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Noise Source Models for Fricative Consonants

Shrikanth NarayanarMember, IEEEand Abeer AlwanMember, IEEE

Abstract—Hybrid source models for fricative consonants are propagation [4], [5]. Several approaches exist for simulating
derived based on aeroacoustic principles of sound generation em-the acoustics in the vocal tract [4], [8], [23]. In this study, a

ploying vocal tract area functions obtained from magnetic reso-  tie_gomain simulation method of acoustic propagation in
nance imaging data of voiced and unvoiced English fricatives. Re-

sults based on data from a male and a female subject indicate that the vocal tract pfopose‘?' by M_aeda _[8] is used to derive the
a linear source-filter model is fairly adequate for capturing essen- vocal tract transfer functions. Simulations of such 1-D models,
tial spectral characteristics of sustained voiced and unvoiced stri- besides providing a convenient framework for studying speech

dent fricatives below 10 kHz. The hybrid source models employ a production, are essential to validate the adequacy/inadequacy
combination of acoustic monopole and distributed dipole sources, of source—filter type models.

and a voice source in the case of the voiced fricatives. The number A revi f fricati ducti hani th ticulat
of sources, source locations, and spectral characteristics and the review otiricative production mechanisms, the articulatory

relative source levels are chosen based on an analysis-by-synthesi@nd acoustic data and source models used in this study are given
approach and are motivated by aeroacoustic theory of speech pro- in Section Il. The simulation methodology is described in Sec-
duction. The resulting model is computationally efficient and can tion Ill and the results are given in Section IV. A summary and

be readily used for synthesis. discussion of the results are provided in Section V.
Index Terms—Articulatory acoustics, fricatives, magnetic reso-
nance images (MRI), noise source models, speech synthesis, turbu-

lence, vocal tract area functions. Il. BACKGROUND

A. Fricative Production Mechanisms
|. INTRODUCTION Fricatives are produced when a narrow supraglottal constric-

... tionis formed in the vocal tract, and air flowing through the
RTICULATORY-TO-ACOUSTIC mapping in fricative tract, and constriction, generates turbulence in the region down-

, consonants, son_mds g:haractenzed by turbulence SOUTEfRam from the constriction [4], [20], [24]. The generation of
in the vocal tract, are investigated. Two problems are addresﬁ%qbulence occurs near the vocal tract walls and/or the teeth
1) The lack of accurate vocal tract models was overcomich may actas an obstacle. In addition to turbulence, the vocal
by collecting and analyzing magnetic resonance imaggsigs vibrate, at least for part of the frication period, for voiced
(MRI) and high-quality acoustic recordings from humakicatives. The eight fricative consonants in English, specified
subjects during speech production. o in terms of their place of articulation in unvoiced—voiced pairs,
2) The lack of satisfactory source models for fricatives Wage: the labiodental&/and &/, interdentalsg/ and &/, alveolars
addressed by the specification of physically motivated/ and 4/, and postalveolarg/ and 3/. The alveolar and
parametric models of turbulent sources that leverages th@sstalveolar fricatives are often referred to as sibilant or
oretical and experimental aeroacoustic studies of turbskrigent fricatives while the labiodentals and interdentals are
lence sound generation. The study resulted in the devgdferred to as nonsibilant or nonstrident fricatives.
opment of parametric hybrid source models for fricative | the past, several interesting theoretical and experimental
production. . . _ studies of modeling the acoustics of fricative consonants have
The flow problem ina complicated three-dmenspnal (3-Ddeen made in the articulatory, aerodynamic, and/or perceptual
vocal tract geometry is reduced to a one-dimensional (1-Bmains. In one of the earliest works on modeling fricatives,
problem based on several simplifying assumptions includifgeyer-Epplere [13] used mechanical tube models to study the
source-filter separability. Separability of the source(s) from thgjationship between sound-pressure and the Reynolds number
vocal tract assumes that the source properties are depengefow and used those results to infer the articulatory parame-
only on the airflow and the constriction geometry where th@rs for fricative production. Fant [4], Heinz and Stevens [9], and
airflow gets modulated (at the glottis and/or at a supraglottalanagan [6] all used a serial pressure source in a source-filter
location) and are independent of the rest of the tract. The lingapgel for synthesizing fricative spectra. Acoustic mechanisms
acoustic behavior of the vocal tract filter can then be modelegfricatives were investigated using aerodynamic theory of flow
as an electrical transmission-line model assuming planar wayMgced sound by Stevens [24] and followed later by extensive
experimental and theoretical work by Shadle [19]-[21] using
Manuscript received October 31, 1997; revised August 9, 1999. This wamRechanical models. A similar study by Pastel [17] on mechan-
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A. Alwan is with the Department of Electrical Engineering, University of.. . . . .
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Publisher Item Identifier S 1063-6676(00)01718-1. tion 11-D2 and invoked in the simulations reported in this paper.

1063-6676/00$10.00 © 2000 IEEE



NARAYANAN AND ALWAN: NOISE SOURCE MODELS FOR FRICATIVE CONSONANTS 329

Subject MI (Male) Subject  PK (Female)
8 -
R7
=] 2
[®}
> 0
S
wn
g oF
> T
< I
/th,db/
0 +
8 o
/s,z/
E .
(¥}
= 0
b N
2 _
2 B
< I
/sh,zh/
0 - 10 2 A |

0 Distance from lips, cm 18 Distance from lips, cm

Fig. 1. Area functions measured from MRI data for subjects Ml and PK. Solid line: unvoiced, dashed line: voiced. The last two laryngeal sectiatabf the v
tract are not shown.

Badin [1], [2] has contributed significantly to modeling the rearea measurements were in the range of 2—8% [14]. A section
lation between the aerodynamic and articulatory parameterderigth of about 3 mm was used, yielding a total of 55 to 60
fricative production such as the sound pressure, flow velocisections depending on the length of the subject’s vocal tract
and vocal tract constriction areas. (16.5 and 18 cm for PK and MI, respectively). The alveolar
fricatives of both Ml and PK were apical (i.e., constriction
formed with a raised tongue tip) while the postalveolars were
laminal (i.e., constriction formed with a raised tongue blade).
1) MRI Data: Area functions used in the modeling wereA sublingual space was consistently found in the postalveolars.
derived from MRI data [14]. Two phonetically trained na- 2) Acoustic Data: Speech data were collected in a sound-
tive talkers of American English (one male, one female), iproof facility with the subjects producing, from a supine posi-
supine position, sustained each consonant for about 13-18608, eight consecutive repetitions of each sustained fricative,
enabling four to five image slices to be recorded in a particuleach lasting for about 5 s, with a short pause between each rep-
scanning plane (about 3.2 s/image). MRI data for all eigktition. Each sustained fricative was produced beginning with
fricatives were obtained in the three anatomical planes: 28ttee neutral vowels/. Note that sound recordings could not be
35 images/sound/subject in the sagittal plane, and 40 to d@ade during the MRI experiments due to the high level of am-
images/sound/subject in the axial and coronal planes. Thésent noise. The speech data were recorded at 44.1 kHz directly
data were then used for 3-D reconstructions and measuremamt® a Sun workstation and were later downsampled to 22.05
of vocal tract length, area, and volume. Note that the “effectivikHz. An omnidirectional microphone (Beyerdynamic M101)
area of the airway was obtained by a simplification of theith a flat frequency response (within 4 dB) between 40—-20 000
morphology: subtracting areas of the tissues (uvula, epiglotti$z was placed approximately 22 cm from the subject’s mouth
aryepiglottic and glossoepiglottic folds, false vocal foldsat about 15angle off the midline. Fricative spectra were calcu-
piriform sinuses, and valecullae) from the total pharyngeklted using the Welch periodogram technique that used 100 FFT
cavity areas. Furthermore, since the teeth are not captured welbctra obtained from overlapping Hanning window segments
by MRI, measurements in the dental region were aided by i(23.22 ms length with 10 ms overlap). For each fricative, the
formation provided by the subjects’ dental casts. Area functionatural spectrum used as a reference for acoustic modeling was
from the male (MI) and female subject (PK), shown in Fig. lan average of the eight repetitions. Fig. 2 shows sample un-
were used for modeling. Calibration errors, overestimates, faviced fricative spectra for subject MI. Note that the acoustic

B. Data Acquisition and Analysis
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the front/back cavity coupling therein is appreciable. In addi-
tion, there may be an influence of other cavities such as the sub-
glottal system, piriform sinuses, and epiglottic valleculae (see
for example, [3]).

The high-frequency behavior of the voiced fricatives was sim-
ilar to the unvoiced ones [1], [15]. The relative level of the
main spectral peaks in the voiced fricatives, particularly the stri-
dents, was lower than the unvoiced ones, presumably due to a
smaller pressure drop across the supraglottal constriction [26].
w - The low-frequency region (about 1 kHz and below) of the voiced

- ; % : : fricatives is dominated by the effects of voicing. The amplitude
of “voicing” around the fundamental frequency was comparable
to or greater than the amplitude of the main spectral peak asso-
ciated with the lowest front cavity resonance.

C. Source Models

) : = ; 3 m All sources of turbulent flow-induced sound can be repre-
sented by some combination of three canonical source types:
Fig. 2. Spectra of unvoiced fricatives (spoken by subject Ml while in supinrenonODOIe’ dipole, and quadrupole [8], [11]. A f.low.mor.]Opde
posture, overlay of 8 tokens/panel): top: lefi; fight- /6/; bottom: left- &, right- SOUrCe reSUItS from a net unsteady mass |nject|0n_ into the
If1. fluid region. For example, flow monopole sources exist at the

nozzle of a jet wherein a net fluctuation in mass occurs. If

recordings were not calibrated to provide absolute sound pré £ :I'g:]ertﬁ Iotr;]Senoir:Zemzour:'ie dzrifst?:”rzrd't:tig t;f :(;:ourzt:
sure levels. Hence, any match of the overall amplitudes of fh@veengin, gnitu ate und pr
natural and synthesized spectra is arbitrary. sure is independent of both the sound speed in the medium

Spectral characteristics of the sustained fricatives agr%%d the angular o.rlentatlon Of. the source with respgct o the
observer. A flow dipole sound is emitted when there is no net

well with the fricative spectra described in previous studiesaSS iniection into the fluid but there is a net distribution of

[1], [10], [22]. Strident fricatives exhibit a dynamic range o]c ‘ It'J f' ' Al u(;_ Iu bl . dl It u 'ﬂ

about 15-20 dB greater than nonstridents. Experiments J)%C uating forces. ow dipole may be viewed as two flow
géqﬂopole sources pulsating in opposite phase such that one

mechanical models have shown that obstacles such as thetm N ole rel - nd the other absorbs it. Flow dipol
in the path of an air jet emerging from a constriction contributZ ONOPOIE TE'EAsES mass a € other absorbs it. Fo pole

significantly to the relatively large values of flow-induced°" ¢S exist at hard boundaries such as at an obstacle in the

sound in stridents [19]. Strident fricatives exhibit signific:an[?ath of an impinging jet. When the unbounded medium has

spectral power in distinct frequency ranges: postalveolapso net mass injection and no net forces, the source distribu-

between 2.2-3.5 kHz and alveolars, 4.6-6.6 kHz. The sign“(-jn is represented as a system of force couples and shear

icant spectral peak in this region is, in general, attributed %resses resulting in a flow quadrupole source. Reference to

the lowest front-cavity resonance [9]. The broad peak in tﬁgonopole, dipole, and quadrupole sources in the rest of this

high-frequency region, generally well above 5 kHz, found iRaﬁ_erhlrfnplles flow-induced sot_Jrces.b | q
the labiodentals and interdentals is attributed to the relatively igh-irequency components in turbulence are atienuated as

short front cavity [9]. High-frequency spectral tilts (i.e., in thé€ i€t widens and the rate of decay depends on the presence

region above the main spectral peak) in stridents were founo%boundanes and the viscosity of the ﬂ.UId. Experimental ev-
be different across speakers, perhaps, due to differences in fig&nce has shown that spectra at locations farther away from
rates [21]. Overall spectral levels in the low frequency end §#€ jet nozzle exhibit relatively smaller energy at high frequen-
strident spectra, on the other hand, were anywhere betweerfies and greater energy in the low frequencies when compared
to 30 dB below that of the main peak. This is primarily due t& locations closer to the jet nozzle [8], [19]. As the jet widens,
the presence of free zeros in the transconductance betweerthiggparticle velocity drops, affecting the strength of a potential
nonterminal pressure source excitation and the volume veloditpole should the jet encounter an obstacle downstream.
at the lips [1]. Depending upon the configuration of the vocal tract and
The characteristic peaks observed in the low frequency end@® constriction geometry (which vary depending on the place
the spectra, especially in the nonstridents, are attributed to ffearticulation), different turbulence-generating mechanisms
resonances of the cavity posterior to the supraglottal constrictigisult. Stevens [25] summarizes at least three such mechanisms
(back cavity and subglottal structures) [1], [25]. The strength 8t fricative production.
the spectral power in these resonances is largely a function ofl) Free jet emerging from a constriction with the turbulent
the degree of coupling between the cavities in front and back of  velocity fluctuations distributed in the region downstream
the constriction. For example, a prominent peak around 2500 Hz  from the constriction. Such a sound generation mech-
(associated with a back cavity resonance), seen close to the pri- anism is attributed to a combination of monopole and
mary front cavity resonance in the postalveolars suggests that quadrupole sources.
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2) Random velocity fluctuations within the constriction du@assumption of a relatively high@ is based on the rationale
to irregularities in the constriction geometry constitute that the glottal waveform during voiced fricatives is often
monopole source. more or less sinusoidal due to an active partial opening of

3) Jetemerging from a constriction impinging on an obstactbe glottis to permit a greater airflow that supports turbulence
(e.g., teeth) or on a surface (e.g., vocal tract walls) rgeneration at the supraglottal constriction. The rise and fall
sulting in a fluctuating force on the fluid medium. times of the glottal pulse wee70¢ and0.30Q), respectively.

Jets that impinge at a normal direction to the obstacle result if & amplitude of the voicing source is proportionalé’; -,
greater fluctuating force on the medium than those that impingéi€re AP is the pressure drop across the glottal constriction,
at smaller angles (i.e<90°). The spectrum of a dipole source?s long as t'he vocal f°|d5_ contique to vibrate [25].
exhibits a broad peak at a frequency proportional ¥o/d) 2) Experimentally Derived Fricative Source Models:
whereV is the air particle velocity and is the characteristic a) Monopole spectra:A monopole source spectrum, ex-
dimension of the constriction (such as the width of a rectangul@rimentally obtained by Pastel [17], is shown in Fig. 3(a). The
slit). In speech, the peak frequency is expected to be betw&Bgctrum was estimated from the sound pressure radiated from
0.1(V/d) and0.2(V/d), above and below which the spectrunf ur}iform tube configuration with a jet (flow rate of 442.6i$1) .
decays monotonically [24], [25]. There is other evidence, féMpPinging normally on the tube’s wall such that the jet axis
example, [16], that shows a general log-linear spectral roll-gfas perpendicular to the longitudinal axis of the tube (inset in
without the presence of any such intermediate peak. ShadlE§- 3(2) shows a schematic of the experimental configuration).
experimental results derived from realistic vocal tract-likéhe nozzle where the jet emerges was located at the end of the
mechanical models while showed no low frequency roll-ofibe away from the mouth. Since the majority of dipole sources,
in some cases ¢/ //) demonstrated a gentle low frequenc)giue to the wall obstacle in this configuration, are perpendicular
roll-off in others (/¢, x/) [21]. It should be noted that thesd® the longitudinal axis of the tube, they couple poorly to the
experiments also revealed that source spectra critically dep&94ind field. Moreover, the free jet region in this configuration is
on the geometry of the vocal tract enclosing the noise sourcde€latively small implying that the contribution of the quadrupole

A monopole source representing volume velocity fluctuatiorf®urces to the radiated sound pressure is negligible as well.
can be modeled by an equivalent current source in a transnfi-subsonic speeds, the acoustic efficiency of the quadrupole
sion-line model. Similarly, dipole sources at an obstacle nornurces is the smallest when compared to those of the other
to the surface that are uniformly distributed, can be model8@urce types [8]. Hence, it is reasonable to assume that the ra-
by an equivalent pressure voltage source in a transmission-Iffiated sound pressure for this configuration is primarily due to
model. The role played by quadrupole sources, is relatively ifle monopole source at the jet inlet. The actual source spectrum
significant in fricative production when compared to dipole an@@s estimated by inverse filtering the radiated sound-pressure

monopole sources, and hence are not considered in the acof@pal using the transfer function of the tube.
modeling [19], [25]. b) Dipole spectra: Dipole source spectra estimated from

mechanical models with configurations, dimensions, and flow
rates relevant to fricative production can be found in [17] and
[19]. In Pastel's study, the mechanical tube model was 17 cm in
In this section, some prototype spectral models for turblength and 2.85 ciin cross sectional area. Turbulence source
lence sources which are based on theoretical and experimespagctra for sound generated due to jets= 0.114 cni) im-
results from previous studies are presented. These modelspnging on a wall obstacle (a movable annular ring in this case)
used to investigate the acoustics of fricative consonants. A paaavarious angles were estimated through inverse filtering for
metric voice source model, is used in conjunction with turbulesburces located at various points along the tube. Fig. 3(b) shows

D. Prototype Spectral Models

sources when modeling voiced fricatives. sample source spectra estimated for aja¥ (flow rate of 442
1) Source Models Obtained Through Analysis-by-Synthesi®®/s) at distances 1, 2, 3, and 4 cm from the obstacle. Note
Methods: that the spectrum at the location closest to the obstacle (1 cm)

a) Fant’s spectral models for turbulent sourceBant sug- shows greater energy at high frequencies when compared to
gested the use of a voltage source to model turbulent southdse located farther away. A comparison of these dipole spectra
source in fricatives [4]. Based on transmission-line models spgEig. 3(b)] with the monopole spectrum of Fig. 3(a) reveals a
ified by X-ray derived area functions, the following empiricafaster roll-off at high frequencies for the monopole case. The
source characteristics were suggested/1}8 dB/oct between monopole sources contribute toward greater spectral amplitudes
0.8 and 10 kHz. 2)d: 0 dB/oct between 0.8 and 4 kHz, anfl  in the low frequency range.
dB/oct between 4 and 10 kHz. 3)/! For an apical source, 0 Fig. 3(c) shows the sound source spectra obtained by Shadle
dB/oct between 0.3 and 6 kHz, ard2 dB/oct between 6 and [19] for a jet emerging from a circular constrictioh-£ 1 cm,

10 kHz. For a dental source, 0 dB/oct between 0.3 and 2 kH#,= 0.08 cn¥) at the mouth of a cylindrical tube modél£ 17
and-12 dB/oct between 2 and 10 kHz. cm, A = 2.54 cn¥) and impinging perpendicularly on a semi-

b) Voice source modelA simplified parametric model circular obstacle at 3 cm downstream from the constriction (for
for the glottal waveform [18] is used to derive the voice sourdao flow rates: 160 and 420 cifs). These spectra were approx-
spectrum for voiced fricatives. The open-quotien€), the imated by exponential fits of the forh, (f) = ac'/®) wheref
duration within each pitch cycle where the glottis is opers the frequency in hertz. Féf = 420 cn¥/s,a =95 andb = —
was chosen to b6.75N, where IV is the pitch period. The 0.0004 and fol/ = 160 cnt/s,a = 80 andb = —0.0007.



332 IEEE TRANSACTIONS ON SPEECH AND AUDIO PROCESSING, VOL. 8, NO. 2, MARCH 2000

(a) (b)

Prowotype monopole spectra (Pastel) Prototype dipole spectra (Pastel}
of J
as- M B
2} 4 %
—4 - 4 o -
§ - 1 5+
H e
£
§ 70
1o} ]
-12F - as|
el J
o}
vef — J
I.1cm
S:n 1000 1_5‘0_0 2000 2500 3000 1000 ij 3000 4000 5000 6000 7000 8000 000 10000
fraquency, H2: U « 442 oc/e; Ac = 0.114 sqg.cm trequency, HZ; U = 442 cuo/s; Ac = 0.114 sq.cm
Prototyps dipole spectra (Shadie)
£ ' T
1
| HF
1
. o |
5 ot T |
: ; i
€ Q 1
2 19 .g :
g - !
$ = '
H Al Ql !
H £ !
< |
1
i
-10p 1
:
e £ Frequency, Hz
0 1000 2000 3000 400 5000 600 7000 8000 %00 10000 peak
frequency, Hz

(c) (d)

Fig. 3. (@) Spectrum of a monopole source estimated from a uniform tubel7 cm,a = 2.85 cn¥) with a nozzle area of 0.114 cn(after Pastel [17]).
The inset shows the schematic of the experimental configuration with the jet inlet &t 8@ longitudinal axis of the main tube. (b) Dipole spectrum estimated
from experiments on mechanical models (after Pastel [17]). The various curves shown correspond to different constriction to obstacle distdsckg), Pc
cm (dashed), 3 cm (dotted), and 4 cm (dot-dashed). The flow velbtity 442 cn¥ and the jet angle= 27°. (c) Dipole spectrum estimated from experiments
on mechanical models (after Shadle [19]). The top curve corresporids=+0420 cn?/s and the bottom curve correspondd to= 160 cn¥/s. (d) A stylized
three-parameter model for the dipole spectrdf...; denotes the peak frequency whifg » andT % » denote the low-frequency and high-frequency spectral
tilts, respectively.

The adaptation of experimentally derived source data &ssumption, however, does not account for the experimental
newer conditions (flow rates and constriction areas) requiregidence indicating decreased source strength for obstacles
adjustments in the magnitude levels of the baseline, or protoeated farther away from the jet constriction [8], [17], [19].
type, source spectra. Based on experimental evidence relating
sound power for turbulent flows at a constriction of a given
cross sectional area to the sixth power of air flow velocity,
Stevens [25] states that the magnitude of the turbulent soundrhe spectrum of the radiated sound pressure specifying the
pressure source is proportional t¥8* A2, where U is the output (fricative) speech is derived, in the frequency domain,
volume velocity andi. is the constriction area. Assuming suclaccording to the relatiol®, ;(w) = R(w)T;(w)S;(w). If the
a relation, the relative levels of the dipole source spectra canduscript 4" denotes a specific source location in the vocal
scaled to reflect neWw/ and A.. values. It should be noted thattract, thenT;(w) specifies the transfer function between a
other recent experimental evidence indicate variations in theurce (volume velocity/; or sound pressurd’;) at theith
dependency relation between the sound pressure magnitudelandtion and the volume velocity at the lips. S;(w) represents
U and A.. Badinet al. [2] report a dependency of the sourceéhe spectrum of the source at tit location andP,. ;(w) is
SPL onU/2A;1-¢ based on aerodynamic and acoustic dathe contribution to the radiated sound pressure due to this
obtained from sustained fricatives of one subject. In this papsgurce at a distance efcm in a far-field location R(w) is the
we will use the proportionality relatioti® A 2->. Note that this relation of the sound pressure @t #) to U;. The magnitude

I1l. SIMULATION METHODOLOGY
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of R(w) for frequencies less than 4 kHz is approximated TABLE |

by |R(w)| é |Pr(w)/Ul(w)| _ (pw/47r7’) based on a point PHYSICAL CONSTANTS AND OTHER SIMULATION PARAMETERS
source approximation for the radiating surface at the lips. Thg o Description Valae _ Unite
dependence dfR(w)| on w yields a 6 dB/octave slope in the =, air density 114 x 103 g/ cm®

frequency response of the radiation transfer function. In th .
simulations, deviations from this approximation at high fre-
quencies are assumed to be small and hence, are ignored. Noi  * heat conduction coefficient 5.5 x107%  cal/cm-s-deg C
that, for a giveril; (w) andsS;(w), the productl;(w)S;(w) will n adiabatic constant of air 14 -

always vyield the corresponding volume velocity at the lips °P
Since the acoustic signal was measured in the far-field, th

speed of sound in air 34480 ) cm/s
viscosity coefficient 1.86 x 10~* dyne-s/cm?

specific heat of air 0.24 cal/gm-deg C

at constant pressure

. . . R all resist. 1600 2
pressure signal at the microphone placed at a distanue i R s : “::Z:Z
. . . . . . w B
from_ the lips is obtained py_mulnplylng the vplume velocity at wall compliance 3.0 x 10° & /gm/cm?
the lips,U;(w), by the radiation transfer functioR(w). ! length of a tube section 0.3 em
The volume velocity I/;(w) and the radiated pressure S circumference of tube variable cm
Py(w) at the lips are related by the radiation impedance ¢ characteristic jet dimension  variable em
A L A -sectional f tub iabl
Zi(w) = P(w)/Ui(w). A realistic model forZ(w) can be rosmsecTionn rea o twhe o vemane -
K . A L. ¢ area of maximum constriction variable cm
obtained by approximating the radiation load at the mouth a flow volume velocity variable cm?/s

a piston set in a spherical baffle [5]. Although the criterion
of the radius of the spherical baffle (head) being greater than _ _

the piston radius (mouth) will be always met, Flanagan's 3) Transfer function between a volume velocity source at the
two-term approximation for the piston-in-sphere model, which  glottis U; and the volume velocity at the lig;.

is primarily limited to low frequencies and/or small mouth Next, output spectra are derived usimgorid source models

openings will be violated, especially at high frequencies, féf conjunction with the calculated transfer functions. The term
condition ofka < 1 (k = w/c, a is the piston radius). hybrid in the current context implies the use of a combination

The boundary conditions at the glottis are specified by :QJ various sourcet_ypes (such as monopole/dipole_ _tur_bulent
appropriate subglottal pressure and a glottal impedance, caiHrees and a voice source) d|str|bu'Fed at Spem tions
prising of a glottal resistance and a glottal inductance [(4) atly éh? voc(;al tract where aerodynamic gle_nfzratlon of s?cur;]d
(15)][12]. The glottal impedance depends on the glottal dimelf- Pelieved to occt;ur. In S,C;,mg cases, mu tiple src])urggs _% t S
sions: the nominal length and thickness of the glottis were 22M€ type may be specilied to approximate the distribute

sumed to be 1.4 cm and 0.3 cm, respectively [12]. The subglofﬂé\ture of the source therein. Prototype source models are

pressure was assumed to be 8 cptcorresponding to an openderg{ed fgom _rfgsul:ts of prewouz elmp|r|c§\(lj an((;l Experlmenr;tal
glottis condition, with the nominal areas of glottal opening aStudies. Specifically, source models considered here are those

sumed to be 1 cfnfor the unvoiced fricatives and 0.5 énfior  Of Fant [4], Stevens [24], Shadle [19], and Pastel [17]. Based
the voiced ones on simulation results with the prototype dipole sources, a

. . ) parametric dipole source model is proposed. Finally, improved

f IV input sources are involved, assuming SUPErP{yp g source models for fricative consonants using this three
sition hjelds, we can express the OUtPUt _ﬁ(w) — parameter dipole source model are derived based on seeking
R(w) 3752, Ti(w)Si(w). Such an approximation may begn gntimal match between the synthesized and natural spectra.
used to represent the effect of thstributed nature of the the 19 j0g-magnitude spectral distortion between the synthetic
sound sources in terms of lumped, noninteracting ent't'esﬁ)ectruum () and natural spectrurR, (w)

Furthermore, it allows us to consider the effect of different 7 '
source types, such as the monopole and dipole sources, incgl(ap Po)P = 1 w log(Py () —Log( P (@) do

acoustic model. 21 J_

In the current study, the simulation method of Maeda [12] was 1)

used to generate the vocal tract transfer functifiis ), using

the area functions obtained from MRI data [15]. The values 81[0 wdes.e}n object|ye performance measure for_parameter opti-
mization:& = arg mingcs da(Fs, P, o) Wherea is an index

the various constants used in the simulations are given in Table .
. . vettor of source model parameters. The strategy adopted to in-
the sampling frequency was 48 kHz. For each area function, a

; . . vesti rce modeling of fricatives in terms of r
set of transfer function®;(w), was derived for different source estigate source modeling of fricat es In terms of source type,
. : source levels, and spectral characteristics is described below.
locations in the vocal tract.

1) Source Type, Location, and NumbédDerivation of the

1) Transfer functions between a series pressure sdj(eg  source location and type is largely based on the articulatory and
and the output volume velocity at the lip§(w), for dif- acoustic/aerodynamic theory of sound generation in fricatives.
ferent source locations in the cavity anterior (i.e., dowr=0r & given place of articulation, these source model parameters
stream) to the Suprag|otta| COﬂStI’iCtierht Cavity)_ are relatively fixed. Specifically, we consider the foIIowing.

2) Transfer function between a volume velocity source atthe 1) A monopole source is specified at the constriction exit.
location of the maximum constrictidr. and the volume  2) A voice source is specified at the glottis for voiced frica-
velocity at the lipd/;. tives.
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3) Dipole sources are specified in the vicinity of obstacles i{Bection 11-D1): The break frequency (frequency at which the
the path of the air flow emerging from the constriction. slope of the spectrum changes, interpreted herg,as,) for

The obstacles are the teeth and vocal tract walls for the postaltte “apical” source for j/ is 6 kHz compared to a “dental”
olars, teeth for alveolars and lips for nonstridents. Moreov&QUrce which is at 2 kHz (note that this apical source has a
since in reality such turbulent sources are distributed in nghnallerl, than the dental one). Nevertheless, currently there
ture, multiple, lumped noninteracting dipoles may be used $snO satisfactory scaling relation fdf,.q.. It is quite likely
an approximation. Where multiple dipole sources were used!}ft the scaling relation would depend on batand!, values,
this paper, their number was limited to one wall source ardld @nd the dimensions of the obstacle. Determination of a
two obstacle sources (specified in adjacent vocal tract sectior?92/ing relation that incorporates these factors is not possible
These approximations need to be revisited while modeling siith the available data. Hence, in the current stufly,,x
face sources in uvular and pharyngeal fricatives. values were empmcally_ adjusted as described below.

2) Spectral Characteristics Prototype spectral character- 1h€ current study relies on selecting the values of the pa-
istics are adopted from previous theoretical and experimenfa"€terspear; Trr, andTyp using an analysis-by-synthesis

studies (Section 11-D). The following strategy was used. parameter optimization scheme. The (broad) peak frequency
of the dipole spectrum is chosen in accordance to the relation

1) The spectral characteristics of the monopole source weye » = KU/A.d, with the scaling parametek’ being ad-
(7= ” Ppeak — Wy
deemed *fixed” and res_uIFs from [17] were used. 4’ustab|e. Although experiments on mechanical models suggest
2) The spectral characteristics of the voice source were 4z j- jies between 0.1 and 0.2 for speech-like configurations
tained from the glottal model given in Section 1I-D1. TheI21] [24], the current modeling allowedl < K < 0.5 (in
fundamental frequency was subject dgpgndent. . steps of 0.05). The characteristic dimensibwas /4 A4, /.
3) The dipole source spectral characteristics greatly infly o 15006 for low- and high-frequency tilts used for the opti-
ence the shaping of the fricative spectra over most of trﬁ%zation was 0-24 dB/oct (minimum step size 1 dB/oct). The

frequency range. source parameter set that provided the smallest log-spectral dis-

First, the performance of prototype dipole source models (Fattistion was deemed optimal.
Shadle, Pastel) are investigated. Second, parametric dipole 3) Relative Source LevelsThe exact nature of scaling
source models that provide a better match to the natural speesiations between the amplitude levels of various source
spectra are presented. The baseline parametric dipole spectiyies (monopole, dipole, voice) and the aerodynamic state
is defined by three parameters. As illustrated in Fig. 3(d), ths the vocal tract (in terms of pressure, volume velocity and
dipole spectrum is characterized by a broad peak at a frequediyiensions) is not well understood. Furthermore, the dipole
F,cqr With a roll-off below this peak, specified by the til, », source strength value is known to vary depending on factors
and a roll-off above this peak, specified by theTil r. such as the obstacle-constriction distance and the configuration

Experimental results for a free jet spectrum have predictefl jet impingement [19], [21], [25]. This problem is further
a broad peak aroun@l2V/d Hz (whereV is the jet velocity complicated by the complex geometry of the vocal tract
at the constriction and is the diameter of the constriction)enclosing the noise sources and inter/intra-speaker articulatory
[8], [24]. In fricative production, however, the jet emergingand aerodynamic variability.
from a constriction often is influenced by the presence of Approximate guidelines for adjusting relative levels of
an obstacle, such as the teeth, vocal tract walls, or the liplse three source types are given in [25]. For example, the
in the jet's path. The extent of the obstacle’s influence amaximum strength of the voice source for voiced fricatives
the sound power generated depends to a great extent onishestimated to be greater than the maximum turbulent dipole
geometry involved, which varies depending on the place sfrength by 5 to 25 dB [26]. These estimates assume that the
articulation. Specifically, the peak frequencies of the spectvaice source amplitude is proportional mPgl-5, where AP,
of jets impinging on an obstacle are likely to depend on the the transglottal pressure, and the noise source amplitude is
obstacle to constriction distancé, ) and the obstacle size,proportional toAP->A%> where AP, is the pressure drop
in addition to the jet dimension and velocity. Unfortunatelyacross the supraglottal constriction with arka For subglottal
experimental results on scaling relations fgs..x values are pressure of 8-cm pO andA., between 0.1 and 0.3 EmAP.
not readily available for cases involving obstacles. Based @anbetween 4 and 6-cm 4@. Similarly, monopole strength
the results for the characteristic oscillation frequency of das assumed to be 10-15 dB lower than the maximum dipole
edge-tone configuration and her own experimental data fetrength in strident fricatives [17].
impinging jets, Shadle [19] suggested that the empirical scalingln our first set of simulations with the various prototype
for Foeqr perhaps lies betweed2V/d Hz and0.2V/I, Hz. dipole source models, the relative levels of the different source
Results of Pastel [17] seem to indicate that higher values tgpes were kept fixed in accordance to the guidelines outlined
Fyeqr are associated with smaller valuesigf It is possible, above. Based on the results of these experiments, it was
however, that the presence of a relatively high-frequency zetetermined that the relative source levels need to be varied in
in the transfer function, resulting from the smaJl was not order to provide a better match with the natural spectra. Hence,
properly accounted for during inverse filtering used to obtain our second simulations with the parametric dipole models
the experimental source spectra; in Pastel's study this majative source levels (of monopole and voice source spectra
have caused the apparent high-frequency energy in the soyreaks with respect to dipole spectrum peak) were also included
spectra. The results of Fant [4] also suggest a similar idaa variable parameters in the optimization scheme. Knowledge
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from previous studies provided rough guidelines in specifyir @)
constraints on the range of values used for the optimization.

8 &

20|

IV. SIMULATION RESULTS

10

‘Amplitude, dB

[

In this section, results of modeling fricative speech spect
based on a source-filter approach are presented. The simulati -
use acoustic data and MRI-derived area functions from a mi -
(MI) and a female (PK) subject. O e 1 10

. Fig. 4. (a) Effect of varying the dipole source location on the transfer function
A. Vocal Tract Transfer Functions for subject MI's 4. Arrow points to location changes away from the lips and

Vocal tract transfer functions were obtained using a finit@vard the oral constriction (in steps of 0.3 cm). (b) The effect of including
sublingual cavity on the transfer functions for subject MIf¢. /Transfer

time-differenqe simulation of acoustic propagation [12] BOIEInctions shown correspond to dipole sources placed at four contiguous vocal
volume velocity and pressure sources could be specified in aragt sections, 0.3 cm apart, starting at the vicinity of the teeth (0.9 cm from

section of the vocal tract. Here. we consider two issues the lip opening) and moved away from the lips (direction of the arrow): dashed
' ! ’ lines (without sublingual branch), solid lines (with a sublingual branch of

1) The influence of the constriction-to-obstacle distarige ( 1.2 cm).

on the transfer function [1]. We illustrate this effect of

varying!, on the transfer function of the stridensé@nd added (the smaller decreases are for larger valués).oThis

/[1 of MI. effect is expected since there is an increase in the effective

2) The effect of including a sublingual cavity on the vocakength of the cavity anterior to the oral constriction. The shifts

tract transfer function. This effect is illustrated using MI'dn the other pole frequencies of the transfer function as a result

/]I data. of the additional sublingual branch are relatively small. As the

1) Effects of Changing Dipole Source LocatioBince the source location is moved away from the constriction, changes
location of the dipole source in the vocal tract, relative to tHe the zeros at the high-frequency end of the spectrié (
constriction and the obstacles, is crucial in fricative productid(Hz) can be observed. The addition of the sublingual branch
[1], [19], it is instructive to study the effect of changing thdowers the frequency of the free zero arising from the cavity
dipole source location on the vocal tract transfer functiongetween the constriction and the source, with the effect most
Fig. 4(a) shows transfer functions corresponding to varioggominent for locations farther away from the constriction (a
dipole source locations between the teeth and the constidop of about 2 kHz is observed for the dipole located near
tion for MI's /¢/ (the transfer functions are spaced by 5 dBhe teeth). There is also a less prominent zero (around 10 kHz)
for clarity). The most striking effect is the change in thavhose exact cavity affiliation is unclear.
frequency of the zero from about 2000 Hz (source near the o
teeth, 0.9 cm from lips) to about 3700 Hz (source anteriét INvestigation of Source Models
to oral constriction, 2.1 cm). This zero is attributed to the A two-step process was taken in investigating the source
free zero arising from the cavity between the source and thmdels: first, the best approximations to noise source models
oral constriction [1]. Additional zeros in the high-frequencyvere made using the available aeroacoustic modeling data,
end of the spectrum can be observed for particularly larged these models were used with transfer functions derived
constriction-to-source distances such as for the source locafiein MRI data to predict speech spectra; second, the source
in the vicinity of the teeth. Similar effects were observed iparameters were then optimized to produce the best fit of
the high-frequency region of MI'sf/ transfer functions which predicted to measured natural speech spectra. This relegates
can also be attributed to changing the dipole source locatitsn the second stage the process of independently varying
[Fig. 4(b)]. However, in this case, there is an additional influparameters that were not actually physically independent. The
ence from the sublingual cavity, as will be further explainedhain result of the first step was thus a measure of the suitability
in the following section. of existing experimental data for synthesis. The main result

2) Effects of the Sublingual CavityThe simulations of the second step was a set of source models that provide
were modified to allow for the inclusion of sublingual cavitiesthe best fits possible for these transfer functions and these
sublingual cavities were observed in postalveolar fricatives atwlo subjects.
some labiodental fricatives [14]. A parallel side-branch coupled Optimization experiments for the second step mentioned
to the main oral tract at one end and terminated by a “hard watlbove were done in two stages. First, simulations with pro-
at the other, was used to specify the sublingual cavity in tihetype dipole source models wherein the number of dipole
anterior part of the vocal tract. In Fig. 4(b), transfer functionsources and their locations were selected by parameter opti-
calculated for dipole sources located at four different vocalization. Second, simulations with parametric dipole spectral
tract sections (0.9, 1.2, 1.5, and 1.8 cm from the lip openingjodels wherein the optimization parameters included the three
for the cases with and without a sublingual branch are showarameters of the stylized dipole spectruf}..¢x, 17, and
for MI's / /. The sublingual branch is about 1.2 cm long and@rr), the dipole source location, and the relative source levels.
is coupled to the oral cavity at 2.1 cm from the lip opening\ote that results from the first set of simulations were used in
A 100-350 Hz decrease in the frequency of the lowest frotite second set of simulations. Multiparameter optimization was
cavity resonance is observed when the sublingual branchd@ne as explained in Section IIl.
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Fig. 5. Model output spectra with prototype dipole source models for subject MI'éa) Shadle, (b) Fant, and (c) Pastel. Monopole spectrum is from Pastel's
data. Dipole sources only (dotted), in conjunction with a constriction monopole (dashed). Dipole sources were located as indicated in TaleniVoSpec
natural '/ is shown (solid) for comparison.

1) Strident Fricatives (Postalveolar Fricativeldy and/ 3/:  tively (Section 11-D2). Note that a smallé’y » for the wall
A set of transfer functions corresponding to dipole sources Iseurce, i.e., giving it more high-frequency energy, results in a
cated at different sections anterior (i.e., downstream) to the mivetter fit to the spectrum between 5 and 7 kHz. In fact, the
imum constriction was first calculated. In addition, a transfexperimental results of both Shadle [19] and Pastel [17] indi-
function for a monopole source at the constriction was calcgate that spectra of sources appearing closer to the origination
lated and used in conjunction with the monopole source sp&f-jet—such as the wall obstacle source here—tend to have a
trum from Pastel [17]. A nominal volume velocity of 450 & relatively greater high-frequency power than those that are lo-
was used in the simulations. Recall t#3t ;. of the dipole spec- cated farther away. In summary, the source spectrum shape is
trum is dependent on the volume velocity. The transfer funtfluenced by the obstacle-to-constriction distance. It should be
tions for dipole sources located in the vicinity of the teeth afeoted that,, values also influence the frequency of the “free”
found to provide the closest match to the overall spectra, pdero in the transfer function (Fig. 4) which in turn influences
ticularly below 5 kHz. The effect of the dipole sources at thé1e peak spectral amplitude [1]. In the low-frequency region
wall obstacle (in the vicinity of the constriction) accounts fof<2.5 kHz), the match is further improved when the low-fre-
frequency characteristics between 6 and 8 kHz. A wall-type ofle€ncy spectral tilt stays flat or has a gentle roll-off [compare
stacle is reasonable for a postalveolar strident wherein the adt#- 5() to Fig. 5(b)]. Then, any influence of the monopole
rior tongue bodly is significantly raised, and “domed” in shapePurce also beqor_nes more apparent_ (Fig. 5(c) illustrates this ef-
[14]. This tongue shape causes the turbulent flow to impinge &t although similar results for subject PK, not shown, were
the upper region of the vocal tract and the teeth. The spectf@Mmewhat more pronounced). However, to fully investigate the
characteristics and relative levels of the dipoles at the wall aftent of the monopole source’s influence, it was deemed nec-
teeth are, however, likely to be different [17], [19]. The hybri§SSary that relative source levels should also be varied.
model for an unvoiced postalveolar strident uses a monopole af "€ I0g-spectral distortions for the experiments with the pro-
the constriction exit, and dipoles in the immediate vicinity dfotyPe dipole source models are summarized in Table II. These
the constriction (wall-obstacle) and at the teeth (teeth-obstacf@Sults in general, indicated the following.
Preliminary simulations with the prototype source models indi- 1) High-frequency tilts of the dipole spectrum (in general,
cated the optimal source locations for Ml and PK. >2.5 kHz) need to be different, particularly across sounds

Results using the dipole characteristics of Shadle are shown and subjects.
in Fig. 5(a) for MI. For this simulation, the dipole spectral char- 2) Low-frequency tilt of the dipole spectrum (in general,
acteristics at the different source locations were assumed to be <2.5 kHz) also needs to be adjusted, although to a lesser
identical. The overall spectral shapes of the output do not match ~ degree than the high-frequency tilt.
the natural spectra well, particularly in the region above 5 kHz. 3) Relative levels of the various source spectra need to be
Compare these to the results obtained using Fant and Pastel's adjusted.
models [Fig. 5(b) and (c)] wherein spectral characteristics fa¥ith insights obtained from simulations using prototype dipole
the wall and teeth obstacles were assumed to be distinct. Thedels, an improved hybrid source model was developed. The
results for Fant's model used the “apical” source spectrum fepectral characteristics of the dipole sources and their relative
the wall-obstacle dipole and the “dental” source spectrum ftavels were used as parameters in an optimization scheme in
the teeth dipole (Section 1l-D1). For Pastel's case, the spectr@er to obtain a better match with the natural spectra (in the
corresponding td, = 1 cm and 2 cm [Fig. 3(b)] were usedsense of minimizing thd.2 log-spectral distortion). The cor-
for the wall-obstacle dipole and teeth obstacle dipoles, respeesponding distortion values obtained by the optimization are
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TABLE I TABLE Il
SUMMARY OF LOG SPECTRAL DISTORTIONS(IN DECIBELS) OBTAINED FOR THE ~ SUMMARY OF SPECTRAL CHARACTERISTICS OFPARAMETRIC DIPOLE SOURCE
PROTOTYPEMODELS AND THE PARAMETRIC DIPOLE MODEL. SOURCE MODELS FORSUBJECTSMI AND PK. THE PARAMETERS Fl,cck, T 7, AND
LOCATION AND NUMBER USED IN THE SIMULATIONS ARE LISTED IN Tz ARE DEFINED IN FIG. 3(d). THE SCALING FACTOR /' FOR THE PEAK
TABLES IV=VII. D IPOLE SOURCE SPECTRAL CHARACTERISTICS AND FREQUENCY IS WITHRESPECT TOU /dA... SEE TEXT FOR FURTHER DETAILS

RELATIVE SOURCELEVELS WEREFIXED FOR ALL SIMULATIONS WITH THE

PROTOTYPEMODELS, WHILE THEY WERE CHOSENAUTOMATICALLY BY THE P - -
ANALYSIS-BY-SYNTHESIS SCHEME FOR THEPARAMETRIC MODEL. SEE M Fricative Fp"" Scaling K Tir Tur
SECTIONSII AND Il FOR FURTHER DETAILS Hz dB/oct dB/oct
SUBJECT | Fricative | Fant Shadle Pastel | Parametric MI /J/ (wall) | 4056 0.2 2 0
(teeth) 2128 0.1 1 -8
MI /f/ 28 57 22 19 /3/ (wall) | 2841 0.2 0 -3
/3/ 36 61 47 28 (teeth) 1420 0.1 0 -3
PK /17 66 38 99 26 PK /]/ (wall) | 3900 0.15 0 14
/3/ 60 39 83 28 (teeth) 2600 0.1 0 -16
/3/ (wall) | 2250 0.15 0 -14
MI /s/ 11 32 40 24 (teeth) 1500 0.1 0 -16
/z/ 49 60 76 25
MI /s/ 2650 0.2 3 -12
PK /s/ 38 64 48 24 /z/ 1957 0.2 3 -16
/z/ 44 40 43 28
PK /s/ 4622 0.2 1 0
Ml 18/ 40 47 41 23 /z/ 2475 0.2 0 0
J8/ 35 43 42 25
MI 18/ 4066 0.4 1 -14
PK /8/ 26 55 23 23 78/ 3419 0.4 2 -8
18/ 32 26 34 24
PK 16/ 3270 0.2 0 -6
MI // 27 23 26 13 18/ 1810 0.2 0 -8
/v/ 33 30 23 20
MI /1) 2807 0.2 3 -12
PK /1] 41 79 46 37 /v/ 2590 0.3 3 -12
/v/ 26 31 23 23
PK 11/ 3923 0.2 0 -4
/v/ 3363 0.2 0 -10

listed in Table Il. Details regarding the hybrid source modefs
thus derived are given in Table Il and the dipole spectral char-

acteristics, in Table V. The strategy adopted for modelin3j/was similar to // ex-

The synthesized// spectra for Ml and PK are shown incept for the inclusion of a voice source at the glottis. The funda-
Fig. 6(a) and (c), respectively. A good match between tmeental frequency used in the simulations was 127 Hz for M
synthesized and natural spectra is found both in the overafid 172 Hz for PK, and the nominal value &f was 337.5
shape and the values of the significant resonances. Significamf/s which is 25% less than that used for the unvoiced cases
reduction in distortion was obtained for both subjects comparéubte that flow rates for voiced fricatives are typically lower than
to simulations with prototype dipole models. The peak of the unvoiced ones). The agreement of the model’s output spec-
dipole spectra for the teeth-obstacle case was higher theum with the natural spectra, in general, is very good [Fig. 6(b)
suggested by previous models. The peak of the wall-obstaaled (d)]. Voicing effects dominate in the low-frequency region
spectra was lower than that found in [17]. The estimatdbelow 800 Hz). The influence of the monopole source in the
low-frequency spectral tilts indicated a flat response, excegion between 800 Hz and 3500 Hz results in a slight improve-
for MI's wall-dipole spectrum, similar to Fant’s prototypement in the spectral match. The high-frequency match for sub-
model. The high-frequency tilts, while in general comparabject Ml is relatively poor compared to that of PK.
to previous experimental data, appear to be speaker dependerit) Alveolar Fricatives: 4 and /z/: The output spectrum fos/

Ty r values for PK are much higher than for MI. The maximurvas a result of two identical dipoles in the vicinity of the teeth
level of the wall-obstacle dipole had to be maintained aboahd one monopole at the constriction exit (Table V). Among the
5 dB higher than that of the teeth-obstacle. The contributigmototype models, Shadle’s model provided the best match in
from the monopole component was found to be relativethe high-frequency region fos/of both subjects. At low fre-
insignificant for Ml while it resulted in minor improvementsquencies, on the other hand, the best results were provided by
for PK. Fant's model. Shadle’s and Pastel’'s models tend to overempha-



338

IEEE TRANSACTIONS ON SPEECH AND AUDIO PROCESSING, VOL. 8, NO. 2, MARCH 2000

TABLE IV
HYBRID SOURCE MODELS FORPOSTALVEOLAR FRICATIVES

Fricative

Source type

monopole

Y
dipole

dipole

monopole

/3/
dipole

dipole

voicing

SuBsecT MI
Number
Location

Distance from lips (cm)

Max. levels (dB)

(rel. to monopole max)

1
constriction
2.7
0

1
wall
2.4
25

2
teeth
0.9,1.2
20

1
constriction
2.7
g

1
wall
2.4
25

2
teeth
09,12
20

1
glottis
17.7
5

Supiect PK
Number
Location

Distance from lips (cm)

1
constriction
1.8

1
wall
1.8

2
teeth
0.9,1.2

1
constriction

1.8

wall
1.8

2
teeth
0.9,1.2

1
glottis
15.9

Relative Levels (dB) 0 23 17 0 26.6 17 53

(rel. to monopole max)

size the low-frequency region of the synthesized spectra, espage can be attributed to the cavity posterior to the supraglottal
cially in PK (note that Fant’s spectral model is flat in the freeonstriction. The back cavity poles and zeros are, however,
guency region between 0.8—4 kHz). These results suggest thally approximately cancelled due to finite coupling between
the peak of the dipole spectrum is likely to be somewhat highttre front and back cavities and the front cavity source location.
than suggested by these two models. Further, these resultsTinese resonances are not significant and are variable across
dicate that the monopole source influence could be more efféiee two subjects (due to greater articulatory variability in the
tive if its level relative to those of the dipole sources was adionstrident fricatives such a#). Moreover the dynamic range
justed properly (rather than holding it fixed). Next, improved hysf the amplitudes of these resonances in the natural spectra of
brid source models were derived in conjunction with parametri@/ is within 20 dB.
dipole source models. Details are given in Tables Ill and V and The hybrid source model used fd fincludes a monopole
the corresponding output spectra are shown in Fig. 6(e) and &Qurce at the constriction and a single dipole source at the teeth
Although the general agreement in the spectral shapes of {fables Il and VI). Simulations using the prototype dipole spec-
model’s output with that of natural speech is good for both sutral models indicated that while models proposed by Fant (the
jects, there are slight discrepancies in the resonance frequeong suggested forf//was used here) and Pastel were inade-
values below 4 kHz. A small effect of the monopole source cayuate in capturing the high-frequency region of MI's interden-
be noticed in the spectra below 3 kHz. tals, Shadle’s models tend to somewhat overemphasize the low-

The results forZ/ [Fig. 6(f) and (h)] also show good agree-{frequency region in both subjects.
ment with the overall natural spectra. However, in the frequencyThe output spectra using parametric dipole source models are
region around 1 kHz where there is a “transition” in the domshown in Fig. 7(a)—(d) for the interdental fricatives. Details of
nance of the dipole source over the voice source, the matchiie parametric dipole sources are summarized in Table Il and
poor for PK. This, perhaps, reflects the inadequacy in assumitiigpse of the hybrid source models in Table VI. Although the
a simple superposition of the voicing and turbulence sourcestimated!;» values for both subjects are in the range of the
The optimal source model parameters forand &/ are sim- prototype models, thé,,. ., scaling required for Ml is particu-
ilar. It should be, however, noted that the spectral tilts predictéatly high. The modeling details foB/ were similar to 8/ ex-
by the analysis-synthesis scheme for subjects MI and PK aept for the inclusion of the voicing source at the glottis. It is
vastly different: the dipole source spectrum is relatively flat farlear that the match between the model's output spectra and
PK, while Ty » was relatively high for MI. Further, the resultsnatural spectra is relatively poor when compared to the strident
for PK’s /9 and &/ being somewhat worse than for MI, espefricatives’ results especially in the spectral peaks rather than in
cially in the low-frequency region{(3 kHz), is perhaps due to the overall spectral shapes. Several reasons could account for
greater mismatches in vocal tract conditions between MRI ddteese results. First, unlike strident fricatives, the spectral struc-
gathering and acoustic recordings. ture for a nonstrident fricative such a¥ {and even more so

3) Nonstrident Fricatives (Interdental Fricatives#//and for the labiodentals such af Hiscussed in the next section)
/al) : Examination of the transfer functions for dipole sourcedoes not possess characteristic peaks of significant spectral en-
located in the teeth/lip region (equivalent to using a dipokergy and is subject to greater intra- and inter-speaker variability.
source with white-noise spectrum) showed only moderat&ence, finding a match for such spectra is prone to be diffi-
agreement with the poles and zeros of the natural speexht and inexact. Moreover, limitations in the vocal tract sim-
spectra. The acoustic theory of speech production predicts thkttion, including errors due to the limited spatial resolution
most of the poles and zeros seen in the 0-10 kHz frequeneigth which the area functions are represented (the resolution
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Fig. 6. Strident fricative spectra derived from optimal hybrid source model inputs using the parametric dipole spectra listed in Table 1. Hdi g@)jgd (b)

! 3/ (e) & (f) /z]. For subject PK: (c)fi/ (d) /3/ (g) /¢ (h) /zI. The input source type and location are given in Tables IV and V for the postalveolar and the
alveolar fricatives, respectively. Output spectrum from the model as a result of superposition of outputs from different sources: Dotted|éresuidips only

(/f, ¢) or dipole source plus voice source3(k/), Dashed line—with an additional monopole source. The natural fricative spectrum is shown in each of the panels
for comparison (solid).

effect becoming more appreciable for smaller front-cavity diized in Tables Il and VII, respectively. As expected, the results
mensions) are likely to affect the estimated transfer functiorfer the labiodentals are also poor, especially for PK. The same
In particular, the transfer functions (and possibly source funexplanations offered for the interdentals hold: The articulatory
tions) are more sensitive to lip shape, which cannot be measuasdl acoustic variabilities in labiodentals are quite high. The
any more accurately than for the stridents, and perhaps is mmtgue is unconstrained, making articulatory variations more
captured adequately by a 1-D sound propagation model.  likely. The natural spectrum of the labiodental fricatives is rela-
4) Labiodental Fricatives/f/ and &/: The results for Ml and tively flat (dynamic range of about 15 dB) in the frequency range
PK are shown in Fig. 7(e)—(h) while the details of the paraonsidered (below 10 kHz) characterized only by incompletely
metric dipole models and the hybrid source models are sumneanceled back cavity resonances, depending on the degree of
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TABLE V
HYBRID SOURCEMODELS FORALVEOLAR FRICATIVES

Fricative /s/ /z/

Source type monopole dipole monopole dipole voicing

Susiect MI

Number 1 2 1 2 1
Location constriction teeth constriction teeth glottis
Distance from lips (cm) 1.8 0.9,1.2 1.8 0.9,1.2 17.7
Maximum levels (dB) 0 30 0 30 15

(rel. to monopole max.)

Susiect PK

Number 1 2 1 2 1

Location constriction teeth constriction teeth glottis
Distance from lips (cm) 1.5 0.9, 1.2 1.5 0.9, 1.2 15.9
Maximum Levels (dB) 0 35 0 35 20

(rel. to monopole max.)

TABLE VI
HYBRID SOURCE MODELS FORINTERDENTAL FRICATIVES
Fricative /6/ 18/
Source type monopole dipole monopole dipole  woicing
SuBiect MI
Number 1 1 1 1 1
Location constriction  lips constriction lips glottis
Distance from lips (cm) 0.9 0.9 0.9 0.9 17.7
Maximum Levels (dB) 0 35 0 35 15
(rel. to monopole max.)
Susiect PK
Number 1 1 1 2 1
Location constriction  lips constriction  lips glottis
Distance from lips (cm) 0.9 0.9 0.9 0.9 15.9
Maximum Levels (dB) 0 12 0 35 20
(rel. to monopole max.)

coupling between the back and front cavities, a variable factor.The modeling was performed in the frequency domain
Hence, to begin with, the spectral details of the natural spedudsed on linear systems theory. This enabled the use of the
template, to which the model seeks a match, is inherently vasiaperposition principle, as a result of which the output (speech
able. spectrum) due to multiple sources exciting the vocal tract
could be calculated with ease. A hybrid source modeling
strategy was adopted and the sound sources occurring in the
tract were assumed to be independent. The sound generation
In this paper, the results of acoustic modeling of sustainéd the vocal tract due to turbulence effects in the cavity
unvoiced and voiced fricatives are presented. The modelingaisterior to the supraglottal constriction was modeled in terms
based on the source-filter theory of speech production whereifha combination of flow monopole (at the constriction) and
the vocal tract is specified as a concatenation of cylindricdlpole sources (in the vicinity of an obstacle to the airflow).
tubes and assuming planar wave propagation. The areasHarthermore, multiple dipole sources (at most two) were used
these cylindrical sections were derived from MRI data obtained approximate the distributed nature of the source. A voice
from human subjects during the production of sustained friceeurce at the glottis was included for voiced fricatives. The
tives. A time-difference method of simulating linear acoustisource type, number of sources, their location in the vocal tract,
propagation in the tract, based on a program by Maeda [13hd their relative levels and spectral characteristics were the
was used to derive the vocal tract transfer functions. variables involved in the modeling. The first set of simulations

V. SUMMARY AND DISCUSSION
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Fig. 7. Nonstrident fricative spectra derived from optimal hybrid source model inputs using the parametric dipole spectra listed in TablejBcEFt s(d)

161 (b) /3/ (e) kI (f) /vl. For subject PK: (c)6/ (d) /3/ (g) /f/ (h) /. The input source type and location are given in Tables VI and VII for the interdental and the
labiodental fricatives, respectively. Output spectrum from the model as a result of superposition of outputs from different sources: Dotesbwdipslonly

(/6, /) or dipole source plus voice sourc#,(/), Dashed—with an additional monopole source. The natural fricative spectrum is shown in each of the panels for
comparison (solid).

investigated the effect of the baseline, or prototype, dipolmprovement of source models concentrated on optimizing
source characteristics obtained from published experimenta characteristics of a parameterized dipole spectral model.
and empirical studies. The source location and number wekesimple three-parameter model for the dipole spectra was
the parameters used in the optimization to minimize fi2e proposed based on both the results of previous aerodynamic
log-spectral distortion between the synthesized and natustdidies on sources of turbulence generation and results of our
speech spectra. It was found that dipole sources playedirat set of simulations. In addition to source location and

major role in determining the overall fricative spectra whereamimber, the optimization parameters for the second set of
the monopole source’s effect was minimal. Hence, furtheimulations included the three dipole spectral parameters and



342 IEEE TRANSACTIONS ON SPEECH AND AUDIO PROCESSING, VOL. 8, NO. 2, MARCH 2000

TABLE VII
HYBRID SOURCE MODELS FORLABIODENTAL FRICATIVES

Fricative 1/ /v/

Source type monopole dipole monopole dipole  wvoicing

Sussect MI

Number 1 2 1 2 1

Location constriction lips constriction lips glottis
Distance from lips (cm) 0.6 0.6 0.6 0.6 17.7
Maximum Levels (dB) 0 25 0 25 10

(rel. monopole max.)
Sussect PK

Number 1 2 1 2 1

Location constriction lips constriction lips glottis
Distance from lips (cm) 0.6 0.6 0.6 0.6 15.9
Maximum Levels (dB) 0 20 0 20 10

(rel. monopole max.)

for the dipole near the teeth fo#/ /is higher than that for the
dipole at a similar location forf/. For nonstrident fricatives,
the lip surface which acts as an obstacle is located relatively
close to where the jet originates, and the valuek @fre higher.
It should, however, be noted that although some strident frica-
tives have comparable obstacle-to-constriction distariges(
those of nonstridents (e.g., wall-obstacle source in postalveo-
lars versus lip-obstacle in interdentals), #ig,; values in the
dipole spectra for the strident fricatives are higher than in non-
stridents suggesting the influence of other factors such as the ob-
stacle dimensions and angle of jet impingement in determining
the source spectral characteristics.
The values of the till’y » were between 0 andl6 dB/oct
for both strident and nonstrident fricatives. There is a signifi-
. cant variability in thel’y » values of the two subjects. In gen-
o 14 1d eral, Ty values for PK tend to be lower than MI's, except
Normalized Frequency for the postalveolars. It is not clear why tfig;» values are
Fig. 8. Magnitude of a second-order transfer function: (1 and 2) underdam % F?eCIa"y high for PK’s postalveolars and .e.SPeCIa”y low for
case,— 12 dBJ/oct; 1 represents a system with smaller damping factor than 2K S alveolars. For postalveolars, the empirical value for the
3: critically damped; 4 same as 3, but with a smaller break frequency; andHigh-frequency tilt suggested by Fant (i-€12 dB/oct) is within
first-order case;-6 dB/oct slope. the range of values obtained in this study. For alveolars, the
—6 dB/oct high-frequency roll-off suggested by Fant is some-
the relative source levels. The simulation results demonstratgdat lower than those obtained for Ml but higher than those for
fairly good agreement between natural and synthetic spect’d. For labiodentals, the3 dB/oct high-frequency slope sug-
Improvements in hybrid models entailed adjusting the peglested by Fant is on the lower side of values obtained in this
frequency and the high- and low-frequency tilts of the dipolstudy. Experimental results from Shadle’s obstacle model indi-
source spectrum. First, the peak valuBs,,, are considered. cate an approximate high-frequency tilt-€8 dB/oct (forl/ =
The stylized dipole spectra assume a valuekdf/(A.d), 420 cn¥/s) while those of Pastel show a tilt et dB/oct {7/ =
where the characteristic dimension was chosen tg/lel. /n. 442 cn¥/s,l, =2 cm). It should be emphasized that these results
The value ofK was adjusted to provide an improved match tpertain to specific mechanical model configurations and aerody-
the natural spectra. ThE values obtained through simulationnamic conditions. Nevertheles§; - values in Table |1l show a
were between 0.1-0.2 for the stridents and 0.2—0.4 for tpeneral agreement with the above-mentioned experimental and
nonstridents. For stridents, the scaling required for obstacksspirical values. Differences iffi; values across subjects,
closer to the jet outlet (i.e., the minimum constriction) is mucdmong other things, may be due to variability in flow rates.
higher than for obstacles located farther away from it. For The roll-off 77, ranged between 0 and 3 dB/oct and was, in
example, for // and /3/, the dipole source at the vocal tracgeneral, subject-dependent. These values are in the range sug-
wall in the constrictions vicinity has a higher valuefothan for gested by some previous studies [4], [24]. Other more recent
the source located near the teeth. Similarly, the valuk,of;,  experimental evidence such as [16] do not support the existence

Magnitude, dB
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of aTrr component in the dipole spectrum. Experimental r&ince dipole sources were the most influential, and since the ef-
sults of Shadle [21], directly relevant to fricative aerodynamicggct of the monopole sources was relatively minimal, the noise
however, do not offer compelling evidence for ignorifigr in ~ source model for these fricatives in practice can be approxi-
the parametric dipole spectrum. mated just by dipole (pressure) source models, similar to the
A direct comparison between the turbulent (dipole) sourcégategy employed in [4], [6]. Further the dipole source location
for the voiced and unvoiced fricatives cannot be made due to #&n be held fixed for a given fricative articulation class as dic-
lack of information regarding the actual source SPL’s and flot@ted by the obstacle locations, an observation that is consistent
rates. Nevertheless, the levels of the dipole sources for voiokidh the findings of Shadle [19], [21]. This is different from the
fricatives are expected to be about 5 to 10 dB lower than tA@proach taken in some articulatory synthesis schemes wherein
unvoiced ones due to a smaller pressure drop across the sufirgnoise sources were primarily located in the vicinity of or at
glottal constriction. For a particular subglottal pressure, sing@nstriction locations [7], [23].
the (time-averaged) glottal area is smaller for the voiced frica- Next, let us consider the spectral characteristics of the dipole
tives, a relatively large pressure drop across the glottis ang@urce. The various experimental and empirical results agree on
relatively small pressure drop across the oral constriction woulge inclusion of a high-frequency tilt in the dipole spectrum al-
result when compared to the unvoiced fricatives. though there is considerable variability in its values across these
Results for voiced fricatives were quite satisfactory eveffrious studies (and, in their experimental conditions). Hence,
though a simplistic superposition of the effects of the voicingis not straightforward to pin down a set of empirical values for
and turbulence sources was adopted. The frequency regiot i spectral tilts in defining a general dipole noise source spec-
the output spectrum where a cross-over occurs in the dominHK{h. even at the level of each articulation class. Instead, we
source type, from voicing to turbulence, is, however, not alwap§opose a general noise-shaping filter interpretation toward a
captured well by the model. A model that takes into account tH8ified analysis and modeling of the dipole spectrum. Consider

interaction between the turbulence and voicing sources wo@dWo-port network driven by a white Gaussian noise (WGN)
perhaps provide a satisfactory solution. voltage source (pressure) and whose voltage output represents

Overall, the match obtained between the synthesized dfi diPole source. For example, thé dB/oct spectrum (Fant's
natural spectra was better for strident fricatives than for nonstt¥. M0del) with a break frequency at 4 kHz,(= 8000mtrad/s)

dents. This is primarily because the spectra of the nonstrid&Af’ be simply modeled as the output of a first-order filter with a

fricatives are not characterized by consistent, well-defindgpnsfer function of the forntly;..(w) = 1/(1 + jw/wy) that
cited by a white Gaussian noise source. A spectral tilt of

spectral peaks as do the stridents. The resonance pattétifst

observed in the nonstrident spectra are predominantly due ti¢ dB/oct with a break frequency of, and damping factog

incompletely cancelled back cavity pole-zero pairs resultif§auires a quadratic term, such(ast2¢(jw /ws) + (jw/ws)?)

from the finite coupling present between the front and badi the transfer function’s denominator. Since the zeroth-order

cavities. The transfer functions are more sensitive to lip shaﬁ@d first-order systems can _be_ considered as speqal cases of a
in nonstridents but cannot be measured any more accuratgfyond order system, a preliminary model for the dipole source
than for the stridents. The 1-D model used for the vocal trat@" Pe @ WGN-excited all-pole second order system; a simple

simulation, perhaps, is not adequate for capturing these effe@3a/09 realization of this would be a series RLC circuit (or
In general, there are a few other potential reasons, mair uivalently a mass-spring system) where the voltage across

arising due to various limitations in data acquisition and mo e capacitor represents the dipole voltage. If such a model is

eling used, that could have contributed to the less than perfﬁ%?umed’ the small low-frequency roll-off in the dipole spec-

match between the synthesized and natural fricative spec rum corresponds to moderate under-damping as illustrated in

a. . T . . .
These include the following. Ig. 8 (or equivalently in circuit terminology, a relatively high

() value due to a somewhat larger energy storage in the acoustic
1) The strategy for accounting for the teeth which are n@iertance relative to that dissipated in the resistance). If the ef-
captured by MRI may have been somewhat inaccuraict of the inertance is minimal, then the dipole spectrum cor-
explaining the generally poor match for the labiodentalgsponds to first-order effects (tilts in the order-& dB/oct)
and interdentals, and perhaps the need for more than el in addition if resistive effects are minimal, then the ef-

teeth-source for the stridents. _ fects are zeroth-order (only a gain term with a flat spectrum).
2) Inability in obtaining precisely the same articulatory poSince the low-frequency till’; » appears to be subject depen-
sition for both MRI and audio-recording sessions. dent (Table I1), the damping factdrperhaps can be assumed

3) Limitations due to the various approximations used i be subject dependent. The break frequencgan be related
the acoustic modeling including those used to obtain the the aerodynamic-articulatory state of the vocal tract. While a
transfer functions, the radiation impedance model, thealing relation similar to that used {01 Might be a good
far-field transfer characteristic, and the low-frequencytarting point forw,, deriving relations between the (acoustic)
piston-in-sphere approximation. elements of such a system and the aerodynamic state of the vocal
Finally, an attempt at unifying the empirical noise sourctact is not possible with the data currently available and is be-
models for fricatives can be made. The parameters of the lypnd the scope of this paper.
brid source model used in our experiments are source locationln the future, acoustics in more realistic 3-D geometries
type, number, dipole spectral characteristics and relative soust®uld be investigated. This can be achieved either through
levels. First, let us consider source location, type and numbeamerical simulations and/or experimental investigations in



344

mechanical models. Furthermori vivo measurements of
flow and pressure in the human vocal tract would provide
- S 18]
further insights toward constructing improved source modelé
for fricatives. The current study indicates that a source-filter19]
type representation may be adequate for frequencies below 10
kHz and that the sources may be adequately represented b)}zg]
parameterizable-dipole model. Significant work, however, is
required for a detailed investigation of the source parameterg!l
(peak, tilts) through aerodynamic experiments. Such experim]
ments are crucial for validating the results of the current study.

The authors are grateful to S. Maeda for providing his simuyz4;
lation program. They also thank four anonymous reviewers and
the editor for their insightful comments and suggestions.

(1]
(2]

(3]

4
(5]
(6]

(7]

(8]
El

(20]
[11]
(12]
(13]

(14]

(15]

[16]

IEEE TRANSACTIONS ON SPEECH AND AUDIO PROCESSING, VOL. 8, NO. 2, MARCH 2000

[17] L. M. P. Pastel, “Turbulent noise sources in vocal tract models,” M.S.
thesis, Mass. Inst. Technol., Cambridge, MA, 1987.

A. E. Rosenberg, “Effect of glottal pulse shape on the quality of natural
vowels,”J. Acoust. Soc. Amexol. 49, no. 2, pp. 583-590, 1971.

C. H. Shadle, “the acoustics of fricative consonants,” Mass. Inst.
Technol., Cambridge, Tech. Rep. 506, 1985.

——, “Articulatory-acoustic relationships in fricative consonants,” in
Speech Production and Speech Modelig Hardcastle and A. Mar-
chal, Eds. Norwell, MA: Kluwer, 1990, pp. 187-209.

, “The effect of geometry on source mechanisms of fricative con-
sonants,”J. Phoneticsvol. 19, pp. 409-424, 1991.

C. H. Shadle, P. Badin, and A. Moulinier, “Toward the spectral char-
acteristics of the fricative consonants,”fmoc. XII Int. Conf. Phonetic
Sciencesvol. 3, Aix-en-Provence, France, 1991, pp. 58-61.

M. M. Sondhi and J. Schroeter, “A hybrid time-frequency domain artic-
ulatory speech synthesizetEEE Trans. Acoust., Speech, Signal Pro-
cessingvol. ASSP-35, pp. 955-967, July 1987.

K. N. Stevens, “Airflow and turbulence noise for fricative and stop con-
sonants: Static considerationd,”Acoust. Soc. Amewol. 50, no. 4 (pt.

2), pp. 1180-1192, 1971.

, Acoustic Phonetics Cambridge, MA: MIT Press, 1998.

K. N. Stevens, S. E. Blumstein, L. Glicksman, M. Burton, and K.
Kurowski, “Acoustic and perceptual characteristics of voicing in
fricatives and fricative clusters,J. Acoust. Soc. Amewol. 91, no. 5,

pp. 2979-3000, 1992.

(23]
ACKNOWLEDGMENT

[25]
(26]

REFERENCES

P. Badin, “Acoustics of voiceless fricatives: Production theory and data,”
Speech Technol. Letpp. 45-52, Apr.—Sept. 1989.

P. Badin, C. Shadle, Y. P. T. Ngoc, J. N. Carter, W. S. C. Chiu, C. Scully,
and K. Stromberg, “Frication and aspiration noise sources: Contribution
of experimental data to articulatory synthesis, It Conf. Spoken Lan-
guage Processingfokohama, Japan, 1994, pp. 163-166.

J. Dang and K. Honda, “Acoustic characteristics of the piriform foss
in models and humans,J. Acoust. Soc. Amerol. 101, pp. 456-465,
1997.

G. Fant, Acoustic Theory of Speech ProductiorThe Hague, The
Netherlands: Mouton, 1960.

J. L. FlanaganSpeech Analysis, Synthesis, and Perceptidwew York:
Springer-Verlag, 1972.

J. L. Flanagan, K. Ishizaka, and K. L. Shipley, “Synthesis of speech fro
a dynamic model of the vocal cords and vocal traBgll Syst. Tech. ,J.
vol. 54, no. 3, pp. 485-506, 1975.

Shrikanth Narayanan (S'88-M'95) received the
M.S., Eng., and Ph.D. degrees, all in electrical
engineering, from the University of California, Los
Angeles, in 1990, 1992, and 1995, respectively.

Since 1995, he has been with AT&T, first with
AT&T Bell Labs and later with AT&T Shannon
Laboratory. His research interests include several
areas of speech processing—speech production
modeling, speech recognition, spoken language and
multimodal dialog systems.

Dr. Narayanan is a member of Tau Beta Pi and Eta

Kappa Nu.
J. L. Flanagan and K. Ishizaka, “Automatic generation of voiceless ex-

citation in a vocal cord- vocal tract speech synthesiz€tZE Trans.
Acoust., Speech, Signal Processingl. ASSP-24, pp. 163-170, Feb.
1976.

M. E. Goldstein Aeroacoustics New York: McGraw-Hill, 1976.
J. M. Heinz and K. N. Stevens, “On the properties of voiceless fricativ, &

Abeer Alwan (S'82-M'85) received the Ph.D. de-
gree in electrical engineering from the Massachusetts
Institute of Technology, Cambridge, in 1992.

Since then, she has been with the Electrical
Engineering Department, University of Cali-
fornia, Los Angeles (UCLA), as an Assistant

consonants,J. Acoust. Soc. Amerxol. 33, no. 5, pp. 589-596, 1961.
G. W. Hughes and M. Hale, “Spectral properties of fricative consc
nants,”J. Acoust. Soc. Amerol. 28, no. 2, pp. 303-310, 1956.

M. J. Lighthill, “On sound generated aerodynamically I. Genere
Theory,”Proc. R. Soc. Avol. 211, pp. 564-587, 1952.

S. Maeda, “A digital simulation method of the vocal-tract system,
Speech Communvol. 1, pp. 199-229, 1982.

W. Meyer-Epplere, “Zum erzeugungsmehanismus der gerauschlaute,”
Z. Phonetikvol. 7, pp. 196-212, 1953.

Professor (1992-1996) and Associate Professor
(1996—present). She established and directs the
Speech Processing and Auditory Perception Lab-
oratory at UCLA. Her research interests include

modeling human speech production and perception

mechanisms and applying these models to speech-processing applications.

S. Narayanan, A. Alwan, and K. Haker, “An articulatory study of Dr. Alwan received the NSF Research Initiation Award in 1993, the NIH
fricative consonants using magnetic resonance imagidgAcoust. FIRST Career Development Award in 1994, the UCLA-TRW Excellence in
Soc. Amer.vol. 98, no. 3, pp. 13251347, 1995. Teaching Award in 1994, the NSF Career Development Award in 1995, and the
S. S. Narayanan, “Fricative consonants: An articulatory, acoustic, a@kawa Foundation Award in Telecommunications in 1997. She is a member of
systems study,” Ph.D. dissertation, Dept. Elect. Eng., Univ. Calif., Ldsta Kappa Nu, Sigma Xi, Tau Beta Pi, and the New York Academy of Sciences.
Angeles, 1995. She is an elected member of the Acoustical Society of America Technical Com-
P. A. Nelson and C. L. Morfey, “Aerodynamic sound production in lonmittee on Speech Communication and the IEEE Signal Processing Technical
speed flow ducts,J. Sound Vibr.vol. 79, no. 2, pp. 263-289, 1981.  Committees on Audio and Electroacoustics and on Speech Processing.



