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Recent studies have shown that time-varying changes in formant pattern contribute to the phonetic
specification of vowels. This variation could be especially important in children’s vowels, because
children have higher fundamental frequencies (f 0’s! than adults, and formant-frequency estimation
is generally less reliable whenf 0 is high. To investigate the contribution of time-varying changes in
formant pattern to the identification of children’s vowels, three experiments were carried out with
natural and synthesized versions of 12 American English vowels spoken by children~ages 7, 5, and
3 years! as well as adult males and females. Experiment 1 showed that~i! vowels generated with a
cascade formant synthesizer~with hand-tracked formants! were less accurately identified than
natural versions; and~ii ! vowels synthesized with steady-state formant frequencies were harder to
identify than those which preserved the natural variation in formant pattern over time. The decline
in intelligibility was similar across talker groups, and there was no evidence that formant movement
plays a greater role in children’s vowels compared to adults. Experiment 2 replicated these findings
using a semi-automatic formant-tracking algorithm. Experiment 3 showed that the effects of formant
movement were the same for vowels synthesized with noise excitation~as in whispered speech! and
pulsed excitation~as in voiced speech!, although, on average, the whispered vowels were less
accurately identified than their voiced counterparts. Taken together, the results indicate that the cues
provided by changes in the formant frequencies over time contribute materially to the intelligibility
of vowels produced by children and adults, but these time-varying formant frequency cues do not
interact with properties of the voicing source. ©2000 Acoustical Society of America.
@S0001-4966~00!01410-7#

PACS numbers: 43.71.An, 43.70.Ep, 43.71.Es@KRK#
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I. INTRODUCTION

The perception of vowel quality is determined mainly
the formant pattern and its changes over time~Rosner and
Pickering, 1994!. Traditionally, vowels were described a
static entities, analyzed in terms of a single, brief spec
sample taken from their central region or ‘‘nucleus’’~e.g.,
Peterson and Barney, 1952!. However, several sources o
evidence now indicate that time-varying changes in the
quencies of the lowest three formants contribute to the p
ception of vowel quality, even in monophthongs~Di Bene-
detto, 1989; Fox, 1989; Hillenbrand and Gayvert, 199
Hillenbrand et al., 1995; Nábĕlek and Ovchinnikov, 1997;
Nearey and Assmann, 1986; Nearey, 1989; Andruski
Nearey, 1992; Strangeet al., 1983; Strange, 1989; Pols an
van Son, 1993; Zahorian and Jaghargi, 1991, 1993!.

Hillenbrand~1995! and Hillenbrand and Nearey~1999!
reported that vowels synthesized with ‘‘flattened’’ forma
tracks~i.e., with the formant pattern held constant across
duration of the vowel! were identified less accurately tha
vowels for which the natural variations in formant freque
cies were preserved. Their synthesized stimuli were mod
after a large sample of vowels produced by men, wom
and children~ages 10–12 years!. Formant flattening led to a
15% drop in mean identification accuracy, suggesting t
formant movement plays an important role in the percep
specification of American English vowels.

One reason for the detrimental effects of formant fl
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tening may be that formant movement helps to disambigu
pairs of vowels whose spectral shapes are similar in th
‘‘nucleus’’ regions but differ in their off-glides@e.g., the
vowels /(/ and /|/ in American English ~Nearey and
Assmann, 1986!#. Formant-frequency changes could al
provide evidence of the locations of ‘‘merged’’ forman
peaks when pairs of formants approach one another in
quency. The likelihood of merged formants is greater wh
the fundamental frequency (f 0) is high and the spectrum
envelope is sparsely ‘‘sampled’’ at the frequencies of
harmonics. Given the importance of the formant peaks
vowel identification, it might be predicted that vowels wi
high f 0’s would be identified less accurately than those w
low f 0’s. This prediction has been confirmed in experime
with synthetic vowels~Ryalls and Lieberman, 1982; Dieh
et al., 1996!.

An illustration of sparse spectral sampling is provided
Fig. 1, which shows the amplitude spectrum of the vowelÅ/
spoken by a 3-year old child. The left panel shows the a
plitude spectrum of the onset portion of the vowel, alo
with the envelope of the spectrum estimated by linear p
dictive coding~LPC! analysis. Thef 0 is about 262 Hz, and
hence neither representation provides clear evidence of
second formant, located in the vicinity of 1050 Hz. This is
typical example of a pair of merged formants: only a sing
peak is evident in the region ofF1 andF2.

In the right panel, the time variation in formant pattern
18568(4)/1856/11/$17.00 © 2000 Acoustical Society of America
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illustrated by a set of LPC spectra sampled at succes
8-ms intervals throughout the duration of the vowel. T
envelope of the spectrum is more clearly defined, by extra
lation, when the vowel is sampled repeatedly at differ
time points. If formant movement is beneficial because
provides a basis for tracking merged formants, then th
benefits should be greater for vowels with highf 0’s because
they contain a higher incidence of such mergers.

The relevance of the example in Fig. 1 depends on
ability of the auditory system to recover features of the sp
tral envelope~such as the frequencies of formant peaks
aspect of spectral shape! from the raw waveform. Psycho
physical studies suggest that auditory frequency analys
sufficiently selective at low frequencies to resolve the in
vidual harmonic components of vowels in the frequency
gion below 1 kHz, even in adult male voices with lowf 0’s
~Moore and Glasberg, 1987!. Since the first formant pea
does not necessarily coincide with any single harmonic,
frequency must be derived, possibly by interpolating acr
the peaks in the excitation pattern that correspond to
individual harmonics~Darwin and Gardner, 1985; Assman
and Nearey, 1987!. When the f 0 is high ~as in children’s
speech!, the spectrum envelope is less clearly defined in
speech signal, further increasing the uncertainty in the
mant estimation process~Dissard and Darwin, 2000! and, by
inference, the likelihood of making identification errors. If
higher f 0 leads to poorer specification of formant peaks
other relevant aspects of spectral shape, then time-var
changes in formant-frequency ought to provide greater b
efits for children’s vowels than for adults’ vowels.1

A corollary of this prediction is that time-varying
changes in formant frequency should provide reduced b
efits whenf 0 is eliminated from the signal, as in whispere
speech. Whispered speech retains the formant structur
voiced speech but not its harmonic fine structure. The bro
band noise excitation of whispered speech generates a
tinuous spectrum, and potentially more accurate resolutio
the formant peaks, provided the analysis window is suffici
in length to average out short-term fluctuations in the nois2

FIG. 1. Effects of time-varying changes in formant pattern on the resolu
of formant peaks. The left panel shows the amplitude spectrum of a 45
segment from the onset portion of the vowel /Å/, spoken by a 3-year-old
child. The dark trace is the spectrum envelope, estimated using autoco
tion LPC ~10 coefficients, 512-point Hanning window, 10-kHz sample rat!.
The right panel shows a succession of LPC analyses obtained at 8-ms
vals throughout the vowel.
1857 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000
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If formant peaks are more accurately represented in the
ditory excitation patterns of whispered than voiced vowe
then whispered vowels might be expected to show redu
benefits of formant movement, compared to voiced vow
However, whispered vowels are less intelligible than voic
vowels under some conditions~Tartter, 1991; Katz and
Assmann, 2000!. Voicing source manipulations therefor
provide a basis for testing the generality of the percept
benefits of time-varying changes in formant pattern, and m
yield further insights into the mechanisms involved in vow
perception.

The present study had two main objectives: first, to d
termine whether time-varying changes in formant frequ
cies make a greater contribution to the identification of ch
dren’s vowels than adults’ vowels; second, to determine h
the perceptual effects of formant movement genera
across changes in voicing source. Listening tests were
ried out using natural and synthesized vowels, including c
ditions where the center frequencies of formants were h
constant over the duration of the vowel~Hillenbrand, 1995!.
Vowels were synthesized using pulsed excitation~generating
voiced vowels! and noise excitation~generating whispered
vowels!.

II. EXPERIMENT 1

Compared to adults, children’s speech is more varia
in f 0 , formant frequencies, and durational properties~Eguchi
and Hirsh, 1969; Kent, 1976; Smithet al., 1995; Hillenbrand
et al., 1995; Leeet al., 1999!. Since the majority of earlier
studies of children’s speech have measured speech acou
in older children, we included younger children of ages 7,
and 3 years in our sample.

A. Speech materials

Recordings were made of the 12 monophthongal vow
of American English in /hVd/ context: /{/ ~heed!; /(/ ~hid!; /|/
~hayed!; /}/ ~head!; /,/ ~had!; /#/ ~hud!; /Ä/ ~hod!; /Å/
~hawed!; /É/ ~herd!; /Ç/ ~hoed!; /*/ ~hood!; /É/ ~who’d!.

B. Talkers

Ten men, 10 women, and 30 children~ages 7, 5, and 3!
served as talkers. The majority of the adult talkers were lo
time residents of the Dallas, Texas region, but 38% had li
in other cities during their childhood. All of the childre
were raised in the urban Dallas area.

C. Recording procedure

An audio cassette master tape with 6 repetitions of
12 vowels in random sequence served as a prompt for
talkers. The adult talkers completed the set twice, for a to
of 144 vowel tokens~12 vowels3 12 repetitions of each
vowel!. Each recording session lasted about 40 min. Reco
ing sessions for the children took somewhat longer, a
hence children completed only one set of 72 vowel toke
~12 vowels3 6 repetitions!. Because children occasionall
had difficulty producing target sounds following the first re
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etition of the audio tape, they were given additional chan
to repeat target items following examples given by the
aminer.

Recordings were made in a sound-treated room usin
Shure SM-94 microphone and a portable audio DAT
corder, model AIWA HD-X3000. The digital waveform
were transferred to computer disk at a rate of 48 kHz a
16-bit resolution using a DAT-Link1 digital audio interface.

D. Acoustic analysis

A subset of 180 vowel tokens~12 vowels3 3 talkers
3 5 talker groups! was used to extract parameters for sy
thesizing the stimuli in experiment 1. Selection was based
informal judgments of adequate pronunciation quality by
two authors. The waveforms were digitally low-pass filter
with an eighth-order elliptical filter~5.7 kHz,2115 dB/oct!
and resampled at 12 kHz for subsequent analyses. The o
and offsets of the vowels were determined by visual insp
tion, as illustrated by the dashed lines in Fig. 2. Vowel on
was defined as the beginning of the first pitch period of
voiced segment of the syllable. Vowel offset was defined
the end of the last pitch period before the stop closure
ated by the final /$/.

To obtain a parametric description of the vowels suita
for a formant-based synthesizer, estimates of fundame
frequency (f 0), amplitude of voicing~AV ! and formant cen-
ter frequencies~F1-F4! were obtained every 5 ms. Estimat
of f 0 were made using an implementation of the Meddis a
Hewitt ~1991! pitch model. The amplitude of voicing~AV !
was computed using a sliding rectangular root mean sq
~rms! window ~25-ms frames, 5-ms overlap!. Formant center
frequencies were tracked using a customMATLAB program
~Assmannet al., 1994!. This program allows the user t
identify the trajectories of the formants by visual inspecti

FIG. 2. The upper trace is the waveform of the syllable /hed/ spoken b
adult female. The shaded boxes indicate the first and second sample
dows, starting at 33% and 66% of the distance from onset to offset of
vowel, respectively. The spectrogram shows the trajectories ofF1, F2, and
F3 frequencies with white lines. The unfilled circles show the ‘‘flattene
formants used in the FlatF condition of experiment 1.
1858 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000
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and superimpose their tracks on a spectrogram of the vo
using a mouse-based drawing tool. A synthesized vers
can then be generated and played back to compare with
spoken version, and the process can be repeated until a
match is found.

E. Statistical analysis of vowel formant frequencies

To analyze formant-frequency change, we adopted
version of the ‘‘dual-target’’ model described by Nearey a
Assmann~1986!. Vowel formant frequencies were measur
using LPC analysis and a semi-automatic formant-track
procedure, described in detail in Sec. III A below. Measu
ments were taken at two different time points in the vow
illustrated by the shaded boxes in Fig. 2. The sample w
dows had their onsets at 33% and 66% of the vowel’s du
tion, respectively. The goal was to include as much as p
sible of the formant movement within the vowel, whi
minimizing the neutralizing effects of the flanking cons
nants. Informal listening to gated versions of the vowels t
spanned the two sample windows did not reveal a str
impression of the final /$/ for a majority of the tokens. More-
over, the formant trajectory defined by the two targets
not consistently point toward the same spectral locus~Delat-
treet al., 1955; Sussmanet al., 1991! as might be expected i
the second sample window were too close to the conso
closure.F1, F2, F3 frequencies andf 0 were estimated as th
median of five successive measurements spaced 5-ms a

Table I lists the f 0 and formant-frequency estimate
from the first sample window for the 12 vowels and 5 talk
groups. These measurements served as the basis fo
‘‘flattened formant’’ stimuli of experiment 1. Means an
standard errors are based on three talkers in each group
analysis of variance~ANOVA ! of vowel formant frequencies
was carried out, covering the factors vowel~with 12 levels!,
group~with 5 levels!, and sample~with two levels: first and
second sample windows!. As expected, there were significa
main effects of vowel forF1 @F (11,110)584.59,p,0.01#, F2
@F (11,110)5117.32, p,0.01#, and F3 @F (11,110)530.85,
p,0.01#; and talker group forF1 @F (4,10)512.18,p,0.01#,
F2 @F (4,10)552.08, p,0.05#, and F3 @F (4,10)547.82,
p,0.01#, but the interaction of talker group3 vowel was
not significant for any of the formants.

In addition to showing the expected pattern of high
formant frequencies in the vowels of young children, Tabl
shows that the standard errors are larger for several of
children’s vowels, compared to those of adults, consist
with reports of greater variability in children’s formant fre
quencies. However, it cannot be ruled out that this increa
variability is due to formant measurement error associa
with the higherf 0’s of children’s vowels, nor that this vari
ability is irrelevant for vowel perception. These issues a
addressed in experiments 1 and 2.

Of particular interest for the present study was the s
nificant interaction of sample3 vowel, indicating the pres-
ence of time variation in the frequencies ofF1 @F (11,110)

512.65, p,0.01# and F2 @F (11,110)521.74, p,0.01#, but
not F3 @F (11,110)51.14,p50.34#. Figure 3 illustrates the pat
tern of formant movement for the male talkers. The meanF1
andF2 frequencies for the first and second time samples
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TABLE I. Means and standard errors~in parentheses! of vowel fundamental and formant frequencies~in Hz!
from the first sample window, across the three talkers in each group.~See text for details.!

/{/ /(/ /|/ /}/ /,/ /#/ /É/ /Ä/ /Å/ /Ç/ /*/ /É/

Adult F3 3003 2654 2557 2643 2580 2539 1686 2468 2564 2390 2364 2
Males ~61! ~64! ~39! ~69! ~30! ~99! ~41! ~53! ~111! ~86! ~83! ~112!

F2 2345 1974 1982 1855 1809 1455 1457 1214 1081 1182 1376 1
~146! ~86! ~74! ~96! ~26! ~14! ~71! ~12! ~17! ~28! ~105! ~139!

F1 300 445 497 534 694 638 523 754 654 523 426 3
~6! ~31! ~14! ~21! ~50! ~49! ~29! ~49! ~15! ~31! ~20! ~20!

f 0 110 108 111 102 101 102 105 103 101 112 112 13
~9! ~12! ~13! ~10! ~8! ~10! ~11! ~8! ~10! ~10! ~10! ~7!

Adult F3 3256 2965 2990 2929 2875 2887 1870 2966 2947 2634 2734 2
Females ~194! ~177! ~210! ~158! ~97! ~153! ~84! ~16! ~125! ~129! ~94! ~136!

F2 2588 2161 2309 2144 2051 1751 1508 1273 1203 1470 1685 1
~164! ~142! ~126! ~104! ~90! ~55! ~62! ~92! ~48! ~69! ~77! ~157!

F1 429 522 572 586 836 767 640 688 816 636 516 4
~26! ~58! ~20! ~42! ~50! ~19! ~61! ~32! ~44! ~24! ~51! ~28!

f 0 216 207 209 204 199 199 201 208 194 201 207 21
~6! ~8! ~10! ~10! ~4! ~7! ~1! ~9! ~6! ~8! ~7! ~12!

Age 7 F3 3977 3896 3620 3713 3621 3443 2297 3083 3343 3252 3663 3
~161! ~226! ~42! ~244! ~318! ~160! ~97! ~189! ~178! ~87! ~177! ~303!

F2 3402 2825 2822 2485 2324 1896 1776 1565 1494 1601 2031 1
~95! ~106! ~48! ~67! ~52! ~72! ~80! ~90! ~74! ~45! ~191! ~80!

F1 358 583 590 799 1074 832 601 954 895 620 579 4
~46! ~63! ~31! ~61! ~89! ~140! ~41! ~128! ~54! ~57! ~71! ~25!

f 0 257 237 253 246 235 250 253 254 241 246 250 25
~8! ~6! ~12! ~6! ~16! ~14! ~6! ~4! ~3! ~8! ~8! ~6!

Age 5 F3 4058 3954 3923 3922 4022 3742 2498 3136 3228 3133 3626 3
~83! ~95! ~56! ~106! ~130! ~159! ~131! ~246! ~249! ~312! ~167! ~90!

F2 3535 2914 3050 2684 2505 1965 2019 1602 1502 1620 1919 1
~74! ~139! ~61! ~72! ~52! ~156! ~53! ~68! ~58! ~110! ~192! ~172!

F1 472 571 580 871 1161 732 599 1066 850 647 526 4
~81! ~47! ~25! ~102! ~52! ~77! ~52! ~87! ~144! ~20! ~20! ~69!

f 0 280 269 269 263 240 258 251 251 241 254 270 27
~13! ~11! ~8! ~8! ~3! ~6! ~13! ~7! ~3! ~4! ~11! ~15!

Age 3 F3 4061 4331 3721 4294 3961 3333 2661 3866 3382 3228 3899 2
~188! ~177! ~277! ~145! ~440! ~313! ~147! ~427! ~385! ~276! ~282! ~314!

F2 3437 2740 2863 2639 2503 1965 1752 1656 1465 1636 1828 1
~67! ~62! ~72! ~13! ~170! ~58! ~94! ~109! ~202! ~84! ~205! ~216!

F1 427 621 717 760 1256 789 726 1060 938 652 649 5
~42! ~44! ~37! ~10! ~110! ~69! ~60! ~109! ~111! ~33! ~10! ~45!

f 0 246 230 218 211 227 214 233 248 209 227 251 27
~29! ~29! ~27! ~16! ~14! ~14! ~9! ~21! ~26! ~36! ~21! ~21!
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shown by the origins and tails of the arrows. The direct
and extent of formant-frequency movement is consist
with studies of other dialects of American English~e.g.,
Nearey and Assmann, 1986, for western Canada; Hil
brand and Nearey, 1999, for western Michigan!. The greatest
formant movement is seen for the vowels /|/, /Ç/, /Ä/, /#/, /*/,
and /Å/, while /{/, /É/, /,/, and /É/ are relatively stationary. In
general, the lax vowels /(/, /}/, and /,/ tend to point toward
the middle of the vowel space, consistent with the patt
found in other dialects of American English, although t
magnitude of these changes is smaller for the north Te
vowels. This discrepancy may reflect dialect variation,
differences in the choice of time windows. Our first samp
point was taken somewhat later, and the second sam
somewhat earlier than in previous studies.3

The pattern of formant movement was similar across
five talker groups: neither the talker group3 sample nor the
talker group3 sample3 vowel interactions were significan
for any of the formants. Hence children’s vowels appear
oc. Am., Vol. 108, No. 4, October 2000
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display qualitatively similar patterns of vowel-inherent spe
tral change to those of adults.

F. Experimental conditions

The stimuli were natural and synthesized versions of
12 vowels provided by the adult and child talkers. Stim
were presented to adult listeners for identification in fi
conditions:

~1! Natural: The vowel portion of the syllable was extracte
~as illustrated by the dashed lines in Fig. 2! and pre-
sented without further modification.

~2! Full: A synthesized version of the vowel was co
structed using the acoustic parameters (f 0 , AV, F1, F2,
F3, F4, F5! derived from an analysis of the vowel po
tion of the /hVd/ syllables. Synthetic vowels were co
structed using a frequency-domain version of the Kl
~1980! cascade formant synthesizer~Assmann et al.,
1994! with six formants at a sample rate of 24 kHz. Th
1859P. F. Assmann and W. F. Katz: Spectral change in vowels
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center frequencies of the higher formants were fixed
4500 Hz ~F5! and 5500 Hz~F6! for the adult males,
using the synthesizer defaults for an adult male vo
suggested by Klatt~1980!. The frequencies ofF5 andF6
were scaled upwards by 20% for the adult females~5400
and 6600 Hz, respectively! and by 50% for the three
groups of children~6750 and 8250 Hz!. The bandwidths
of the six formants were held constant~B1: 90;B2: 110;
B3: 170; B4: 250; B5: 300; B6: 450 Hz!. Stimuli were
scaled to the maximum peak-to-peak amplitude afford
by the 16-bit quantization range. A 10.7-ms Kaiser w
dow was used to shape the onset and offset of e
stimulus to minimize transients.

~3! FlatF1: The center frequency of the first formant w
held constant at the estimatedF1 frequency from the first
sample window~indicated by the first shaded box in Fig
2!. The remaining parameters displayed ‘‘natural’’~i.e.,
measured! variations as a function of time.

~4! FlatF2: The center frequency of the second formant w
held constant at the estimatedF2 frequency from the first
sample window.

~5! FlatF: The center frequencies of all formants andf 0

were held constant at their estimated frequencies fr
the first sample window.

G. Listeners

The listeners were nine adults who reported norm
hearing and were native speakers of American English.
had completed an undergraduate course in phonetics. M
were long-term residents of the Dallas, Texas area.

H. Procedure

The stimuli were presented on-line at a sample rate o
kHz, low-pass filtered~10-kHz cutoff; Tucker-Davis Tech
nologies FT5!, attenuated~TDT PA4!, amplified ~TDT
HB5!, and presented diotically via headphones~Sennheiser
HD-414! in a double-walled sound booth. Stimulus prese
tation levels ranged from 69 to 81 dB SPL~A weighting!,
with a mean of 74 dB. Stimuli representing the 12 vowels
talker groups, and 5 synthesis conditions were intersperse
random order from trial to trial. Listeners were tested in
vidually, and the experiment was self-paced. They respon
to each stimulus by selecting 1 of 12 panels from a respo
box displayed on the computer screen. The panels were
beled with the orthographic representations of the /hV
words, and their corresponding phonetic symbols were
perimposed on the screen with a plastic overlay.

Listeners began by completing three brief practice s
In each set they heard vowels spoken by different talk
one exemplifying each talker group, but using talkers w
were not included in the main experiment. In the first
they listened to examples of 12 natural vowels without
signing vowel responses. In the second set they identified
vowels from the natural condition and received feedback
dicating whether their responses were correct or incorrec
their score was less than 85% correct~31/36! they were re-
quired to repeat the set until they reached this goal. In
third set they heard examples of 12 synthesized vowels f
1860 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000
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the full condition without assigning vowel responses. Th
next completed the main experiment, which included 12
stimuli @12 vowels3 5 groups3 3 talkers per group3 7
conditions, i.e., the five conditions described above p
two additional conditions described elsewhere~Katz and
Assmann, 2000!# in three blocks of 420 trials. Each bloc
lasted about 40 min.

I. Results and discussion

The identification data were analyzed with two main o
jectives: ~i! to compare identification accuracy for natur
and synthesized vowels spoken by adults and children,
~ii ! to study the effects of ‘‘flattening’’ the formant trajecto
ries on vowel identification for the five talker groups.
three-way analysis of variance~ANOVA ! revealed signifi-
cant main effects of talker group@F (4,32)516.60; p,0.01#,
condition @F (4,32)5138.00, p,0.01#, and vowel @F (11,88)

519.10, p,0.01#. All interactions were significant: talke
group 3 condition @F (16,128)55.01; p,0.01#, condition
3 vowel @F (44,352)517.50; p,0.01#, talker group3 vowel
@F (44,352)517.50; p,0.01#, and talker group3 condition
3 vowel @F (176,1408)53.38; p,0.01#. The key patterns in
these data are described below.

1. Identification of natural and synthesized vowels

Identification accuracy was lower for the synthesiz
vowels ~full condition! than for the spoken vowels~natural
condition! after which they were patterned. Figure 4 sho
this pattern across the five talker groups. The largest dec
in accuracy was found for adult females~20%!. The smallest
decline was for the 3-year-old children~3%!, whose natural
recorded vowels were the least intelligible overall. The thr
way interaction of talker group3condition 3 vowel was
analyzed with Scheffe´ tests to assess the drop in intelligibi
ity from natural to full conditions. The analysis revealed s
nificantly (p,0.05! lower accuracy in the full condition for

FIG. 3. Formant-frequency movement for the 12 vowels spoken by the a
males. The origin of each arrow shows the meanF1 and F2 frequencies
across the three talkers for the first sample window~starting at 33% of the
vowel duration!, while the tail shows the second sample window~starting at
66% of the vowel duration!.
1860P. F. Assmann and W. F. Katz: Spectral change in vowels
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the following talker group and vowel combinations: 3-yea
olds: /Ç/; 5-year-olds: /|/, /É/; 7-year-olds: /*/; adult females:
/(/, /,/, /*/; adult males: /É/. In some of these cases, th
lower intelligibility of the synthesized vowels can be attri
uted to difficulties in tracking closely spaced formants.

2. Effects of holding formant frequencies constant

Significantly lower identification accuracy was obtain
when eitherF1, F2, or all formants plusf 0 were held con-
stant. Figure 5 shows mean accuracy in the four synth
conditions for the five talker groups. On average, eliminat
the time variation inF1 resulted in a 6% drop in identifica
tion. Holding F2 constant lowered performance by abo
5%, while removing the time variation from all formant fre
quencies plusf 0 lowered performance by about 12%. The
patterns were broadly similar across talker groups, with t

FIG. 4. Mean identification accuracy for the natural and full~synthesized!
conditions for vowels spoken by adult males~M!, adult females~F!, and
children~ages 7, 5, 3! in experiment 1. Error bars show the standard err
across the nine listeners.

FIG. 5. Mean identification accuracy for vowels synthesized with tim
varying formants~full condition! and with flattened formants~flat F1, flat
F2, and FlatF conditions! spoken by adult males~M!, adult females~F!, and
children~ages 7, 5, 3! in experiment 1. Error bars show the standard err
across the listeners.
1861 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000
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exceptions. First, the 5-year-olds did not show a decl
when F1 or F2 were held constant, although their scor
were close to those of other talker groups when all forma
and f 0 were held constant. Second, the adult females did
show a further decline when all formants andf 0 were held
constant, compared toF1 and F2 alone. These difference
merit further study with a larger sample of talkers. Overa
however, the results provided no support for the idea t
time-varying changes in formant frequencies offer grea
benefits for identifying vowels spoken by children.

Figure 6 shows that the effects of formant flatteni
were not evenly distributed across the vowels. The vow
/|/ and /Ç/, which are strongly diphthongized in America
English, showed substantial declines, with more than a 6
drop from the full condition to FlatF condition. For both /|/
and /Ç/, holdingF1 constant had a larger effect than holdin
F2 constant. Smaller declines were observed for /É/ and /Å/,
while most of the remaining vowels showed little effect
formant flattening. Surprisingly, /Ä/ showed anincreaseof
more than 20% when all formants andf 0 were held constant
The reason may be related to dialect and/or formant-track
errors: for this vowel, eliminating the time variation made
easier to identify.

The results in Fig. 6 are combined across the five tal
groups, but the ANOVA also showed a significant three-w
interaction of talker group3 condition3 vowel. Interpreta-
tion of the three-way interaction was complicated by perf
mance near ceiling or floor in several conditions, but ove
there were only minor deviations from the pattern in Fig.
In general, deviations from the pattern were least evident
those vowels showing the greatest effects of formant flatt
ing ~i.e., /|/ and /Ç/!.

3. Relationship between f 0 and formant flattening

The results of experiment 1 failed to confirm the pred
tion that time-varying changes in formant frequencies wo
provide greater benefits for the vowels of children th
adults. One interpretation is that these benefits are not rel
to spectral resolution, but arise for other reasons. Before
cepting this conclusion, however, it is necessary to cons
other differences between the vowels of children and ad
that might contribute to formant resolution. For examp
narrowing the bandwidth of a formant or increasing its d
tance from adjacent formants could lead to improved sp
fication of its peak, counteracting the loss of resoluti
caused by the highf 0 .

Formant bandwidths were held constant across the ta
groups, ruling this out as a possible confound. Moreov
formant bandwidth estimates from natural speech gener
suggest wider rather than narrower bandwidths with incre
ing formant-frequency above 500 Hz~Hawks and Miller,
1995!, and formant bandwidths are estimated to be ab
25% larger in women than in men~Fujimura and Lindqvist,
1971!. A second factor is that children have smaller voc
tracts than adults, and hence the upward shift in their form
frequencies could lead to larger frequency distances betw
adjacent formants. However, a statistical analysis of form
distances~F3-F2 and F2-F1, with formant frequencies ex

-
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FIG. 6. Mean identification accuracy for the 12 natural vowels and synthesized versions, with time-varying formants~full condition! and with flattened
formants~flat F1, flat F2, and FlatF conditions! in experiment 1. Error bars show the standard errors across the listeners.
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pressed in log units!, failed to reveal significant difference
between child and adult talkers.

Although other differences between children’s a
adults’ vowels cannot be ruled out, the results of experim
1 suggest that the benefits of formant flattening are not
hanced in vowels with highf 0’s. This conclusion is sup-
ported by an analysis of individual vowel tokens. T
amount of benefit provided by spectral change was qua
fied in terms of the difference between scores in the
condition and in the FlatF condition. The correlation betwe
difference scores and the vowel’sf 0 was close to zero~r
52 0.06; N5180!. There was a weak relationship betwe
f 0 and formant distance, forF2-F1 ~r50.29; N5180;
p,0.01! and F3-F2 ~r50.26; N5180; p,0.01!. A partial
correlation analysis was performed to assess the relation
betweenf 0 and formant flattening when the effects of fo
mant separation are partialled out. In both cases the cor
tion remained near zero, forF2-F1 ~r50.05; N5180! and
F3-F2 ~r52 0.01;N5180!. These analyses support the co
clusion that the effects of formant flattening do not depe
on f 0 .

III. EXPERIMENT 2

Because formants are relatively difficult to estimate
speech produced with highf 0 values, it is possible that som
of the group-specific differences noted in experiment 1~e.g.,
the large difference between natural vs full conditions
adult females and the small difference between natural
sus full conditions for 3-year-old children! could have re-
1862 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000
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sulted, in part, from errors in estimating formant frequenc
by hand. Experiment 2 therefore evaluated a synthesis s
egy that relied on a semi-automatic formant-tracking pro
dure.

A. Method

Experimental conditions were identical to those used
experiment 1, except that the stimuli were generated fr
the same recorded /hVd/ words using a semi-automa
formant-tracking procedure. The frequencies of the forma
~F1, F2, F3! were estimated using a dynamic programmi
method which assigns raw formant-frequency ‘‘candidate
to ‘‘tracks’’ given a set of constraints on the proximity o
adjacent formants and continuity over time. Formant can
dates were obtained by autocorrelation LPC~12-kHz sample
rate, 512-point Hanning window, 5-ms frame update ra
and 95% pre-emphasis!. The order of the LPC analysis wa
adjusted to match the number of expected formants in
0-6 kHz range, and the number of coefficients ranged from
to 14, depending on the talker. Formant candidates were
tained by solving for the roots of the predictor polynomial.
subsequent stage of post-processing was included to e
nate residual errors due to ‘‘spurious’’ formant-frequen
candidates. Finally, median smoothing was applied to eli
nate sudden changes in formant-frequency.

Stimulus presentation, testing procedures, response
lection, and data analysis were the same as described
experiment 1.
1862P. F. Assmann and W. F. Katz: Spectral change in vowels
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B. Listeners

The listeners were ten adults who reported normal he
ing and were native speakers of American English. Mos
the listeners were long term residents of the Dallas, Te
area. All had completed an undergraduate course in pho
ics. One of the listeners had participated in experiment 1

C. Results

There was little effect of formant-frequency estimati
method: on average, hand-tracked and auto-tracked vo
showed less than 1% difference in intelligibility. The large
improvement was a nearly 6% difference in the female au
tracked vowels. The largest drop was a 5% difference
3-year-olds. A three-way ANOVA revealed the same patt
as in experiment 1, with a significant interaction of talk
group 3 condition 3 vowel @F (176,1584)53.78; p,0.01#.
Qualitative inspection of individual vowel3 talker group
plots revealed an interaction similar to that found for expe
ment 1. Therefore, it appears that the perceptual co
quences of the formant manipulations presented in exp
ment 1 do not depend on the formant-tracking method.

IV. EXPERIMENT 3

Experiments 1 and 2 showed that eliminating the ti
variation in formant frequencies from synthesized vowels
to a significant decline in intelligibility. However, no ev
dence was found of a link between the benefits of form
dynamics andf 0 . A significant correlation would be pre
dicted if formant movement helps to define poorly resolv
formant peaks or other aspects of spectral shape whenf 0 is
high.

Research with natural speech has shown that whisp
vowels are less intelligible than voiced vowels~Tartter,
1991!. Tartter found that the increased error rate for wh
pered vowels was due in part to increased confusions am
vowels adjacent in the vowel space defined byF1 andF2
frequencies. Formant movement can help to disambigu
such pairs of vowels, and hence formant flattening might
expected to lead to a greater reduction in identification ac
racy for whispered compared to phonated vowels. On
other hand, if formant movement is beneficial because
helps to define formant peaks whenf 0 is high, then replacing
the voicing source with noise might be expected to yi
reduced effects of formant flattening in whispered vow
compared to voiced vowels, particularly for children. Expe
ment 3 tested these two contrasting predictions by examin
the interaction of formant flattening and the presence or
sence of voicing.

A. Method

Vowels were synthesized using the auto-tracked form
measurements from experiment 2 and the cascade form
synthesis model~Klatt, 1980!. Vowels were synthesized e
1863 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000
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ther with pulsed excitation~to produce ‘‘voiced’’ vowels, as
in experiment 2! or noise excitation~generating ‘‘unvoiced’’
or whispered vowels!. In addition, each was synthesized wi
time-varying formant frequencies~full condition! or with all
formants andf 0 held constant across time~FlatF condition!.
A total of 720 vowels was generated~2 voicing states3 2
formant change conditions3 5 talker groups3 3 talkers/
group 3 12 vowels!. Stimulus presentation, testing proc
dures, response collection, and data analysis were the s
as described for experiment 1.

B. Listeners

Eight adults who reported normal hearing and were
tive speakers of American English served as listeners. M
were long-term residents of the Dallas, Texas area. All h
completed an undergraduate course in phonetics. Two of
listeners had participated in experiment 1, and one in exp
ment 2.

C. Results

Elimination of time variation in the frequencies of th
formants andf 0 lowered identification accuracy by 17% fo
the voiced vowels and 15% for the unvoiced~whispered!
vowels, on average. This shows that time-varying change
formant frequencies have similar effects for whispered a
voiced vowels. In comparison, replacement of the voic
source with aperiodic noise lowered mean identification
curacy by 11%.

There was a significant interaction of formant flatteni
3 talker group @F (4,28)55.35; p,0.01#, and of voicing
source 3 talker group @F (4,28)54.73; p,0.01#, but the
three-way interaction of formant flattening3 voicing source
3 talker group was not significant. Figure 7 shows that
shift from voicing to whisper has the effect of eliminatin
the selective advantage of the vowels of adult males over
other four talker groups.

Holding the formant frequencies constant had a lar
effect on the vowels of adult females~24% drop! compared
to those of other talker groups~11%–18% drop!, possibly
because the vowels of the adult females were generally m
susceptible to synthesis errors~Fig. 4!. Figure 7 shows that

FIG. 7. Mean identification accuracy for the synthesized voiced and w
pered vowels spoken by adult males~M!, adult females~F!, and three
groups of children~ages 7, 5, 3! in experiment 3. Error bars show th
standard errors across the eight listeners.
1863P. F. Assmann and W. F. Katz: Spectral change in vowels
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eliminating the time variation from the formant frequenci
led to a substantial drop in accuracy for all talker grou
with similar reductions for whispered and voiced vowels.

The three-way interaction of formant flattening3 voic-
ing source3 vowel was significant@F (11,77)52.49; p,0.01#
and is shown in Table II. Consistent with the results of e
periment 1, the largest effects of formant flattening were
served for the vowels /|/ and /Ç/. Effects of formant flatten-
ing were similar for the voiced and whispered versions
these vowels. Several other vowels~e.g., /(/ and /*/! also
showed small declines when their formants were held c
stant.

Although most vowels showed some effect of shifti
from a voiced to whispered source, the changes were
uniform across the vowels. The largest effects emerged
the vowels /É/ and /,/, neither of which was affected sub
stantially by the flattening of their formants. Some vowe
like /{/ and /}/, showed little effect of either manipulation.

Overall, the results of experiment 3 showed that the f
mant flattening and voicing source manipulations did not
teract. Moreover, their effects were not the same for differ
vowels and talker groups. The ANOVA showed significa
interactions of formant flattening3 talker group3 vowel
@F (44,308)53.36; p,0.01# and voicing source3 talker group
3 vowel @F (44,308)52.95; p,0.01#, but no systematic pat
terns emerged from an inspection of these interactions.
four-way interaction of formant flattening3 voicing source
3 talker group3 vowel was not significant. An interestin
finding was that the vowels most affected by the change
voicing were hardly affected by the flattening of their fo
mants. The reverse pattern did not appear to hold, since
vowels most affected by flattening their formants a
showed a decline when the source changed from voicin
whisper.

The lower intelligibility of noise-excited~whispered!
compared to pulse-excited~voiced! vowels was also found
by Katz and Assmann~2000! using an experimental desig

TABLE II. Means and standard errors~in parentheses! of vowel identifica-
tion accuracy for the eight listeners in experiment 3. The data are po
across the five talker groups. Full tracks refers to vowels synthesized
time-varying formant frequencies andf 0 ; flat formants refers to vowels
synthesized with steady-state formant frequencies andf 0 . Voiced vowels
are synthesized with a pulsed voicing source; whispered vowels have b
band noise excitation.

Full tracks Flat formants

Voiced Whispered Voiced Whispered

/{/ 84.2 ~5.2! 72.5 ~4.8! 83.3 ~4.9! 78.3 ~4.7!
/(/ 74.2 ~4.4! 68.3 ~4.8! 40.0 ~6.5! 60.8 ~6.6!
/|/ 95.0 ~2.1! 75.8 ~6.8! 25.0 ~6.0! 3.3 ~3.3!
/}/ 74.2 ~3.7! 66.7 ~4.7! 75.0 ~4.8! 65.0 ~3.5!
/,/ 73.3 ~4.9! 37.5 ~8.0! 71.7 ~4.5! 44.2 ~6.7!
/#/ 40.8 ~5.7! 38.3 ~5.3! 46.7 ~5.2! 35.0 ~4.1!
/É/ 94.2 ~2.0! 84.2 ~3.5! 85.0 ~3.5! 69.2 ~3.8!
/Ä/ 43.3 ~6.8! 38.3 ~7.5! 51.7 ~5.7! 46.7 ~4.9!
/Å/ 55.8 ~8.0! 45.0 ~5.9! 38.3 ~5.2! 38.3 ~5.5!
/Ç/ 94.2 ~2.0! 85.8 ~4.8! 31.7 ~6.6! 11.7 ~3.5!
/*/ 72.5 ~6.0! 78.3 ~5.0! 44.2 ~8.2! 56.7 ~7.5!
/É/ 77.5 ~4.2! 55.8 ~5.5! 83.3 ~2.8! 51.7 ~4.3!

Mean 73.3~5.2! 62.2 ~4.8! 56.3 ~4.9! 46.7 ~4.7!
1864 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000
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similar to experiment 3. They showed that this effect do
not arise simply because whispered speech contains les
ergy at low frequencies, compared to voiced spee
~Stevens, 1999!: a similar reduction in intelligibility was
found with noise-excited vowels which preserved the sp
tral tilt characteristics of the voiced vowels. Katz an
Assmann attributed the reduced intelligibility of whisper
vowels to the elimination of harmonicity and/or periodicit

V. GENERAL DISCUSSION

An acoustic analysis confirmed previous findin
~Egushi and Hirsh, 1969; Leeet al., 1999! that children’s
vowels have higher formant frequencies than those of adu
as well as greater variability across talkers. The increa
variability can be attributed to limitations in motor contr
and the reduced flexibility that accompanies the early sta
of neuromotor maturation. In contrast, comparisons
formant-frequency trajectories for individual vowels r
vealed similar patterns for children and adults. These d
suggest that children can produce appropriate pattern
formant-frequency movement in a mature manner as earl
age 3.4

Three important findings emerged from the percept
experiments. First, we confirmed that the removal of tim
varying changes in formant frequency from synthetic vow
produced lower identification accuracy. This finding rep
cated earlier work by Hillenbrand~1995! and Hillenbrand
and Nearey~1999! for W. Michigan talkers. Our talkers wer
from the Dallas, Texas region, extending the results to
other dialect of American English, and also to children
young as age 3.

Eliminating the time variation from all formants andf 0

resulted in a 12%–16% reduction in mean identification
curacy in experiments 1–3. In comparison, flattening j
one formant~F1 or F2! led to a drop of nearly half tha
magnitude~6% and 5% reduction, respectively!. The similar
drop for F1 and F2 suggests that time-varying changes
each formant made roughly the same contribution to vo
identification. However, differences were noted for /|/ and
/Ç/, where flatteningF1 degraded performance more tha
flattening F2. This pattern is consistent with the extent
acoustic change in theF1 3 F2 space, and is compatibl
with the finding thatF1 frequency is more discriminable tha
F2 ~Kewley-Port and Watson, 1994!. F2 flattening had little
effect on /Ç/, but rather pronounced effects on /|/. The
smaller contribution ofF2 for the vowel /Ç/ might be part of
its phonetic specification in the north Texas dialect of Ame
can English. The proximity ofF1 andF2 frequencies for /Ç/
might also be a factor.

The second finding was that the synthesized vocalic p
tions of the syllables were less well identified than the na
ral versions, despite the fact that the formant transitions
f 0 variation were preserved. This finding, also reported
Hillenbrand and Nearey~1999!, suggests that althoug
formant-frequency variation is indisputably important f
vowel quality, other signal properties that contribute
vowel identification are lost when vowels are synthesized
accordance with the cascade formant synthesis model
scribed by Klatt ~1980!. We are currently investigating
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sources of error in the synthesis procedure that might
responsible for differences between the natural and syn
sized vowels. Candidates include inaccuracies in the voic
source model, errors in formant measurement, and dis
tions of spectral shape resulting from the use of the form
representation~Hillenbrand and Nearey, 1999!.

The third finding is that formant-frequency flattening d
not interact with manipulations of the voicing source.
effects were similar for adults and children, and no evide
was found that time-varying changes in formant-frequen
provided greater benefits for children’s voices with highf 0 .
Flattening the trajectories of the formants led to similar
ductions in identification accuracy for whispered and voic
vowels. Taken together, these results argue against the
that time-varying changes in formant-frequency contrib
by specifying the locations of formant peaks whenf 0 is high.

Katz and Assmann~2000! tested a related hypothesi
that time variation inf 0 might help to trace out the spectru
envelope in vowels with highf 0 . Hillenbrand and Gayver
~1993! had previously shown a small but reliable improv
ment when steady-state vowels were synthesized with a
ear f 0 glide rather than constantf 0 . However, using the
same design as in experiment 1 of the current study, K
and Assmann found no effect of replacing the natural tim
varying changes inf 0 with steady-statef 0 . Moreover, there
was little evidence of a link between vowel identificatio
accuracy andf 0 , a result also reported by Hillenbrand an
Nearey~1999!. One explanation for the discrepancy betwe
studies may be that time-varying changes inf 0 lead to higher
identification accuracy only in the special case where vow
are synthesized with steady-state formant patterns, a co
tion not investigated in the present study. On the who
these studies provided little evidence that time-vary
changes in eitherf 0 or formant-frequency lead to improve
resolution of spectral features such as formant peaks.

The finding that the benefits of time-varying changes
formant frequency do not interact with properties of the vo
ing source raises the following question: if formant mov
ment does not help to specify the locations of formant pea
how then do listeners overcome the problem of redu
spectral resolution whenf 0 is high? The answer may be th
the auditory representations of vowels with highf 0 are not
subject to the degradation observed in their amplitude sp
tra. Accurate vowel identification may not require prec
specification of the formant peaks, or there may be suffic
cues remaining in vowels with highf 0 to fill in the details
lost by sparse sampling. Alternative models have been
posed that do not rely on formants, but instead use spe
shape parameters derived from principal components an
sis or related methods~e.g., Bakkumet al., 1995; Zahorian
and Jaghargi, 1993!. A question for future research is ho
these models would account for the effects of formant fl
tening and their independence of changes in voicing sou
The auditory excitation patterns that generally serve as
input to spectral shape models assign greater weight to
low-frequency region of the spectrum, and are theref
likely to show increased, rather than reduced, dependenc
f 0 .

A second question concerns the basis for the benefi
1865 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000
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effects of time-varying spectral change: if not by improvin
spectral resolution, how then does formant movement he
The answer may be that formant movement provides a b
for maintaining phonetic distinctiveness in crowded vow
systems such as English~Ladefoged and Maddieson, 1996!.
Several of our findings are consistent with this hypothe
First, the effects of formant-frequency flattening were n
uniform across the vowel set. Consistent with previous
vestigations demonstrating the perceptual salience of ti
varying formant frequencies for American English vowe
~e.g., Strangeet al., 1983; Nearey and Assmann, 1986; H
lenbrand, 1995!, the largest decrements in identification we
found for the vowels that showed the largest excursions
their formant trajectories, /|/ and /Ç/. Second, there was
tendency for neighboring vowels in theF1-F2 plane to dis-
play opposing patterns of formant movement~Nearey and
Assmann, 1986!. This can be seen by inspection of Fig.
vowels whose onsets are close together~such as /|/ and /}/!
tend to display vector movement in opposing directions. T
suggests that formant movement provides greater benefi
crowded regions of the vowel space. If formant movem
serves a contrast-enhancing function in vowel percept
then manipulations such as flattening the formants migh
predicted to have reduced effects in languages with sma
vowel inventories.
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frequency separation between adjacent formants. This caveat is disc
in Sec. II I 3.

2The spectra of voiced vowels contain peaks at the frequencies of the
monics when the temporal window is longer than the period of the fun
mental. Whenf 0 is high, these peaks may be too sparse to allow for ac
rate formant estimation. However, the harmonic structure can be elimin
by performing a spectral analysis with a temporal window equal to
shorter than the duration of a single pitch period. An accurate represe
tion of the vocal tract transfer function can be obtained from a pit
synchronous analysis, but this approach requires precise estimates off 0 ~de
Cheveigne´ and Kawahara, 1999!.

3One of the reviewers raised the concern that the initial sample use
derive the formant parameters for the flattened-formant conditions
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have underestimated the formant movement in the vowels. Hillenbrand
Nearey~1999! used an analysis window centered at 20% and 80% of
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their 20%–80% time window and obtained the same statistical result
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formant movement with more extreme time windows~particularly /#/, /,/,
/|/, and /Ç/ in F1, and /Å/, /Ä/, /*/, and /#/ in F2!. The perceptual conse
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responsible for the discrepancy.
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