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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 frequenciégg) than adults, and formant-frequency estimation

is generally less reliable whei 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 chlégien7, 5, and

3 years as well as adult males and females. Experiment 1 showedijhaiwels generated with a
cascade formant synthesizéwmith hand-tracked formankswere less accurately identified than
natural versions; andi) 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 excifaisan whispered speechnd

pulsed excitation(as in voiced speeghalthough, 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. Z)00 Acoustical Society of America.
[S0001-496600)01410-1

PACS numbers: 43.71.An, 43.70.Ep, 43.71[ERK]

I. INTRODUCTION tening may be that formant movement helps to disambiguate
pairs of vowels whose spectral shapes are similar in their

The perception of vowel quality is determined mainly by“nucleus” regions but differ in their off-glidege.q.. the

the formant pattern and its changes over ti(R®sner and . . :
Pickering, 1994 Traditionally, vowels were described as vowels I/ and &/ in American English (Nearey and

static entities, analyzed in terms of a single, brief spectraﬁ‘ssmann’ _198)3' Formant—freqyency c?anges EOUId also
sample taken from their central region or “nucleug.g., provide evidence of the locations of “merged” formant

Peterson and Barney, 1952However, several sources of peaks when p_air; of formants approach one another in fre-
evidence now indicate that time-varying changes in the freduéncy. The likelihood of merged formants is greater when
quencies of the lowest three formants contribute to the perne fundamental frequencyf() is high and the spectrum
ception of vowel quality, even in monophthon¢i Bene- envelope is sparsely “sampled” at the frequencies of the
detto, 1989; Fox, 1989; Hillenbrand and Gayvert, 1993:harmonics. Given the importance of the formant peaks for
Hillenbrand et al, 1995: Nadek and Ovchinnikov, 1997; Vvowel identification, it might be predicted that vowels with
Nearey and Assmann, 1986; Nearey, 1989; Andruski an&igh fo’'s would be identified less accurately than those with
Nearey, 1992; Stranget al, 1983; Strange, 1989; Pols and low fy’s. This prediction has been confirmed in experiments
van Son, 1993; Zahorian and Jaghargi, 1991, 1993 with synthetic vowels(Ryalls and Lieberman, 1982; Diehl

Hillenbrand (1995 and Hillenbrand and Neareit999 et al, 1996.
reported that vowels synthesized with “flattened” formant ~ An illustration of sparse spectral sampling is provided in
tracks(i.e., with the formant pattern held constant across thé-ig. 1, which shows the amplitude spectrum of the vowel /
duration of the vowelwere identified less accurately than spoken by a 3-year old child. The left panel shows the am-
vowels for which the natural variations in formant frequen-plitude spectrum of the onset portion of the vowel, along
cies were preserved. Their synthesized stimuli were modeledith the envelope of the spectrum estimated by linear pre-
after a large sample of vowels produced by men, womendictive coding(LPC) analysis. Thef, is about 262 Hz, and
and children(ages 10—12 yearsFormant flattening led to a hence neither representation provides clear evidence of the
15% drop in mean identification accuracy, suggesting thasecond formant, located in the vicinity of 1050 Hz. This is a
formant movement plays an important role in the perceptualypical example of a pair of merged formants: only a single
specification of American English vowels. peak is evident in the region &1 andF2.

One reason for the detrimental effects of formant flat- In the right panel, the time variation in formant pattern is

1856 J. Acoust. Soc. Am. 108 (4), October 2000  0001-4966/2000/108(4)/1856/11/$17.00  © 2000 Acoustical Society of America 1856



If formant peaks are more accurately represented in the au-
ditory excitation patterns of whispered than voiced vowels,
then whispered vowels might be expected to show reduced
benefits of formant movement, compared to voiced vowels.
However, whispered vowels are less intelligible than voiced
vowels under some conditionéTartter, 1991; Katz and
Assmann, 2000 Voicing source manipulations therefore
provide a basis for testing the generality of the perceptual
| | benefits of time-varying changes in formant pattern, and may
-60 - yield further insights into the mechanisms involved in vowel
] A 0 ——— perception.

0 1 2 3 4 o 1 2 3 4 The present study had two main objectives: first, to de-

Frequency (kHz) Frequency (kHz) termine whether time-varying changes in formant frequen-

FIG. 1. Effects of time-varying changes in formant pattern on the resolutionrCieS make a greater contribution to the identification of chil-
of formant peaks. The left panel shows the amplitude spectrum of a 45-mglren’s vowels than adults’ vowels; second, to determine how

segment from the onset portion of the vowsl, /spoken by a 3-year-old the perceptual effects of formant movement generalize
child. The dark trace is the spectrum envelope, estimated using autocorrela- h . .. Li .
tion LPC (10 coefficients, 512-point Hanning window, 10-kHz sample)rate across changes In voicing source. Listening tests were car-

The right panel shows a succession of LPC analyses obtained at 8-ms intgiied out using natural and synthesized vowels, including con-

vals throughout the vowel. ditions where the center frequencies of formants were held
constant over the duration of the voweélillenbrand, 1995

V\éqwels were synthesized using pulsed excitatigenerating

illustrated by a set of LPC spectra sampled at successi ) 2 : .
8-ms intervals throughout the duration of the vowel. Thevmced vowel$ and noise excitatiorigenerating whispered
vowels.

envelope of the spectrum is more clearly defined, by extrapo-
lation, when the vowel is sampled repeatedly at different
time points. If formant movement is beneficial because itil. EXPERIMENT 1
provides a basis for tracking merged formants, then these
benefits should be greater for vowels with hiigj's because
they contain a higher incidence of such mergers.

The relevance of the example in Fig. 1 depends on th

|
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Compared to adults, children’s speech is more variable
in fy, formant frequencies, and durational propertteguchi
&nd Hirsh, 1969; Kent, 1976; Smitt al, 1995; Hillenbrand

ability of the auditory system to recover features of the spectt al- 1995; Leeet al, 1999. Since the majority of earlier
tral envelope(such as the frequencies of formant peaks Or_studles of phlldren s ;peech have measured speech acoustics
aspect of spectral shapom the raw waveform. Psycho- in older ch|Id'ren, we included younger children of ages 7, 5,
physical studies suggest that auditory frequency analysis &nd 3 years in our sample.
sufficiently selective at low frequencies to resolve the indi- ,
vidual harmonic components of vowels in the frequency re SPeech materials
gion below 1 kHz, even in adult male voices with Idy's Recordings were made of the 12 monophthongal vowels
(Moore and Glasberg, 1987Since the first formant peak of American English in /hvd/ contexti//(heed; // (hid); /e/
does not necessarily coincide with any single harmonic, it§hayed; /e/ (head; /&/ (had; /a/ (hud); /a/ (hod); /o
frequency must be derived, possibly by interpolating acrosshawed; /3+/ (herd; /o/ (hoed; /u/ (hood; /u/ (who'd).
the peaks in the excitation pattern that correspond to the
individual harmonicgDarwin and Gardner, 1985; Assmann
and Nearey, 1987 When thef, is high (as in children’s
speech, the spectrum envelope is less clearly defined in the  Ten men, 10 women, and 30 childréages 7, 5, and)3
speech signal, further increasing the uncertainty in the forserved as talkers. The majority of the adult talkers were long-
mant estimation procegBissard and Darwin, 200@&nd, by  time residents of the Dallas, Texas region, but 38% had lived
inference, the likelihood of making identification errors. If ain other cities during their childhood. All of the children
higher f, leads to poorer specification of formant peaks orwere raised in the urban Dallas area.
other relevant aspects of spectral shape, then time-varying
changes in formant-frequency ought to provide greater ben- .
efits for children’s vowels than for adults’ vowels. €. Recording procedure

A corollary of this prediction is that time-varying An audio cassette master tape with 6 repetitions of the
changes in formant frequency should provide reduced bernt2 vowels in random sequence served as a prompt for the
efits whenf is eliminated from the signal, as in whispered talkers. The adult talkers completed the set twice, for a total
speech. Whispered speech retains the formant structure of 144 vowel tokeng12 vowels X 12 repetitions of each
voiced speech but not its harmonic fine structure. The broadrowel). Each recording session lasted about 40 min. Record-
band noise excitation of whispered speech generates a coimg sessions for the children took somewhat longer, and
tinuous spectrum, and potentially more accurate resolution dience children completed only one set of 72 vowel tokens
the formant peaks, provided the analysis window is sufficient12 vowels X 6 repetition$. Because children occasionally
in length to average out short-term fluctuations in the nbise.had difficulty producing target sounds following the first rep-

B. Talkers
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and superimpose their tracks on a spectrogram of the vowel
using a mouse-based drawing tool. A synthesized version
can then be generated and played back to compare with the
spoken version, and the process can be repeated until a good
match is found.

E. Statistical analysis of vowel formant frequencies

w
iaaiaaaaiaas

"‘I; : ‘-‘----'-----‘-‘- To analyze formant-frequency change, we adopted a
[4 (i | : version of the “dual-target” model described by Nearey and
Qlicessececeacsossecessnsenes : ssman . Vowel formant frequencies were measure
Wt _ : A n(1986. Vowel f f d

| : using LPC analysis and a semi-automatic formant-tracking
: | ; procedure, described in detail in Sec. Il A below. Measure-
it :
I
I

Frequency (kHz)
[\

ments were taken at two different time points in the vowel,
illustrated by the shaded boxes in Fig. 2. The sample win-
dows had their onsets at 33% and 66% of the vowel's dura-
tion, respectively. The goal was to include as much as pos-
sible of the formant movement within the vowel, while
minimizing the neutralizing effects of the flanking conso-
FIG. 2. The upper trace is the waveform of the syllable /hed/ spoken by aft@nts. Informal listening to gated versions of the vowels that
adult female. The shaded boxes indicate the first and second sample wispanned the two sample windows did not reveal a strong
dOWSi Startingti3;f3°¢h2”: Sgt"r/‘(’) Ojatr:esﬁf\;las”fr?ef{?anﬁe ;2?;_2%02”5:;;“ thémpression of the finald/ for a majority of the tokens. More-
\li(;mli?e’qzeesrfggs wi¥ﬁ whiteﬁines. g'Jl'he unfilled circlesjshow thé)“ﬂ;\ttened” over, thef formant FraJeCtory defined by the two targets did
formants used in the FlatF condition of experiment 1. not consistently point toward the same spectral ld@elat-
treet al, 1955; Sussmaet al, 1991 as might be expected if
the second sample window were too close to the consonant

etition of the audio tape, they were given additional chanceslosure.F1, F2, F3 frequencies anfl, were estimated as the
to repeat target items following examples given by the ex4median of five successive measurements spaced 5-ms apart.
aminer. Table 1 lists thef, and formant-frequency estimates

Recordings were made in a sound-treated room using #om the first sample window for the 12 vowels and 5 talker
Shure SM-94 microphone and a portable audio DAT re-groups. These measurements served as the basis for the
corder, model AIWA HD-X3000. The digital waveforms “flattened formant” stimuli of experiment 1. Means and
were transferred to computer disk at a rate of 48 kHz angtandard errors are based on three talkers in each group. An
16-bit resolution using a DAT-Link digital audio interface. ~analysis of variancANOVA) of vowel formant frequencies
was carried out, covering the factors voweiith 12 levels,
group (with 5 level9, and sampléwith two levels: first and

A subset of 180 vowel tokendl?2 vowels X 3 talkers second sample windowsAs expected, there were significant
X 5 talker groupswas used to extract parameters for syn-main effects of vowel foF1 [F 14 110=84.59,p<0.01], F2
thesizing the stimuli in experiment 1. Selection was based ofiF 11110=117.32, p<<0.01], and F3 [F 110~ 30.85,
informal judgments of adequate pronunciation quality by thep<<0.01]; and talker group foF1 [F 4 0=12.18,p<0.01],
two authors. The waveforms were digitally low-pass filteredF2 [F,10=52.08, p<<0.05, and F3 [F,0=47.82,
with an eighth-order elliptical filtet5.7 kHz, —115 dB/ocj = p<0.01], but the interaction of talker group vowel was
and resampled at 12 kHz for subsequent analyses. The onsetst significant for any of the formants.
and offsets of the vowels were determined by visual inspec- In addition to showing the expected pattern of higher
tion, as illustrated by the dashed lines in Fig. 2. Vowel onseformant frequencies in the vowels of young children, Table |
was defined as the beginning of the first pitch period of theshows that the standard errors are larger for several of the
voiced segment of the syllable. Vowel offset was defined aghildren’s vowels, compared to those of adults, consistent
the end of the last pitch period before the stop closure crewith reports of greater variability in children’s formant fre-
ated by the finald/. guencies. However, it cannot be ruled out that this increased

To obtain a parametric description of the vowels suitablevariability is due to formant measurement error associated
for a formant-based synthesizer, estimates of fundamentalith the higherfy's of children’s vowels, nor that this vari-
frequency €,), amplitude of voicing AV) and formant cen-  ability is irrelevant for vowel perception. These issues are
ter frequencie$F1-F4) were obtained every 5 ms. Estimates addressed in experiments 1 and 2.
of fo were made using an implementation of the Meddis and  Of particular interest for the present study was the sig-
Hewitt (1991 pitch model. The amplitude of voicinGAV)  nificant interaction of sample& vowel, indicating the pres-
was computed using a sliding rectangular root mean squamence of time variation in the frequencies Bl [F (11 110
(rms) window (25-ms frames, 5-ms overlag-ormant center =12.65, p<<0.01] and F2 [Fq; 110~21.74, p<<0.01], but
frequencies were tracked using a custeATLAB program  notF3[F 11107~ 1.14,p=0.34]. Figure 3 illustrates the pat-
(Assmannet al, 1994. This program allows the user to tern of formant movement for the male talkers. The mEan
identify the trajectories of the formants by visual inspectionandF2 frequencies for the first and second time samples are

—_
LAaiauaaaaaaaaaaaaas

0 100 200 300 400 500
Time (ms)

D. Acoustic analysis
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TABLE I. Means and standard errofi& parenthesgsof vowel fundamental and formant frequenci@s Hz)
from the first sample window, across the three talkers in each gtSee. text for details.

hil nl

lel

Iel

leel Inf I3/ lal 1ol lol ol hl

Adult F3 3003 2654 2557
Males 61 (64 (39
F2 2345 1974 1982

(1460 (86) (74

F1 300 445 497

6 @Y 19

fo 110 108 111

@ @12 @3

Adult F3 3256 2965 2990
Females (1949 (@A77 (210
F2 2588 2161 2309

(164 (142 (126

F1 429 522 572

(26) (58 (20

fo 216 207 209

® (B (10

Age 7 F3 3977 3896 3620
(161) (2260 (42

F2 3402 2825 2822

(95 (106) (49

F1 358 583 590

(46) (63 (31

fo 257 237 253

® ® (12
Age 5 F3 4058 3954 3923
(83 (95 (56
F2 3535 2914 3050

(749 (139 (61

F1 472 571 580

(81 (47 (29

fo 280 269 269

13y 1y @
Age 3 F3 4061 4331 3721
(189 (1779 (277
F2 3437 2740 2863

(67) (62 (72

F1 427 621 717

(42 (449 (@37

fo 246 230 218

29 (29 (@7

2643
(69
1855
(96)

534
(21)

102
(10
2929

(158
2144

(104

586
(42

204
(10
3713

(244)
2485
(67)

799
(62)

246

(6)
3922

(106
2684
(72

871

(102

263
(8)
4294

(149
2639
(13

760
(10

211
(16)

2580 2539 1686 2468 2564 2390 2364 2321
(30 (99 (41 (53 (11D (86) (83 (112
1809 1455 1457 1214 1081 1182 1376 1373
26 (14 Ty (@12 @17 (29 (105 (139
694 638 523 754 654 523 426 353
50 49 (29 @49 @19 @G (0 (20
101 102 105 103 101 112 112 131
® (10 11 ® (109 @19 (10 (7)

2875 2887 1870 2966 2947 2634 2734 2636

97 (153 (84 (18 (125 (129 (94) (136
2051 1751 1508 1273 1203 1470 1685 1755
(90 (55 (62 (92 (49 (69 (77 (157
836 767 640 688 816 636 516 430
(50 (19 61 (32 @4 (24 (1) (29
199 199 201 208 194 201 207 217
(4) (7) (@A) 9 (6) (8) 7 12
3621 3443 2297 3083 3343 3252 3663 3162

(318 (160 (97 (189 (179 (87) (177) (303
2324 1896 1776 1565 1494 1601 2031 1838
(52 (720 (80) (90) (74) (45 (191 (80)
1074 832 601 954 895 620 579 491
89 (140 (4D (128 (B4 (67 (1) (29
235 250 253 254 241 246 250 257
1 (149 @ @ O @ 6 ©
4022 3742 2498 3136 3228 3133 3626 3809

(130 (159 (131 (246 (249 (312 (167) (90)
2505 1965 2019 1602 1502 1620 1919 1711
(52 (156 (53 (68 (58) (110 (192 (172
1161 732 599 1066 850 647 526 471
(52 (r7) (52 (87 (1449 (20 (20 (69
240 258 251 251 241 254 270 273
(3 6 (13 (7) (3 4 @11 @19
3961 3333 2661 3866 3382 3228 3899 2866

(440 (313 (147 (427 (385 (276 (282 (314)
2503 1965 1752 1656 1465 1636 1828 1891

(170 (58 (94 (109 (202 (84) (205 (216
1256 789 726 1060 938 652 649 502

(110 (69 (600 (109 (111D (33 (10 (45
227 214 233 248 209 227 251 271
(14 (19 9 @) 26 (@6 1) (21

shown by the origins and tails of the arrows. The directiondisplay qualitatively similar patterns of vowel-inherent spec-
and extent of formant-frequency movement is consistentral change to those of adults.
with studies of other dialects of American Englisb.g.,

Nearey and Assmann, 1986, for western Canada; Hillenz

F. Experimental conditions

brand and Nearey, 1999, for western Michiparhe greatest

formant movement is seen for the vowed fo/, /al, Ial, v/, The stimuli were natural and synthesized versions of the
and b/, while fi/, lu/, I/, and &/ are relatively stationary. In 12 vowels provided by the adult and child talkers. Stimuli
general, the lax vowels// /¢/, and ke/ tend to point toward ~Were presented to adult listeners for identification in five
the middle of the vowel space, consistent with the patterifonditions:

found in other dialects of American English, although the(1) Natural The vowel portion of the syllable was extracted
magnitude of these changes is smaller for the north Texas (as illustrated by the dashed lines in Fig. @d pre-
vowels. This discrepancy may reflect dialect variation, or  sented without further modification.

differences in the choice of time windows. Our first sample(2) Full: A synthesized version of the vowel was con-
point was taken somewhat later, and the second sample structed using the acoustic parametets, (AV, F1, F2,

somewhat earlier than in previous studies.

F3, F4, F5) derived from an analysis of the vowel por-

The pattern of formant movement was similar across the  tion of the /hVvd/ syllables. Synthetic vowels were con-
five talker groups: neither the talker grospsample nor the structed using a frequency-domain version of the Klatt
talker groupx samplex vowel interactions were significant (1980 cascade formant synthesizéAssmannet al,
for any of the formants. Hence children’s vowels appear to 1994 with six formants at a sample rate of 24 kHz. The
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center frequencies of the higher formants were fixed at 2600 — :
4500 Hz (F5) and 5500 Hz(F6) for the adult males,
using the synthesizer defaults for an adult male voice 2200k
suggested by Klait1980. The frequencies df5 andF6 \
were scaled upwards by 20% for the adult femat0 !
and 6600 Hz, respectivelyand by 50% for the three
groups of children(6750 and 8250 Hz The bandwidths
of the six formants were held constgitl: 90; B2: 110;
B3: 170; B4: 250; B5: 300; B6: 450 H2. Stimuli were 5
scaled to the maximum peak-to-peak amplitude affordedg
by the 16-bit quantization range. A 10.7-ms Kaiser win- * \
dow was used to shape the onset and offset of eact " X o
stimulus to minimize transients.

(3) FlatF1l: The center frequency of the first formant was g0l
held constant at the estimatEd frequency from the first 300 200 500 500 700 800
sample window(indicated by the first shaded box in Fig. Frequency of F1 (Hz)

2). The remaining parameters displayed “naturdi’e.,
FIG. 3. Formant-frequency movement for the 12 vowels spoken by the adult

measureglvariations as a function of time. L !
) males. The origin of each arrow shows the médnand F2 frequencies
(4) FlatF2: The center frequency of the second formant wasacross the three talkers for the first sample windetarting at 33% of the

held constant at the estimated frequency from the first  vowel duration, while the tail shows the second sample wind@tarting at
sample window. 66% of the vowel duration

(5) FlatF: The center frequencies of all formants afgl
were held constant at their estimated frequencies fronthe full condition without assigning vowel responses. They

-

1800} " Pz

ency of F2 (Hz)

1400+

the first sample window. next completed the main experiment, which included 1260
stimuli [12 vowels X 5 groupsXx 3 talkers per groupx 7
G. Listeners conditions, i.e., the five conditions described above plus

two additional conditions described elsewhdi€atz and

The listeners were nine adults who r'eported normalAssmann, 2000 in three blocks of 420 trials. Each block
hearing and were native speakers of American English. Al| <ted about 40 min.

had completed an undergraduate course in phonetics. Most
were long-term residents of the Dallas, Texas area.
I. Results and discussion

H. Procedure The identification data were analyzed with two main ob-

The stimuli were presented on-line at a sample rate of ojectives: (i) tp compare identification accuracy for natural
kHz, low-pass filtered 10-kHz cutoff; Tucker-Davis Tech- 2and synthesized vowels spoken by adults and children, and
nologies FT5, attenuated(TDT PA4), amplified (TDT (!I) to study the_effe(_:t_s of “flattening” _the formant trajecto-
HB5), and presented diotically via headphori&ennheiser €S On vowel |d§nt|f|cat|o_n for the five talker groups. A
HD-414) in a double-walled sound booth. Stimulus presen-three-way analysis of variandNOVA) revealed signifi-
tation levels ranged from 69 to 81 dB SRA weighting, ~ cant main effects of talker groyfF (4, s,= 16.60; p<0.01],
with a mean of 74 dB. Stimuli representing the 12 vowels, 5c0Ndition [F (4 32=138.00, p<0.01], and vowel [F (11 g
talker groups, and 5 synthesis conditions were interspersed i 19-10, p<0.01l. All interactions were significant: talker
random order from trial to trial. Listeners were tested indi-9roUp X condition [F(16,126/=5.01; p<0.01, condition
vidually, and the experiment was self-paced. They responded VOWel [F (4,3527=17.50; p<<0.01], talker groupx vowel
to each stimulus by selecting 1 of 12 panels from a respondd (44,3527~ 17:50; p<<0.01, and talker groupx  condition
box displayed on the computer screen. The panels were 185 VOWel [F (17,1408~ 3-38; p<<0.01]. The key patterns in
beled with the orthographic representations of the /hvdinese data are described below.
words, and their corresponding phonetic symbols were su- o .
perimposed on the screen with a plastic overlay. 1. Identification of natural and synthesized vowels

Listeners began by completing three brief practice sets. Identification accuracy was lower for the synthesized
In each set they heard vowels spoken by different talkersyowels (full condition) than for the spoken vowelgatural
one exemplifying each talker group, but using talkers whocondition after which they were patterned. Figure 4 shows
were not included in the main experiment. In the first setthis pattern across the five talker groups. The largest decline
they listened to examples of 12 natural vowels without asin accuracy was found for adult femal€x0%). The smallest
signing vowel responses. In the second set they identified 3éecline was for the 3-year-old childré8%), whose natural
vowels from the natural condition and received feedback inrecorded vowels were the least intelligible overall. The three-
dicating whether their responses were correct or incorrect. lfvay interaction of talker group<condition X vowel was
their score was less than 85% corré81/36 they were re- analyzed with Schefféests to assess the drop in intelligibil-
quired to repeat the set until they reached this goal. In théty from natural to full conditions. The analysis revealed sig-
third set they heard examples of 12 synthesized vowels fromificantly (p<<0.05 lower accuracy in the full condition for

1860 J. Acoust. Soc. Am., Vol. 108, No. 4, October 2000 P. F. Assmann and W. F. Katz: Spectral change in vowels 1860



100 exceptions. First, the 5-year-olds did not show a decline
[ Natural when F1 or F2 were held constant, although their scores
[l Synthesized were close to those of other talker groups when all formants
andf, were held constant. Second, the adult females did not
show a further decline when all formants afydwere held
constant, compared t61 andF2 alone. These differences
merit further study with a larger sample of talkers. Overall,
‘‘‘‘‘‘‘‘ L however, the results provided no support for the idea that
time-varying changes in formant frequencies offer greater
benefits for identifying vowels spoken by children.

Figure 6 shows that the effects of formant flattening
were not evenly distributed across the vowels. The vowels
lel and b/, which are strongly diphthongized in American
English, showed substantial declines, with more than a 65%
drop from the full condition to FlatF condition. For botd/ /

M F 7 5 3 and b/, holding F1 constant had a larger effect than holding
FIG. 4. Mean identification accuracy for the natural and falinthesizefl FZ_ConStant' Smaller de.CI.mes were observed @Iahd bl,
conditions for vowels spoken by adult maléd), adult femalesF), and ~ While most of the remaining vowels showed little effect of
children(ages 7, 5, Bin experiment 1. Error bars show the standard errorsformant flattening. Surprisingly,a/ showed anincreaseof
across the nine listeners. more than 20% when all formants afglwere held constant.

The reason may be related to dialect and/or formant-tracking

the following talker group and vowel combinations: 3-year-errors: for this vowel, eliminating the time variation made it
olds: b/; 5-year-olds: ¢/, lu/; 7-year-olds:#/; adult females: easier to identify.
N, lxl, lvl; adult males: #/. In some of these cases, the The results in Fig. 6 are combined across the five talker
lower intelligibility of the synthesized vowels can be attrib- groups, but the ANOVA also showed a significant three-way
uted to difficulties in tracking closely spaced formants. interaction of talker groupx condition X vowel. Interpreta-
tion of the three-way interaction was complicated by perfor-
mance near ceiling or floor in several conditions, but overall
there were only minor deviations from the pattern in Fig. 6.

Significantly lower identification accuracy was obtained|n general, deviations from the pattern were least evident for
when eitherF1, F2, or all formants plug, were held con-  those vowels showing the greatest effects of formant flatten-
stant. Figure 5 shows mean accuracy in the four synthesigg (i.e., £/ and b/).
conditions for the five talker groups. On average, eliminating
the time variation inF1 resulted in a 6% drop in identifica-
tion. Holding F2 constant lowered performance by about3. Relationship between f , and formant flattening
5%, while removing the time variation from all formant fre- The results of experiment 1 failed to confirm the predic-

i 0,
quencies plus, lowered performance by about 12%. Thesetion that time-varying changes in formant frequencies would

patterns were broadly similar across talker groups, with twoprovide greater benefits for the vowels of children than

adults. One interpretation is that these benefits are not related
100 to spectral resolution, but arise for other reasons. Before ac-
cepting this conclusion, however, it is necessary to consider
other differences between the vowels of children and adults
that might contribute to formant resolution. For example,
narrowing the bandwidth of a formant or increasing its dis-
tance from adjacent formants could lead to improved speci-
fication of its peak, counteracting the loss of resolution
caused by the higlf.

Formant bandwidths were held constant across the talker
groups, ruling this out as a possible confound. Moreover,
formant bandwidth estimates from natural speech generally
suggest wider rather than narrower bandwidths with increas-
ing formant-frequency above 500 HHawks and Miller,
1995, and formant bandwidths are estimated to be about
25% larger in women than in meifrujimura and Lindqvist,
1971). A second factor is that children have smaller vocal
5;G-m5- f'\/'ean tisd(?ﬁifé%?]t[iﬁt?ogcgl:‘:ja%ﬂfloaa\;ﬁevrv]zlj fi)gnmtgﬁtsélz;dlz\ivitgaiime- tracts than adults, and hence the upward shift in their formant
th?langd ISI;Tleonditior)Spoken by adult male@v), adult femaleiF),’ and freguenues could lead to larger frequ.ency dIStanceS between
children (ages 7, 5, Bin experiment 1. Error bars show the standard errors @djacent formants. However, a statistical analysis of formant
across the listeners. distances(F3-F2 and F2-F1, with formant frequencies ex-

~
)]

Identification accuracy (%)
[(6)]
o

N
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2. Effects of holding formant frequencies constant

~
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heed hid

100 4
75 1
50 1
251

head " had © hud
100 * . i * : * - . :
751
50 1
251

100 1
751
501
251

Identification accuracy (%)

100 7
751
501
251

Natural 4
Flat F1
Flat F2 -
Flat F
Natural 4
Flat F1 -
Flat F2 -
Flat F
Natural 1
Flat F1 -
Flat F2 -
Flat F

FIG. 6. Mean identification accuracy for the 12 natural vowels and synthesized versions, with time-varying fdfollaotsdition) and with flattened
formants(flat F1, flat F2, and FlatF conditionisin experiment 1. Error bars show the standard errors across the listeners.

pressed in log unijs failed to reveal significant differences sulted, in part, from errors in estimating formant frequencies
between child and adult talkers. by hand. Experiment 2 therefore evaluated a synthesis strat-

Although other differences between children’s andegy that relied on a semi-automatic formant-tracking proce-
adults’ vowels cannot be ruled out, the results of experimeny e

1 suggest that the benefits of formant flattening are not en-
hanced in vowels with higify's. This conclusion is sup- A- Method
ported by an analysis of individual vowel tokens. The

! > . Experimental conditions were identical to those used in
a_\mognt of benefit proylded by spectral change was quantléxperiment 1, except that the stimuli were generated from
fied in terms of the difference between scores in the full

. . - . the same recorded /hVd/ words using a semi-automated
condition and in the FlatF condition. The correlation betweer]f t-tracki d The . f the f ¢
difference scores and the vowelfg was close to zerdr ormant-tracking procg ure. ? requenme; otthe orm:_:m S
—— 0.06;N=180). There was a weak relationship between(F1: F2, F3) were estimated using a dynamic programming
f, and formant distance, foF2-F1 (r=0.29; N=180; Method which assigns raw formant-frequency “candidates”
p<0.01) and F3-F2 (r=0.26; N=180; p<0.01). A partial  to “tracks” given a set of constraints on the proximity of
correlation analysis was performed to assess the relationshigljacent formants and continuity over time. Formant candi-
betweenf, and formant flattening when the effects of for- dates were obtained by autocorrelation LAR-kHz sample
mant separation are partialled out. In both cases the correlaate, 512-point Hanning window, 5-ms frame update rate,
tion remained near zero, fdf2-F1 (r=0.05;N=180 and  and 95% pre-emphasisThe order of the LPC analysis was
F3-F2 (r=— 0.01;N=180. These analyses support the con- a4jysted to match the number of expected formants in the
clusion that the effects of formant flattening do not dependy_g | range, and the number of coefficients ranged from 8
on fo. to 14, depending on the talker. Formant candidates were ob-

tained by solving for the roots of the predictor polynomial. A
IIl. EXPERIMENT 2 subsequent stage of post-processing was included to elimi-

Because formants are relatively difficult to estimate innate _re3|dual_errors dug o “spungus” forman?-frequer?cy
speech produced with high, values, it is possible that some candidates. Finally, median smoothing was applied to elimi-
of the group-specific differences noted in experimefg.g.,  Nate sudden changes in formant-frequency.
the large difference between natural vs full conditions for ~ Stimulus presentation, testing procedures, response col-
adult females and the small difference between natural veldection, and data analysis were the same as described for
sus full conditions for 3-year-old childrgrcould have re- experiment 1.
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B. Listeners Voiced Whispered
100

The listeners were ten adults who reported normal hear- _ 0 Full tracks
ing and were native speakers of American English. Most of £ i Fialerene
the listeners were long term residents of the Dallas, Texas g
area. All had completed an undergraduate course in phonet
ics. One of the listeners had participated in experiment 1.

Identification accu

C. Results

There was little effect of formant-frequency estimation FIG. 7. Mean identification accuracy for the synthesized voiced and whis-
method: on average, hand-tracked and auto-tracked VOwepsred vowels spoken by adult maléll), adult females(F), and three
showed less than 1% difference in intelligibility. The largestgroups of children(ages 7, 5, Bin experiment 3. Error bars show the
improvement was a nearly 6% difference in the female autostandard errors across the eight listeners.
tracked vowels. The largest drop was a 5% difference for
3-year-olds. A three-way ANOVA revealed the same patterrther with pulsed excitatiofto produce “voiced” vowels, as
as in experiment 1, with a significant interaction of talkerin experiment 2 or noise excitatiorigenerating “unvoiced”
group X condition X vowel [F (176 15845~ 3.78; p<<0.01]. or whispered vowels In addition, each was synthesized with
Qualitative inspection of individual vowek talker group  time-varying formant frequencig$ull condition) or with all
plots revealed an interaction similar to that found for experi-formants and, held constant across tin{€latF condition.
ment 1. Therefore, it appears that the perceptual consex total of 720 vowels was generatéd voicing statesx 2
quences of the formant manipulations presented in experformant change conditionx 5 talker groupsx 3 talkers/
ment 1 do not depend on the formant-tracking method.  group X 12 vowels. Stimulus presentation, testing proce-

dures, response collection, and data analysis were the same
as described for experiment 1.

IV. EXPERIMENT 3

B. Listeners

Experiments 1 and 2 showed that eliminating the time _ i
variation in formant frequencies from synthesized vowels led Eight adults who reported normal hearing and were na-
to a significant decline in intelligibility. However, no evi- tive speakers of American English served as listeners. Most

dence was found of a link between the benefits of formantV€re long-term residents of the Dallas, Texas area. All had
dynamics andf,. A significant correlation would be pre- c_ompleted an unQe_rgradu_ate course in phonetics. T_wo of the
dicted if formant movement helps to define poorly resolvedisteners had participated in experiment 1, and one in experi-
formant peaks or other aspects of spectral shape Vigém ~ MeNt 2.
high.
Research with natural speech has shown that whispereéj Results

vowels are less intelligible than voiced vowe(Zartter, '
1991). Tartter found that the increased error rate for whis-  Elimination of time variation in the frequencies of the
pered vowels was due in part to increased confusions amorfgrmants and, lowered identification accuracy by 17% for
vowels adjacent in the vowel space definedflyandF2  the voiced vowels and 15% for the unvoicéahispered
frequencies. Formant movement can help to disambiguatéowels, on average. This shows that time-varying changes in
such pairs of vowels, and hence formant flattening might béormant frequencies have similar effects for whispered and
expected to lead to a greater reduction in identification accuvoiced vowels. In comparison, replacement of the voicing
racy for whispered compared to phonated vowels. On theource with aperiodic noise lowered mean identification ac-
other hand, if formant movement is beneficial because ituracy by 11%.
helps to define formant peaks whegis high, then replacing There was a significant interaction of formant flattening
the voicing source with noise might be expected to yieldX talker group[F4,5="5.35; p<<0.01], and of voicing
reduced effects of formant flattening in whispered vowelssource X talker group [F4.g=4.73; p<<0.01], but the
compared to voiced vowels, particularly for children. Experi-three-way interaction of formant flattenirng voicing source
ment 3 tested these two contrasting predictions by examining talker group was not significant. Figure 7 shows that the
the interaction of formant flattening and the presence or abshift from voicing to whisper has the effect of eliminating
sence of voicing. the selective advantage of the vowels of adult males over the
other four talker groups.
A. Method Holding the formant frequencies constant had a larger

' effect on the vowels of adult femalé24% drop compared

Vowels were synthesized using the auto-tracked formanto those of other talker groupd1%—-18% drojy possibly

measurements from experiment 2 and the cascade formabécause the vowels of the adult females were generally more
synthesis mode(Klatt, 1980. Vowels were synthesized ei- susceptible to synthesis errdiSig. 4). Figure 7 shows that
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TABLE Il. Means and standard errof parenthesgsf vowel identifica- similar to experiment 3. They showed that this effect does

tion accuracy for the eight listeners in experiment 3. The data are poolegllot arise simply because whispered speech contains less en-
across the five talker groups. Full tracks refers to vowels synthesized with

time-varying formant frequencies arfg; flat formants refers to vowels ergy at low freq“?”?'esv com_pargd ,to VO'Ced speech
synthesized with steady-state formant frequencies fandvoiced vowels (Steven;, 1999 a Slm”ar reductlon. in intelligibility was
are synthesized with a pulsed voicing source; whispered vowels have broadound with noise-excited vowels which preserved the spec-

band noise excitation. tral tilt characteristics of the voiced vowels. Katz and
Assmann attributed the reduced intelligibility of whispered

Full tracks Flat formants .. . .. .
vowels to the elimination of harmonicity and/or periodicity.
Voiced Whispered Voiced Whispered

il 84.2(5.2) 72.5(4.9 83.3(4.9 78.3(4.7) V. GENERAL DISCUSSION

//;// ;g:ég:‘l‘; ?ggﬁgjg 32:822:3 ?58((3?_5) An acoustic analysis confirmed previous findings

Ie/ 742(3.7) 66.7(4.7) 75.0(4.9 65.0(3.5 (Egushi and Hirsh, 1969; Leet al, 1999 that children’s

Il 73.3(4.9 37.5(8.0 71.7(4.5 44.2(6.7) vowels have higher formant frequencies than those of adults,

IN 40.8(5.7) 38.3(5.9 46.7(5.2) 35.0(4.9 as well as greater variability across talkers. The increased

I 94.2(2.0 84.2(3.9 85035  69.2(3.8 variability can be attributed to limitations in motor control

//‘;; gg:ggg:g ig:gg:g gé;gg gg:;g:g and the reduced erxibiIit_y that accompanies the ea_rly stages

lol 94.2(2.0 85.8(4.9 31.7(6.6) 11.7(3.5 of neuromotor maturation. In contrast, comparisons of

fol 72.5(6.0) 78.3(5.0 44.2(8.2) 56.7(7.5 formant-frequency trajectories for individual vowels re-

h/ 77.5(4.2) 55.8(5.5 83.3(2.9 51.7(4.3 vealed similar patterns for children and adults. These data

Mean  73.3(5.2 62.2(4.9 56.3(4.9 46.7(4.7) suggest that children can produce appropriate patterns of
form?t—frequency movement in a mature manner as early as
age 3.

eliminating the time variation from the formant frequencies Three important findings emerged from the perceptual
led to a substantial drop in accuracy for all talker groupsgexperiments. First, we confirmed that the removal of time-
with similar reductions for whispered and voiced vowels. varying changes in formant frequency from synthetic vowels

The three-way interaction of formant flatteningvoic-  produced lower identification accuracy. This finding repli-
ing sourcex vowel was significantF 1, 77y=2.49; p<0.01] cated earlier work by Hillenbran995 and Hillenbrand
and is shown in Table Il. Consistent with the results of ex-and Nearey1999 for W. Michigan talkers. Our talkers were
periment 1, the largest effects of formant flattening were obfrom the Dallas, Texas region, extending the results to an-
served for the vowelse/ and b/. Effects of formant flatten- other dialect of American English, and also to children as
ing were similar for the voiced and whispered versions ofyoung as age 3.

these vowels. Several other vowdks.g., #/ and /) also Eliminating the time variation from all formants arig
showed small declines when their formants were held conresulted in a 12%—-16% reduction in mean identification ac-
stant. curacy in experiments 1-3. In comparison, flattening just

Although most vowels showed some effect of shiftingone formant(F1 or F2) led to a drop of nearly half that
from a voiced to whispered source, the changes were naohagnitude(6% and 5% reduction, respectiviglyrhe similar
uniform across the vowels. The largest effects emerged fodrop for F1 and F2 suggests that time-varying changes in
the vowels W/ and &/, neither of which was affected sub- each formant made roughly the same contribution to vowel
stantially by the flattening of their formants. Some vowels,identification. However, differences were noted fof and
like /i/ and £/, showed little effect of either manipulation.  /o/, where flatteningF1l degraded performance more than

Overall, the results of experiment 3 showed that the forflattening F2. This pattern is consistent with the extent of
mant flattening and voicing source manipulations did not in-acoustic change in thEl X F2 space, and is compatible
teract. Moreover, their effects were not the same for differentvith the finding thaf1 frequency is more discriminable than
vowels and talker groups. The ANOVA showed significantF2 (Kewley-Port and Watson, 1994F2 flattening had little
interactions of formant flattening< talker groupx vowel  effect on 6/, but rather pronounced effects on/./ The
[ F (44,308= 3.36; p<<0.01] and voicing source< talker group  smaller contribution of2 for the vowel 6/ might be part of
X vowel [F (44 308=2.95; p<<0.01], but no systematic pat- its phonetic specification in the north Texas dialect of Ameri-
terns emerged from an inspection of these interactions. Thean English. The proximity oF1 andF2 frequencies ford/
four-way interaction of formant flattening voicing source  might also be a factor.

X talker groupXx vowel was not significant. An interesting The second finding was that the synthesized vocalic por-
finding was that the vowels most affected by the change inions of the syllables were less well identified than the natu-
voicing were hardly affected by the flattening of their for- ral versions, despite the fact that the formant transitions and
mants. The reverse pattern did not appear to hold, since thig variation were preserved. This finding, also reported by
vowels most affected by flattening their formants alsoHillenbrand and Nearey(1999, suggests that although
showed a decline when the source changed from voicing téormant-frequency variation is indisputably important for
whisper. vowel quality, other signal properties that contribute to

The lower intelligibility of noise-excited(whispered  vowel identification are lost when vowels are synthesized in
compared to pulse-excite@oiced vowels was also found accordance with the cascade formant synthesis model de-
by Katz and Assman2000 using an experimental design scribed by Klatt (1980. We are currently investigating
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sources of error in the synthesis procedure that might beffects of time-varying spectral change: if not by improving
responsible for differences between the natural and synthespectral resolution, how then does formant movement help?
sized vowels. Candidates include inaccuracies in the voicinghe answer may be that formant movement provides a basis
source model, errors in formant measurement, and distofor maintaining phonetic distinctiveness in crowded vowel
tions of spectral shape resulting from the use of the formansystems such as Englighadefoged and Maddieson, 1996
representatiofHillenbrand and Nearey, 1999 Several of our findings are consistent with this hypothesis.
The third finding is that formant-frequency flattening did First, the effects of formant-frequency flattening were not
not interact with manipulations of the voicing source. Itsuniform across the vowel set. Consistent with previous in-
effects were similar for adults and children, and no evidencevestigations demonstrating the perceptual salience of time-
was found that time-varying changes in formant-frequencyvarying formant frequencies for American English vowels
provided greater benefits for children’s voices with high  (e.g., Stranget al,, 1983; Nearey and Assmann, 1986; Hil-
Flattening the trajectories of the formants led to similar re-lenbrand, 199 the largest decrements in identification were
ductions in identification accuracy for whispered and voicedound for the vowels that showed the largest excursions in
vowels. Taken together, these results argue against the idézeir formant trajectoriese/ and b/. Second, there was a
that time-varying changes in formant-frequency contributetendency for neighboring vowels in thel-F2 plane to dis-
by specifying the locations of formant peaks wigris high. ~ play opposing patterns of formant moveméhtearey and
Katz and Assmanri2000 tested a related hypothesis, Assmann, 1986 This can be seen by inspection of Fig. 3:
that time variation irf, might help to trace out the spectrum Vowels whose onsets are close togetfseich aséd/ and £/)
envelope in vowels with higliy. Hillenbrand and Gayvert tend to display vector movement in opposing directions. This
(1993 had previously shown a small but reliable improve- suggests that formant movement provides greater benefits in
ment when steady-state vowels were synthesized with a lincrowded regions of the vowel space. If formant movement
ear f, glide rather than constarft,. However, using the Serves a contrast-enhancing function in vowel perception,
same design as in experiment 1 of the current study, Katiien manipulations such as flattening the formants might be
and Assmann found no effect of replacing the natural imePredicted to have reduced effects in languages with smaller
varying changes iri, with steady-statd,. Moreover, there Vowel inventories.
was little evidence of a link between vowel identification
accuracy and,, a result also reported by Hillenbrand and ACKNOWLEDGMENTS
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studies may be that time-varying changesgiead to higher from the Texas Advanced Research Program, awarded by the
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these studies provided little evidence that time-varyin
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The finding that the benefits of time-varying changes in
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ing source raises the following question: if formant move-
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how then do listeners overcome the problem of reduced

SpeCtraI, resolution Wheﬁ{) IS hlgh? The an,swer,may be that IThis prediction rests on the assumption that the detrimental effects of
the auditory representations of vowels with hifhare not higher f, are not accompanied by other differences between the vowels of
subject to the degradation observed in their amplitude specaduilts and children that lead tmprovedresolution of children’s vowels

tra. Accurate vowel identification may not require precise compared to adults, such as narrower formant bandwidths or increased

specification of the formant peaks or there may be suﬁiciemfrequency separation between adjacent formants. This caveat is discussed
' in Sec. I'13.

cues remaining in VO_Wels with hi_gfb to fill in the details  2rpe spectra of voiced vowels contain peaks at the frequencies of the har-
lost by sparse sampling. Alternative models have been promonics when the temporal window is longer than the period of the funda-
posed that do not re|y on formants, but instead use SpeCtraﬂ‘e”tal- Wherf is high, these peaks may be too sparse to allow for accu-

shape parameters derived from principal components anal rate formant estimation. However, the harmonic structure can be eliminated
by performing a spectral analysis with a temporal window equal to or

sis or relateq methOd@'g'v Bakkumet al, 1995; Zahprian shorter than the duration of a single pitch period. An accurate representa-
and Jaghargi, 1993A question for future research is how tion of the vocal tract transfer function can be obtained from a pitch-
these models would account for the effects of formant flat- Synchronous analysis, but this approach requires precise estimdip&ef

tening and their independence of changes in voicing sourceCheveigneand Kawahara, 1999
One of the reviewers raised the concern that the initial sample used to

The auditory excitation patterns thqt generally serveé as thQerive the formant parameters for the flattened-formant conditions was
input to spectral shape models assign greater weight to théken somewhat later in the vowel than in earlier studies, and therefore may
|0W_frequency region of the spectrum, and are thereforehave underestimated the formant movement in the vowels. Hillenbrand and

Iikely to show increased. rather than reduced dependence OHearey(1999 used an analysis window centered at 20% and 80% of the
' ! duration of the vocalic nucleus. We repeated the acoustic analysis using

f0- ] ) o their 20%—-80% time window and obtained the same statistical results as
A second question concerns the basis for the beneficiateported in Sec. 11 D above, although several vowels did show increased
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formant movement with more extreme time windogpsuticularly A/, /e/, Hillenbrand, J., Getty, L. A., Clark, M. J., and Wheeler,(K995. “Acous-
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with the 33%-66% time windowe.qg., A/, /e/, /a/, lu/) showed little de- adult's vowels: Intrinsic fundamental frequency, presence of voicing, and
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