fo:?\idOne with 'frequency on a linear scale. A two-tailed!
The: tes:l " I:elatlon was computed for each of these lines.
terized 1 Is. l:dlcated !:hat many spectra could not be charac-
frequen elia ly by a line .ﬁtted to harmonic peaks within the
was lineZ- mt‘lffvals' considered, whether the frequency scale
should be to rk Og?mhml.c. These results remind us that care
modelin sta de-n in making comparisons between results of
spectral %ﬂ ¢ udies and measures of real speech. Measures of
" Figure i’alée considered further in Jackson et al. (1985)
averagid o shows mean values and standard deviations
ance, the d;’;‘r speakers for another measure of spectral bal
ond 1’1arm0n' erence in amplitude between the first and s¢¢-
similar valu lc; (FO.‘ H 2). The nonbreathy tones have very
ly over 2 dBesT;)lr this difference, all clustering around slfght-
ence betweer e breathy tone shows a much greater differ”
Sis of variar FOand H 2, with a mean of 9.48 dB. Ananaly-
successful anee .four_ld .the FO — H?2 measure to be 8
sure dur t?t dISt",lguIShlng phonation differences as the clo-
diﬁerenta 10n ratio. While FQ — H 2 was not signiﬁcanﬂy
distingui;,a;,n ong the nonbreathy tones, the breathy tone 2
measure Ac;d from each of the nonbreathy tones o8
each ind} id alyses on this variable had the same result fof
ratio thevﬁl'oual speaker as well. Like the closure durati?
tion, or uali — H 2 measure is not affected by pitch, 4
here, theqf ldty of the vowel tokens analyzed. Pitch, meaning
vocal folds. ol frequency, or rate of vibration of the
that it inﬂs’ affects this measure directly only to the exté_!ﬂt
the 25.6- uences the number of glottal pulses analyzed W!
an hmile:ln $ window for DFT analysis. If pitch were having
higher pitz;’ we should see a differentiation between 1oW 27
measure d tones spoken in normal voice. The FO—
ies of FO 335;% show any such effect. Instead, the categof/'
normal ph 2 values correspond exactly to the breathy.
Phonation contrast within the Hmong tokens-
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RLDSCUSSION

Toadequately characterize a phonetic phenomenon, we
xed 1o relate its acoustic attributes to perception and pro-
iction by native speakers. For Hmong phonation types, we
pweinvestigated the relationship between acoustic proper-
ta and laryngeal gestures via examination of glottal flow.
Akhough we have not considered perception of phonation
tpes here, it should be observed that our results are consis-
et with Bickley’s (1982) finding that an “enhanced first
bermonic...was important in the perception of breathy vow-
&" (p. 80).

Insummarizing our Hmong results, we will first discuss
the relationship between acoustic properties of the speech
igal and the glottal flow waveform. Previous studies of
Inguistic phonation contrasts identified spectral promi-
mof the fundamental in the radiated speech signal as an
mportant correlate of phonation type. The Hmong data
that, for the breathy/normal voice contrast, there are
quntifiable and significant differences in prominence of the
f‘f“d'mefltal in glottal spectra as well. This confirms pre-
vous claims that source differences, not vocal-tract differ-
e, are responsible for the breathy/ normal distinction.
These differences are represented in the F 0 — H 2 measure.
On the other hand, contrary to theoretical predictions, mea-
%res of spectral tilt over several harmonics could not reli-
By characterize glottal spectra of different phonation
di";:m'rll;s?e(tzltral contrasts found co-occur with significant
e dur:tl‘ ow pulse closure duration, such that, whe.n
Mt While 1on }is smaller, the fundarpental is more promi-
e the 5 ac tS tl)rtgr closure duratmg doe§ not dlr.ectly

- ﬂo:e urla difference, th.e relatlonshlp established

; o r;;]a:.e closure duration and prominence of the
Wanifying the | l\ll(e b‘to the second harmonic is a first step to
*oustic attributm etween Fhe glottal.ﬂow waveform and

N es of phonation types in a natural human
mm:;:::lléere is already in .the literature a model of

Wicing, Fany Spelctral pl‘OPCI’thS of glottal flow for nor-
W10 deseribe rsel( 980) voice source model was devel-

o spectra b athI.IShlpS between glottal waveforms
frentintengis 1On ev1dence. from normal phonation at
ight of Y levels. We will briefly discuss this model
St olthe Hmong data on wavesh d 1
of breathy and 0. ves' ape and spectral prop-
RS model 1 b ormal phonation.
1l frequeny (S a}sed on three parameters: peak flow,

Ofthe rigiy EQulvalent to the inverse of twice the du-

reﬂecting sg ranch of the flow pulse), and k, a param-
Pe6ds of the voc:{’tr‘“lnetry between closing and opening
W ot roy gy !:)t ds. Quantxtles such as closure duration
tion i the thel‘actlon among these other variables.
"Ue0gth of diffey Tee parameters changes the relative
Tequenc ent spectral components. So, for example, if
Value of . (makii; anl? peak flow are held constant, a lower
® 1o the i gi :) eflow pqlse more symmetrical, i.e., less
closure c‘umt.results ina less. sharp falling branch,

e 0 derive the p, 1§1n, and weak higher harmonics.

Fanpg ceds to;S ts we reported for Hmong, a model
bet"een‘po and { ¢ abl_e to produce amplitude differences
, 'd 12, while generating the appropriate clo-
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sure durations for the two phonation types. We assume that
amplitude differences are not a result of changes in flow
pulse symmetry because symmetry appears to be nondistinc-
tive across tones in Hmong. So, for example, varying only k
as just described would not be an appropriate way of ac-
counting for all of the Hmong facts.

In Fant’s model, there are ways of generating differ-
ences in spectral balance without essential reference to sym-
metry. Low-frequency harmonics can be amplified by in-
creasing the “total air volume of the vocal pulse” (Fant,
1980). As an illustration, Fant suggests that a high-ampli-
tude (peak flow) pulse that is also more symmetrical (thus
broader) is consistent with a relative spectral dominance of
the fundamental. Describing the Hmong data in similar
terms, we might say that a relatively high-amplitude pulse
that is also proportionately broad (but not necessarily more
symmetrical) has a dominant fundamental, and that this
dominance holds not only in comparison to higher harmon-
ics, but also in comparison to the second harmonic. In other
words, varying the peak flow and glottal frequency param-
eters should produce spectra similar to the Hmong spectra.
However, the literature holds that it is the sharpness of the
falling branch that determines spectral differences most
strongly. A better understanding of glottal pulse shape dif-
ferences (amplitude, rising and closing slope, average “vol-
ume”) among phonation types and of the physiological fac-
tors which produce these differences would help in

identification of the primary acoustic correlates of phona-
tion types.

What can be said about the relationship between flow
waveshape properties and laryngeal gestures? Fant’s model
is of little direct assistance in this respect in that the param-
eters used are arbitrary properties of waveshape that cannot
be related simply to physiological quantities. Furthermore,
the physiological dimension(s) underlying flow pulse clo-
sure variations are not yet known. In this regard, the Hmong
results are of interest because, though the differences in du-
ration ratio for breathy and normal voice vowels in Hmong
are statistically significant, they are of an order of magnitude
so small that they could not be controlled directly. It is possi-
ble that, as has been discussed in the literature, variations in

glottal stricture are contributing to these closure duration
eling studies of vocal-fold vibration using

differences. Mod .
physiologically motivated models (e.g., Titze, 1984) may

clarify the effect which glottal stricture and other factoFs
such as vocal-fold tension can have on flow pulse closure in
phonation contrasts such as those in qung. .In summary,
the Hmong data demonstrate that investigation of glottal
flow by inverse filtering can help dirf:ct research towards
integrating acoustically and physiologlcally based models of
phonatidn. Moreover, our results suggest that‘ﬁ.ow pulse

y be more important than differences

volume differences ma
in pulse symmetry in the normal/breathy contrast.
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'Hmong is a Miao language belonging to the Miao-Yao language group of
Sino-Tibetan. The majority of Hmong speakers live in Southwestern Chj-
na, but many also populate northern parts of Burma, Laos, Vietnam, and

Thailand. There are substantial Hmong immigrant communities in the
United States.

*Two of the resulting items were possible but unreal words in Hmong:
breathy /pa/ and falling (normal voiced) /taw/.
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Harold R. Bauer i
h and Hearing Science Section, .
University, 154 N. Oval Mall, Columbus, Ohio 43210

RayD. Kent

Department of Communicative Disorders,
33706

The two major closant types studied wer

primary spectral components at higher frequencies,

infants.
PACS numbers: 43.70.Bk, 43.70.Fq, 43.70.Jt

NTRODUCTION

The human vocal tract anatomy is drastically remod-
dd in the first few months of life (Wind, 1970; Bosma,
95, Laitman and Crelin, 1976; Sasaki ef al., 1977). Be-
Aase of thig remodeling, the infant’s sound production ca-
mbiities and proclivities may differ in important respects
from those of the adult speaker and require study to proylde
lifespan perspective on phonetic capability (e.g., Chz.lpln et

+ 1982). Many of the anatomic differences are eas11y-ap-
reciated by inspection of Fig. 1. Among the most conspicu-
ifferences are the neonate’s shorter vocal tract, more
m.teﬁ"r tongue pbsition, broader and flatter oral cavity, rel-
i.tl'vely shorter pharyngeal cavity, relatively high larynx po-
ton (high enough to create engagement of the larynx and
), and lack of dentition (thus permitting ready

of the tongue tip into the labial space). An overall
Sometric difference is that the neonate has a gradually slop-
. Oropharyngeal channel. In comparison, the adult has a
Ly fight-angle bend between these two channels in a con-
ation that DuBrul (1977) called the “distinctively l§u-

\Craniovertebra] angle.” The peculiar features of the in-

t.s vocal tract during the first few months of life should
:;ede to the production of front vowels (because of tl}e

Or tongue carriage); velar, pharyngeal, and epiglottic
ants (because of the gradual slope of the oropharyn-

),c ¢l, and the opposition of epiglottis and soft pal-
men’tgrfld Nasalized vocalizations (by virtue of the engage-
Nxand nasopharynx ). Indeed, studies of mfant§
charactpf_efe.rences generally accord with these phonetic

¥1istics (Chen and Irwin, 1946; Irwin, 1947a,b, 1948;

}

S
: SOIgrvemon of this paper was presented at the meeting of the Acous-

D, Kent,e;y XfAmeﬁCa in Chicago on 27 April 1982 [H. R. Bauerand R.

Coust. Soc. Am. Suppl. 171, S21 (1982)1.

sounds in adult speech, the fricative sounds of the 3-i, :—,to e Kz, Tril rte raried

i i ill rate
from 16180 Hz with a mean of about 100, approximately four times the mean trill r
reported for adult talkers. Acoustic features are desc
fricatives and trills. The discussion of t'he data emphas O
that appear in infant vocalizations during tl.le ﬁrst_year o m,i
spectral data for auditory and motor self-stimulation by no
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izati i ically using 16-
Closants, or consonantlike sounds in infant vocalizations, were described acoustically g

0 or 40 kHz.
- d on waveforms sampled at' 2 ) 0 kH
et tyoes st analg :‘:isc:ilisvees and trills. Compared to similar fricative

9., and 12-month-old infants had

ribed for various places of articplation for
izes (1) dimensions of acoustic contrast

and (2) implications otj the .
al-hearing and hearing-impaired

; 83: Mowrer, 1980).
in and Chen, 1946; Locke, 1983; .
Irwn';";:infant’s short vocal tract (about1 7-9 cim fro:'; ﬂ(;::ttv)s
t male voc
i ared to 17 cm for an adu )
t(’) hpi,iszotrg lw)/ocal tract resonances that are pro;?ortxc;:lzattfllli
ili;;ser in frequency than those of the adult. Cocrllsfxideli1 t b'; o
i ? i 1 space, define -
the infant’s acoustic vOwe :
Ceﬂte; 3:lues of F1,F2,and F 3 (first three formant fric;\;ezx;
S‘?I'V)e is at about 1, 3,and 5 kHz (Kent_and Mulrray, : ofal;
’cl};se c;orresponding frequencies of the mldczfgt;ak ;/{ozwrespec-
approximately 0.5, 1.5, and 2. » TeSX
a.dlﬂt mTare::ehiIg)ﬁer formant frequencies, in combination
tl"lely.h infant’s higher fundamental frequency, averla(gn::tg
e t3600—600 Hz with a range of about .50—2000 H;lz ( t % n;
o7 M and Murry, 1980), cause infant vocal 1? i "
:97sg;undu1r1ir;h in pitch to the adult ear. Very little inform
0

\ . ¢
tion has been published on the spectral properties of infan
ion

Cri

. Man),
vocal tract showing the hard palate (HP), mandible (Man)

i i , vocal folds (VF), thyroid
g ep‘gl(c:::lsr;ﬁ)from Bosma, 1975).

FIG. 1. Infant "
' la (Uv), hyoid bone: )
‘(,";"uhy), and cricoid (Cri) cartilages
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